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ABSTRACT 

The membrane-protein interface in lipid nanoparticles (LNPs) is important for their in vivo 

behavior. Better understanding may assist to evolve current drug delivery methods to more 

precise, cell- or tissue-specific nanomedicine. Previously, we demonstrated how phase 

separation can drive liposomes to cell specific accumulation in vivo, through the selective 

recognition of phase-separated liposomes by triacylglycerol lipases (TGLs). This exemplified 

how liposome morphology can determine the preferential interaction of nanoparticles with 

biologically relevant proteins. Here, we investigate in detail the lipase-induced morphological 

changes of phase separated liposomes - which bear a lipid droplet in their bilayer - and unravel 

how lipase recognizes and binds to the particles at a molecular level. We find that phase 

separated liposomes undergo selective lipolytic degradation of their lipid droplet while overall 

nanoparticle integrity remains intact. Next, we combine MD simulations and in vitro 

experiments to identify the Tryptophan-rich loop of the lipase – a region which is involved 

endogenously in lipoprotein binding – as the region through which the enzyme binds to the 

particle. We demonstrate that this preferential binding is due to the lipid packing defects 

induced on the membrane by phase separation. These findings are a significant example of 

selective LNP – protein communication and interaction, aspects that may further the control of 

the in vivo behavior of lipid nanoparticles.  
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INTRODUCTION  

Lipid-based nanomedicine is undoubtably a research field of growing importance. Various 

liposomal drug formulations have been marketed and used in the clinic over the last decades.1 

More recently, the development of RNA-based lipid nanoparticles has shown great potential, 

paving the way for future innovations.2–6 To push this technology forward, towards simpler, yet 

more efficient and tissue specific formulations for drug delivery, there is a need for a greater 

understanding of the in vivo behavior of such lipid nanoparticles (LNPs). A key step is to study 

the interactions of LNPs with biologically relevant proteins at the nano-bio interface, since it is 

well known that such interactions i.e., lead to the formation of a protein corona, which can 

determine the in vivo fate of LNPs to a great extent7–10 ; or they can lead to preferential protein 

binding or induce morphological changes in the membrane and affect the supramolecular 

assembly11,12, which in turn could also affect their in vivo fate. 

Previously13, in a liposome screening study in zebrafish embryos, a novel formulation (named 

PAP3) was found to selectively interact with (capillary) lumen-bound triglyceride lipases 

(TGLs), enzymes involved in lipid transport and metabolism. The interaction led to the selective 

accumulation of PAP3 liposomes in (endothelial) cell subsets rich in TGLs. Liposome-lipase 

interactions are mediated solely through a unique phase-separated LNP morphology, in which 

liposomes bare a single lipid droplet in each bilayer (Figure 1a). This aspect was found to be 

the key element for the specific accumulation and for interaction with TGLs. This is, to our 

knowledge, the first time that phase-separation is used to target specific cells in vivo. PAP3 

liposomes consist of an equimolar mixture of 1,2-distearyl-sn-glycero-3-phosphatidylcholine 

(DSPC) – a naturally occurring phospholipid – and 2-hydroxy-3-oleamidopropyl-oleate 

(DOaG), a synthetic lipid structurally analogous to the monounsaturated diacylglycerol, 

dioleoylglycerol (DOG) (Figure 1b). Diacylglycerols (DAGs) are endogenous signaling lipids 

and their local accumulation in the cell membrane induces morphological changes, which in 

turn orchestrate signaling, e.g., activation of Protein Kinase C (PKC) or Phospholipase C.14–16 

Their conical shape, attributed to the small polar hydroxyl group and bulky fatty acid tails, is 

associated with negative curvature. When added to phospholipid membranes, they are known 

to perturb lamellar bilayers and even induce phase separation and formation of non-bilayer 

phases (i.e., lipid droplets) above a threshold (miscibility) concentration.17,18 Our particular 

liposomal formulation follows the same principles and is a great example of how DAG 

analogues can generate a lipid droplet by their local accumulation between the DSPC leaflets. 

Another important aspect of DAGs is that they increase the spacing between adjacent 
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phospholipid headgroups in a lipid membrane, even below the threshold concentration, an 

effect that is amplified by curvature.19 The transient domains that form as a consequence of 

such packing frustrations and transiently expose the apolar domain of the lipid membrane, are 

known as lipid packing defects.18,20–22 Some membrane peripheral proteins have been proposed 

to rely on these hydrophobic lipid packing defects - caused by factors such as phase separation, