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Abstract

Resolvins D1 and D2 (RvDs) are structural isomers and metabolites of docosahexaenoic acid, an 

omega-3 fatty acid, enzymatically produced in our body in response to acute inflammation or 

microbial invasion. Resolvins have been shown to play an essential role in the resolution of 

inflammation, tissue repair, and return to homeostasis, and thus are actively pursued as potential 

therapeutics in treating inflammatory disorders and infectious diseases. However, effective in vivo 
delivery of RvDs continues to be a challenging task. Recent studies demonstrated that RvD1 or 

RvD2 loaded in cell membrane-derived nanovesicles significantly increased therapeutic efficacy in 

treating murine peritonitis and ischemic stroke, respectively. The mechanistic details of how the 

subtle structural difference between RvD1 and RvD2 alters their molecular interactions with the 

membrane lipids of the nanovesicles, and thus affects the loading efficiency, remain unknown. 

Here we report the encapsulation profiles of the neutral and ionized species of both RvD1 and 

RvD2 determined with the cell membrane-derived nanovesicles at pH values 5.4 and 7.4, 

respectively. Also, we performed microsecond time-scale all-atom molecular dynamics (MD) 

simulations in explicit water to elucidate the molecular interactions of both neutral and ionized 

species of RvD1 and RvD2 with the lipid bilayer using a model membrane system, containing 

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and cholesterol. We found that the 

differences in the position and chirality of hydroxyl groups in RvD1 and RvD2 affected their 

location, orientation, and conformations within the bilayer. Surprisingly, the deprotonation of their 

carboxyl group caused their orientation and conformation to change from a fully extended one that 

is oriented in parallel to the membrane plane to a J-shaped bent conformation that is oriented 

perpendicular to the bilayer plane. Our studies offer valuable insight into the molecular 

interactions of RvD1/D2 with the lipid bilayer in atomistic details and provide a mechanistic 

explanation for the observed differences in the encapsulation profiles of RvD1 and RvD2, which 
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may facilitate the rational design of nanovesicle-based therapeutics for treating inflammatory 

diseases.
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INTRODUCTION

Resolvins belong to the family of specialized pro-resolving lipid mediators (SPMs) that are 

enzymatically produced from the polyunsaturated fatty acids (PUFAs) such as omega-3 fatty 

acids in the immune (neutrophils and macrophages) and nonimmune cells (vascular 

endothelial and smooth muscle cells) in humans1–4. The D- and E-series of resolvins are 

generated from docosahexaenoic acid and eicosapentaenoic acid, respectively. A growing 

body of evidence suggests that these SPMs (which also include protectins and maresins) are 

produced during acute inflammation in response to pathogen invasion or tissue injury and 

are actively involved in orchestrating key cellular events driving resolution. Resolution of 

inflammation comprises the ending of neutrophil recruitment, counter-regulation of pro-

inflammatory mediators, neutrophil apoptosis, clearance through macrophage phagocytosis 

(efferocytosis), tissue remodeling, and a return to homeostasis5, 6. Normal homeostasis is 

maintained by a balance between the pro-inflammatory and pro-resolving pathways. It is 

increasingly evident that failure to resolving inflammation due to insufficient levels of the 

SPMs plays an essential role in the pathogenesis and progression of chronic diseases such as 

arthritis7, asthma, atherosclerosis8–10, diabetes, aging-associated diseases including 

Alzheimer’s disease11 and many neurological disorders.

Resolvins and other SPMs are potent endogenous regulators of excessive inflammatory 

responses. They carry out their pro-resolving functions by directly binding to specific 

GPCRs with high affinity and stereoselectivity. The D-series (1–6) resolvins include the 

well-studied RvD1 and RvD2, which elicit their resolving effects by signaling through G 
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protein-coupled receptors (GPCRs) FPR2/ALXR, DRV1/GPR32, and DRV2/GPR18, 

respectively12–14. The E-series (1–4) resolvins include RvE1 and RvE2, which bind to two 

G protein-coupled receptors, namely ERV1/ChemR23 and BLT115, 16.

RvD1 curbed polymorphonuclear leukocytes recruitment during acute inflammation and 

produced a significant reduction in the levels of several pro-inflammatory mediators by 

signaling through FPR2/ALX receptor17. RvD1 has been shown to decrease bone resorption 

and bone loss in murine arthritis model18. RvD1treatment of mice that were exposed to 

cigarette smoke for a long-term reduced cigarette smoke-induced emphysema and associated 

lung inflammation, oxidative stress, and cell death19–21. Recently, several small-molecule 

RvD1 mimetics have been identified and shown to produce pro-resolving actions through 

activating DRV1/GPR32 receptor22. Other attempts targeting FPR2/ALXR for the resolution 

of inflammation, by research groups from both academia and industry have resulted in 

multiple small-molecules that are currently undergoing clinical trials23, 24.

Resolvin D2 is a potent regulator of leukocytes and controls microbial sepsis25–27. During 

bacterial infections, RvD2 limited neutrophil infiltration, enhanced phagocyte clearance of 

bacteria and accelerated resolution14 through stereoselective binding to GPR18. RvD2-

stimulated phagocytosis of E. coli and efferocytosis were increased with GPR18 

overexpression and significantly reduced by shRNA knockdown of GPR18. A recent study28 

revealed that RvD2 increases cellular cAMP to increase intracellular Ca2+ level and 

stimulates mucin secretions from conjunctival goblet cells. RvD2 may thus aid in the 

maintenance of the mucous layer of the tear film in preserving ocular surface homeostasis, 

and potentially be used for the treatment of dry eye disease29.

In adipose tissues, both RvD1 and RvD2 act as potent pro-resolving mediators that 

counteract local adipokine production and monocyte accumulation in obesity-induced 

adipose inflammation30. RvD2 also reduced hypothalamic inflammation and rescued mice 

from diet-induced obesity31. Altogether, these studies suggest that supplementation of 

resolvins in diseases associated with chronic inflammation resulting from disruption of pro-

resolving signaling and metabolic pathways may be therapeutically beneficial to reduce 

inflammation and progression for diseases of acute and chronic inflammation. However, 

effective delivery of resolvins in vivo continues to be challenging. As polyunsaturated fatty 

acids, resolvins are chemically unstable molecules that undergo rapid metabolic inactivation 

by ubiquitous enzymes such as eicosanoid oxidoreductase in vivo and thus possess short 

half-lives32–35. In addition, they suffer from poor physicochemical properties such as low 

aqueous solubility, light sensitivity, and significant degradation at room temperature. 

Furthermore, some of the resolvins have been shown to be substrates for efflux transporters, 

which may limit intracellular permeability, causing potential therapeutic failure36,37.

Nanotechnology has been utilized in pharmaceutical industries for several decades as it can 

significantly improve the bio-availability of administered drugs compared to conventional 

approaches38. For example, liposome or polymer-based drug delivery systems are 

successfully used to treat cancers and inflammatory disorders39–43. Due to the challenges 

associated with synthetic nanoparticle-based drug delivery systems, there are considerable 

endeavors to harness the bioinspired design of nanoparticles from nature44–46. Cells 
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regularly release cell membrane compartments, called extracellular vesicles (EVs) with the 

nanoscale dimension, for cell signaling and maintenance of homeostasis47. These vesicles 

are excellent drug delivery systems due to their exceptional biocompatibility, intrinsic tissue 

selection, and long circulation times. We have recently developed a nitrogen cavitation 

technology to efficiently generate cell-membrane nanovesicles similar to EVs from any cell 

types and demonstrated their potential for translational applications48, 49. We showed that 

nanovesicles generated from human neutrophils and loaded with an anti-inflammatory drug 

could specifically target inflamed vasculature and offer increased therapeutic efficacy in 

acute lung injury and sepsis50.

Also, our recent studies demonstrated that RvD2 loaded into neutrophil membrane-derived 

nanovesicles can enhance the resolution of inflammation caused by an ischemic stroke in the 

mouse model, and protect the brain from perfusion surgery during stroke treatment51. In 

addition, it has been shown that neutrophil-derived nanovesicles containing RvD1 reduced 

inflammation response significantly in murine peritonitis, and promoted quick wound 

healing52. These studies collectively demonstrate that cell membrane-derived nanovesicles 

are efficient vehicles for the in vivo delivery of resolvins. To effectively utilize these 

nanovesicles for optimal delivery of resolvins, it is important to understand their molecular 

interactions with constituent lipids of the vesicles, affecting their encapsulation efficiency as 

well as their release into the target site after administration.

Here we report the encapsulation efficiencies of RvD1 and RvD2 loaded into the neutrophil 

cell membrane-derived nanovesicles, measured at pH 5.4 and 7.5. Also, we performed 

microsecond time-scale molecular dynamics (MD) simulations to investigate the molecular 

interactions of both neutral and ionized species of RvD1 and RvD2 and determined their 

energetically favorable locations, preferred orientations, and conformations within a model 

membrane made up of 1,2-dimyristoyl-sn-3-phosphocholine (DMPC) to closely mimic the 

lipid bilayer of nanovesicles. We used steered MD and Umbrella Sampling simulations53 to 

determine the free energies of transfer from water to the membrane, partitioning within the 

membrane, and crossing across the membrane of RvD1 and RvD2. The results from our MD 

simulations offer useful insight into the experimentally observed encapsulation profiles of 

RvD1 and D2 in the nanovesicles, assisting in the design and optimization of nanovesicle 

delivery systems for enhanced delivery, desired pharmacokinetics, and better efficacy of 

resolvins in treating inflammatory conditions.

EXPERIMENTAL SECTION

MATERIALS AND METHODS

Preparation and Characterization of Membrane-derived Nanovesicles.—Human 

HL-60 cells (human neutrophil-like cells) were cultured in RPMI1640 medium 

supplemented with 10% (v/v) FBS and 1% (v/v) pen strep/glutamine. To differentiate HL-60 

cells to be neutrophil-like cells, 1.25% (v/v) DMSO was added in the medium, and cells 

were cultured for 4–6 days. Differentiated HL-60 cells were re-suspended in HBSS, and 

then nitrogen cavitation at a pressure of 350–400 psi was used to disrupt cells. The resulting 

suspension was centrifuged at 2,000 g for 30 min to remove nuclei. The supernatant was 

centrifuged at 100,000 g for 30 min to obtain nanovesicles, and this process was repeated 
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twice. Nanovesicles were lyophilized and stored at −20°C for future use. Nanovesicles were 

imaged using cryo-electron microscopy (cryo-EM), and the image showed a shell structure 

with a size of 200 nm in diameter, and the wall thickness was 3–4 nm, which was equivalent 

to that of the cell membrane48.

The neutrophil membrane-derived nanovesicle suspension was heated to 37°C, and the pH 

was adjusted to 5.4 or 7.4. RvD1 and RvD2 (purchased from Cayman Chemical, Ann Arbor, 

MI) were quickly mixed with nanovesicles at a ratio of 2 μg (RvD1 or RvD2)/ml, and 200 

μg/mL of nanovesicles followed by sonication for 2 min on ice, and then the suspension was 

incubated for 30 min at 37 °C. The suspension was centrifuged at 100,000 g to remove free 

RvD1 or RvD2. Using a Waters ACQUITY UPLC System with Xevo G2-XS QT mass 

spectroscopy, we determined the amount of RvD1 and RvD2 after they were extracted from 

the nanovesicles using ethanol. A C18 column (100×2.1 mm) was used at 50°C. There are 

two solvents used in HPLC measurements: 1) liquid with ammonium formate (5mM) and 

formic acid (2mM) and 2) acetonitrile. We established the acetonitrile gradient from 35% to 

100% before we measured RvD1 or RvD2. UV absorption at 301nm was monitored for 

RvD1 or RvD2. The mass spectroscopy confirmed RvD1 or RvD2 detection. Finally, the 

encapsulation efficiencies of RvD1 or RvD2 were calculated as described elsewhere51, 54.

MD simulation protocol.—We employed the following protocol comprising steered 

molecular dynamics (SMD) and Umbrella Sampling simulations to investigate the 

membrane partitioning characteristics of both neutral and charged species of RvD1 and 

RvD2. The 3D structures of the resolvin molecules were built, geometry optimized, and 

energy minimized in Molecular Operating Environment 55(MOE, Chemical Computing 

Group). The membrane builder56, 57 module in CHARMM-GUI58 (http://www.charmm-

gui.org) was used to generate four model bilayer systems, each containing 64 DMPC lipid 

molecules per leaflet. The bilayer lipids were solvated on both sides with a 20Å layer of 

water molecules, and the ionic concentration of the simulated systems was kept to 

physiologically relevant 0.15 M level by adding enough K+ and Cl− ions. The 

CHARMM3659 force field parameters and TIP3P water model were used to model lipids 

and water molecules and their interactions with ions, respectively. The parameters for 

resolvins were obtained from CGenFF60 force field using Paramchem server61, 62. In each 

simulation, the studied resolvin molecule was placed in water at 30 Å from the center of the 

bilayer. The assembled bilayer/resolvin system was subjected to multistage minimization 

and equilibration protocol (Supplementary Table S2), as described elsewhere63.

Steered MD 64, 65 simulations were used to pull the resolvin molecules from its starting 

position to the bilayer center along the bilayer normal (z-axis) at a speed of 1 Å per ns with a 

1 fs time step. During the pulling simulations, the center of mass (COM) of the resolvin 

molecule was harmonically restrained with a force constant of 1.5 kcal/mol/Å2. The 

coordinates of the system with the resolvin molecule located at every 1 Å window over the 

permeation pathway (a total of 30 windows) were extracted from the simulation trajectories 

and used as starting structures for subsequent umbrella sampling simulations. These 

coordinates were equilibrated for an additional 10 ns and umbrella sampling simulations 

were performed on each window for 50 ns resulting in a total simulation time of ~ 2µs. The 

z-component of the distance between the center-of-mass of the lipid atoms and the heavy 
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atoms of the resolvin molecules were defined as reaction coordinates. The Colvars module 

in NAMD was used with a biasing harmonic constraint of 1.5 kcal/mol/Å2. The resulting 

biased probability distributions were reweighted using the weighted histogram analysis 

method (WHAM) 66, 67 to obtain the unbiased PMF, providing the free energy of solvation 

for the studied resolvin molecules.

All MD simulations were performed using the GPU version of NAMD 2.1268 with periodic 

boundary conditions. The particle mesh Ewald (PME)69 method was used to model long-

range electrostatics. The van der Waals interactions were smoothly switched off by force-

switching functions70 at 10–12 Å. The covalent bonds involving hydrogen atoms were 

constrained using the SHAKE algorithm71. The 1fs/step and 2fs/step time steps were used in 

equilibration and production runs, respectively. The pressure was maintained using a Nose-

Hoover Langevin-piston method72 with a piston period of 50 fs and decay of 25 fs. The 

temperature was controlled at 310.15K using Langevin temperature73 coupling with a 

friction coefficient of 1 ps−1.

Trajectory analyses

Hydrogen-bond interactions.: Hydrogen bonds between the studied resolvins and the 

bilayer lipids were monitored only for the section of the trajectory (total 250 ns for each 

solute) characterizing low energy (well) locations revealed by the PMF curves (Fig. 1). For 

example, in the case of neutral species of resolvin D1, the low energy well is at |zmin| ≈ 10 

Å. Accordingly, the H-bond calculations were performed using trajectories obtained for |z| 

values 8 Å through 12 Å. The polar carboxyl and three hydroxyl groups of resolvins were 

monitored for potential H-bonds to phosphate and glyceryl oxygens of the lipid molecules. 

The H-bond interactions of resolvins with water molecules in the aqueous bulk phase were 

also calculated. The Hbonds plugin (version 1.2) in VMD software74 was used for the 

calculation with the following criteria for the formation of an H-bond: the distance between 

the donor (D) atom and the acceptor (A) atom is less than the cut-off distance of 3.5 Å and 

the angle D-H-A is less than the cut-off angle 40 degrees.

The number of solute atom contacts with lipid functional groups.: To characterize the 

major interactions between the studied resolvins and the lipid functional groups as well as to 

determine molecular orientations of the solutes, the number of contacts between heavy 

atoms of resolvins, and choline, phosphate, glyceryl, and alkyl groups of the lipids was 

monitored (Fig. 4A). As described above in H-bond interactions, only trajectories 

representing low-energy locations in PMF curves were considered for each solute. The 

heavy atoms of solutes were considered in contact with the lipid groups if the distance 

between them was less than or equal to 4 Å. Also, the percentage (%) occupancy describing 

the fraction of simulation time (as a fraction of snapshots) during which the contacts 

observed (distance cut-off of 4 Å) were calculated between the lipid groups and carboxyl 

and hydroxyl groups of the solutes. Calculations were performed using an in-house tcl 

script.

Resolvins’ orientations with respect to the bilayer normal.: Resolvins are long (spanning 

up to ~20 Å in length) and highly flexible (14 rotatable bonds) molecules. Most importantly, 
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the ionization state of resolvins’ carboxyl group seems to affect their bilayer orientations and 

conformations significantly. To characterize resolvins’ orientations within the membrane, we 

calculated the angle made by the longitudinal vector of the solute with the bilayer normal 

vector (z-axis) for each solute at their energetically favorable locations (|z|energy-minimum ± 2 

Å, as described above for H-bond calculations). For each resolvin molecule, a straight line 

connecting the center-of-mass of the end carboxyl group at one end (head) and another 

carbon atom connected to its last -OH group at the other end (origin) represents the 

longitudinal vector. Calculations were performed using an in-house tcl script.

RESULTS AND DISCUSSION

RvD1 exhibits higher encapsulation efficiency than RvD2.

The nanovesicles were generated from HL-60 cells (human neutrophil-like cells) using 

nitrogen cavitation, and their sizes were ~200 nm in diameter. RvD1 and RvD2 were loaded 

in neutrophil-membrane-derived nanovesicles at pH values 5.4 or 7.4 (Fig. 1B). As both 

RvD1 and RvD2 contain an ionizable carboxylic acid group (pKa of 4.9 ± 0.4, predicted 

using ACD/Percepta), the pH of the medium dictates the fractions of ionized and neutral 

species, which in turn significantly affected their interactions with the vesicles and thus their 

encapsulation efficiencies. The molecules would exist mainly as neutral and ionized species 

at pH values 5.4 and 7.4, respectively, and they showed significant differences in their 

encapsulation profiles in these pH values. As expected, both RvD1 and RvD2 showed higher 

encapsulation efficiencies at pH 5.4, indicating a more favorable membrane partitioning 

profile for neutral species than the ionized species. Interestingly, at pH 5.4, RvD1 exhibited 

significantly higher loading efficiency than RvD2. A subtle difference in the positions of 

hydroxyl groups between RvD1 and RvD2 (Fig. 1) resulted in a significant difference in 

their encapsulation efficiencies, which are possibly attributed to the differences in molecular 

interactions affecting their partitioning profiles within the bilayer of nanovesicles. These 

experimental results are consistent with the free energy profiles and molecular interactions 

of both neutral and ionized species of RvD1 and RvD2 with the model membrane obtained 

from MD simulations, as presented below.

RvD1 has a more favorable membrane solvation free-energy profile than RvD2 in the DMPC 
bilayer.

Molecular dynamics (MD) simulations are efficient techniques to obtain the time-averaged 

equilibrium position of a solute in a lipid bilayer. The potential of mean force (PMF) curve 

provides the free energy (ΔG) profile of a solute along the bilayer normal (z-axis) describing 

its free energy of partitioning from water to membrane, time-average position(s) within 

membrane regions characterized by energy minima, and resistance to permeation 

characterized by energy maximum. To the best of our knowledge, the precise positioning 

(bilayer depth) of RvD1 and RvD2 in lipid bilayers have not yet been determined 

experimentally. The position-dependent free energy profiles (PMF curves in Fig. 1C and D) 

obtained from the Umbrella Sampling simulations provide valuable insights to free energies 

of transfer from water, partitioning within, and crossing across the bilayer of the neutral and 

charged species of both RvD1 and RvD2 (Fig. 1A and Supplementary Table S1).
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Both neutral and charged species of RvD1 show favorable (negative) free energies of 

transfer from water to the membrane. As the molecules partitioned, the ΔGpartitioning values 

decreased with the center-of-mass (COM) of the molecules moving towards the bilayer 

center. The free energy minima positions (of COMs) for neutral and charged RvD1 species 

are at |zmin| ≈ 10 Å and |zmin| ≈ 13 Å with the ΔGpartitioning values of −5.5 ± 0.01 kcal/mol 

and −4 ± 0.02 kcal/mol respectively. As the COMs of the molecules moved from their 

energy minima to the bilayer center (z = 0 Å), the free energies increased to the ΔGcrossing 

values of 3.28 ± 0.02 kcal/mol and 7.24 ± 0.06 kcal/mol at the bilayer center (z = 0 Å) for 

the neutral and charged RvD1 species, respectively. With RvD2 (for both the species), there 

is an energy barrier of ~1.9 kcal/mol for transfer from water to the membrane. The energy 

minima for the neutral and charged species of RvD2 are at |zmin| ≈ 8 Å and |zmin| ≈ 13 Å 

with the ΔGpartitioning values of −2.8 ± 0.07 kcal/mol and −1.8 ± 0.02 kcal/mol respectively. 

At the bilayer center, the ΔGcrossing values are 5.16 ± 0.09 kcal/mol and 5.83 ± 0.12 kcal/mol 

for neutral and charged species of RvD2 respectively. In all cases, the thermally accessible 

regions (energy barrier of RT = 0.616 kcal/mol at 310 K) extended for ≈2–3Å both sides 

around the energy minima (Table 1). The density profiles calculated for the neutral and 

ionized species of RvD1 and RvD2 (Supplementary Fig. S1) using the entire simulation 

trajectories support these observations.

The neutral and charged species of RvD1 and RvD2 assume distinct orientations and 
conformations within the lipid bilayer.

It is not clear how protonation/deprotonation of the carboxyl group on resolvins affects their 

loading/release from nanovesicles. Therefore, we studied their conformations and 

orientations in the membrane. The bilayer orientations of the neutral and charged species of 

RvD1 and RvD2 (Fig. 2) were determined in reference to the bilayer normal (z-axis), the 

vector perpendicular to the plane of the bilayer with its origin at the center of the bilayer and 

directed towards the lipid head groups. The angles measured (See Methods section for more 

details) between the bilayer normal and the longitudinal vectors of resolvins represent the 

orientational angles. The angles were measured for each species using the trajectories 

representing their preferred bilayer locations (Table 1) and are presented as probability 

density graphs (Fig. 2). The neutral species of both RvD1 and RvD2 assume distinct 

orientations than that of the charged species. The molecules are mostly oriented in parallel to 

the bilayer plane and are perpendicular to the bilayer normal (The orientation angles are θ = 

95° ± 20° for RvD1 and θ = 100° ± 20° for RvD2). In this orientation, both ends of the 

solute molecules lie at the interfacial region and are in contact with the polar headgroups and 

the nonpolar alkyl chains of the membrane lipids. In contrast, the charged species assume 

orientations in which the molecules are seen perpendicular to the bilayer plane and mostly 

parallel to the bilayer normal (θ = 30° ± 20° for RvD1 and (θ = 60° ± 20° for RvD2). The 

charged species assume an interesting bent conformations (‘J’ shaped) in which the carboxyl 

end of the molecule is located near the membrane-water interface, in contact with the 

choline head groups, whereas the alkyl end is at the interfacial region enabling its hydroxyl 

groups to interact with the glyceryl polar atoms. Interestingly, the differences in the 

locations of three -OH groups between RvD1 and RvD2 seem to affect their orientation 

angles. Compared to RvD1 (θ = 30°), RvD2 molecules (θ = 60°) are less parallel to the 

bilayer normal due to the presence of two -OH groups at the alkyl end. A careful analysis of 
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atom contacts data (% occupancy, in Fig. 4D and Supplementary Fig. S2) reveal a possible 

molecular basis for this observed difference. The OH(2), which is located near the carboxyl 

end in RvD1, resided closer to the choline group and interacted mainly with choline and 

glyceryl carbonyls. However, in RvD2, the OH(2), due to its location near the alkyl end, was 

seen relatively less in contact with choline and glyceryl carbonyls and had significantly 

higher contact near the alkyl tails. Most interestingly, the OH(3) in RvD1 makes contacts in 

a similar fashion to that of OH(2) despite located at the alkyl end of the molecule. As can be 

seen in Fig. S2, the % contacts of OH(3) of RvD1 with choline is much higher (31%) than 

that of RvD2 (18%), which is seen mainly in contact with the alkyl tails (42 % vs. 26%). In 

addition, this differences in the orientations between neutral and ionized species of RvD1 

and RvD2 are clearly captured by the number of water molecules that are within 4Å (Fig. 

S4). These numbers are significantly higher for ionized species and most interestingly, the 

ionized species of RvD1 has more water molecules than that of RvD2, which, at least in 

part, explains the differences in their orientations.

To further understand the conformations of the molecules in the membrane, we quantified 

the distance between the two carbon atoms (carbon atom of the carboxyl group at one end 

and that of the methyl group at the other end) at both ends. The box and whisker plot 

(Supplementary Fig. S3A) of these distances indicates that both the charged and neutral 

species of RvD1 and RvD2 assume extended conformations with slightly varying lengths. In 

the case of RvD1, the charged species appear to assume a slightly more extended 

conformation than the neutral species. An opposite trend is observed with RvD2, where the 

neutral species appear to be in more extended conformations than the charged ones.

Specific molecular interactions of RvD1 and RvD2 with the lipid functional groups.

Hydrogen-bonds.

Both resolvins (RvD1 and RvD2) contain a carboxylic acid group and three hydroxyl groups 

resulting in a total of four hydrogen bond donors and five hydrogen bond acceptors. The 

carboxyl group (pKa = 4.9 ± 0.4, predicted using ACD/Percepta) undergoes ionization and 

gets entirely deprotonated at physiological pH 7.4 (See Supporting info, Table S1) resulting 

in only three H-bond donors for charged species. Both resolvin molecules, irrespective of 

their ionization state, seem to form on an average of 2–4 H-bonds (Fig. 3A) while they are 

located at their preferred bilayer locations as given by the PMF curves (Fig. 1). The 

maximum number of H-bonds formed by the resolvin molecules were found to be around 

12, due to their interactions with multiple lipid species surrounding them. According to the 

percentage occupancy calculations (Fig. 4D), these H-bonds are formed mainly between the 

polar carboxyl and hydroxyl groups of resolvins and glyceryl carbonyl oxygens of the lipids. 

In bulk water (z = 25 to 30 Å), the number of H-bonds formed is much higher for all the 

species. The ionization state of the molecules appears to affect their H-bonding capacity. 

Interestingly, the charged species of RvD1 and RvD2 make significantly more H-bond 

interactions with water than their neutral counterparts. The number of H-bonds formed by 

the charged species is almost twice (~15 to 18 H-bonds), the number of bonds formed by the 

neutral species (Fig 3B). This increase agrees with the number of water contacts (number of 

water molecules within 4 Å of any heavy atoms of the resolvin) quantified surrounding these 

molecules in the bulk water (Supplementary Fig. S4).
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The number of atom contacts as a qualitative measure of intermolecular interactions.

To assess specific molecular interactions accounting for the observed low free energy wells 

within the membrane (depicted in the PMF curves, in Fig. 1 C and D), we quantified the 

number of atom contacts between the studied resolvin molecules and individual functional 

groups of the DMPC lipids (choline, phosphate, glyceryl carbonyls, and alkyl methylene 

carbons as depicted in Fig. 4A). We also calculated the percentage (%) occupancy of these 

contacts to assess the stability and longevity of the interactions. The % occupancy presented 

as heatmap represents the fraction of the simulation time in which these contacts have 

occurred (Fig. 4D). The simulation trajectories representing |zmin| ± 3Å for the neutral and 

charged species of RvD1 and RvD2 were used for these calculations (See Methods section 

for further details). The results indicate that the ionization state of the carboxyl group in 

RvD1 and RvD2 significantly affect their interactions with the lipids, due to marked 

differences in their orientations within the membrane. The number of solute atoms near the 

choline group is significantly (p<0.05) higher for the charged species than the neutral ones 

(dark and light blue bars in Fig. 4 B and C). The higher numbers are due to the attractive 

salt-bridge interactions between the positively charged choline groups and the negatively 

charged carboxyl group of resolvins. The % occupancy of the salt-bridge interactions for 

RvD1 and RvD2 is 79% and 64%, respectively (green squares on the very first row in Fig. 

4D). In the case of neutral species, the protonated carboxyl groups were found mostly at the 

interface between the glyceryl carbonyls and alkyl tails of the lipids.

The number of atom contacts with phosphate groups is the least in all the resolvin 

molecules. This observation is also supported by low percentage occupancies observed for 

all four polar functional groups (red rows in Fig. 4D). A careful observation of the 

simulation trajectories revealed that phosphate groups are pushed away by preferential 

interactions of the polar functional groups with the choline and glyceryl carbonyls. Both 

RvD1 and RvD2 make extensive contacts with both glyceryl and alkyl regions, as they 

prefer to remain at the headgroup-tail interface. The number of atom contacts with the lipid 

alkyl region is the highest for all the molecules. Also, these contacts are significantly higher 

(p <0.001) for the neutral species than the charged ones. The hydroxyl group OH(1) at the 

carboxyl end of resolvins, was found to be more frequently in contact with choline and 

glyceryl carbonyls than the lipid alkyl tails. The second hydroxyl group OH(2) of RvD1 and 

RvD2 differ significantly in % occupancy due to the difference in their locations with 

respect to OH(1), as can be seen in Fig. 1. In RvD1, being close to OH(1), the OH(2) group 

has more contact with glyceryl carbonyls than the alkyl tails. On the other hand, the OH(2) 

of RvD2 is away from OH(1) and is closer to OH(3). It was found more frequently in 

contact with the lipid alkyl tails than the glyceryl carbonyls. The third hydroxyl OH(3) at the 

alkyl end of resolvin molecules follows a similar trend as OH(2). Interestingly, the % 

occupancy of OH(3) with lipid alkyl tails is more for RvD2 compared to RvD1.

CONCLUSIONS

In this study, we determined the encapsulation efficiency of the neutral and ionized species 

of both resolvin D1 and D2 loaded into the cell membrane-derived nanovesicles at pH values 

5.4 and 7.4, respectively. We performed MD simulations to examine the molecular 
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interactions of both neutral and ionized species of resolvin D1 and D2 with the lipid bilayer 

in atomistic details. The potential of mean force (PMF) curves, characterizing the free 

energies of solute transfer from water to the bilayer, reveal the energetically favorable 

locations, orientations, and conformations of the studied molecules within the membrane 

regions. The ionization state of the carboxyl group significantly affects the molecules’ 

orientations in the bilayer. The neutral species (protonated carboxyl group) of resolvins 

assumed fully extended conformations and orientations in which the long axis of the 

molecules is in parallel to the membrane plane and located mainly at the interface between 

glyceryl headgroups and lipid alkyl tails. In contrast, the ionized species (deprotonated 

carboxyl group) of resolvins assume ‘J’ shaped bent conformations and orient themselves in 

which the long axis of the molecules is perpendicular to the membrane plane with their 

carboxyl group in close contact with the choline headgroup of the bilayer. The subtle 

differences in the location of three hydroxyl groups between RvD1 and RvD2 seem to 

significantly alter the magnitude to which these molecules interact with the different bilayer 

regions, affecting their free energies of transfer from water to the membrane, which is more 

favorable for RvD1 than RvD2. Although the MD simulations were performed using a 

homogenous bilayer made of DMPC lipids, the above findings are in good agreement with 

the encapsulation efficiencies of RvD1 and RvD2 determined experimentally using the cell 

membrane-derived nanovesicles. Our results offer valuable insight into the mechanistic 

details of the molecular interactions of RvD1 and RvD2 with the membrane lipids, 

characterizing their loading efficiency in nanovesicles and may facilitate the rational design 

of delivery systems for resolvins in treating inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Encapsulation efficiency and lipid bilayer partitioning characteristics of resolvins D1 and 
D2.
A) 2D structures of neutral species of the studied resolvins D1 and D2 are depicted; 

ionizable carboxyl (−COOH) groups are circled in red. B) Encapsulation efficiencies of 

RvD1 and RvD2 determined at pH 7.4, and 5.4 reveal preferable membrane interactions of 

RvD1 over RvD2; Neutral species have higher encapsulation efficiency than the charged 

species. C and D) Potential of mean force (PMF) curves describe the differences in the free 

energies of partitioning and crossing of bilayers for neutral and charged species of RvD1 and 

RvD2 as well as their energetically favorable time-average positions (highlighted by light-

red bands). The free energy profiles were calculated for one bilayer leaflet and were 

symmetrized to the other side. Statistical analysis was performed using Student’s t-test, and 

a value of p <0.05 was considered statistically significant (** and *** represent p<0.01 and 

p<0.001, respectively; data are mean ± SD; n =3).
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Fig. 2. 
The time-average bilayer orientations of neutral and charged species of RvD1 and RvD2 in 

the DMPC membrane. A marked difference in the orientations of neutral (A and C) and 

charged (B and D) species of RvD1 and RvD2 were observed. These represent time-average 

orientations of the molecules at their energetically favorable bilayer locations (characterized 

by PMFs in Fig. 1) during 250 ns of simulation for each molecule. The angles between 

bilayer normal and longitudinal vector of resolvin molecules illustrate that the neutral 

species of RvD1 and RvD2 orient themselves perpendicular (~100°) to the bilayer normal 

whereas charged species are approximately parallel (~30° for RvD1 and ~60° for RvD2) to 

the bilayer normal (F and G). The molecule vector (E) was defined by a straight line 

connecting two points representing the center-of-mass of the end carboxyl group as head and 

another carbon atom connected to its last hydroxyl group at the other end as origin, 

respectively.

Jeevan et al. Page 17

Mol Pharm. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Hydrogen bond interactions of the neutral and charged (denoted by a negative sign) species 

of RvD1 and RvD2 in the membrane at their preferred locations (A) and in the bulk water 

(B).
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Fig. 4. The molecular interactions of the neutral and charged species of RvD1 and RvD2 with the 
various functional groups of the DMPC lipids.
A) A schematic 2D representation of DMPC is shown with its polar head groups choline, 

phosphate, and glyceryl carbonyls, and nonpolar alkyl tails shaded in blue, green, orange, 

and gray colors, respectively. B and C) The number of atom contacts of the neutral and 

charged species of RvD1 and RvD2 with the various functional groups of the DMPC lipids 

(neutral and charged species are depicted in dark and light colors, respectively). D) The 

percentage (%) occupancy gives the fraction of simulation time (as a fraction of snapshots) 

during which the atom contacts were observed between the lipid groups and carboxyl and 

hydroxyl groups of the solutes. The functional groups were considered in contact if the 

distance between them was less than or equal to 4 Å.
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Table 1.

Free energy profiles of membrane partitioning of resolvins D1 and D2 in their neutral and charged forms.

Resolvin energy-minimum 
position of COM 
(bilayer depth) from the 
center (Å)

bilayer region within reach of thermal 
motion at 310 K, from the center (Å)

ΔGpartitioning (kcal/mol) ΔGcrossing (kcal/mol)

D1-neutral 10 7 13 −5.5 ± 0.01 3.28 ± 0.02

D1-charged 13 10 16 −4 ± 0.02 7.24 ± 0.06

D2-neutral 9 7 12 −2.8 ± 0.07 5.16 ± 0.09

D2-charged 13 10 16 −1.8 ± 0.02 5.83 ± 0.12

*
standard error values were calculated by the Monte Carlo bootstrap error analysis in WHAM66.
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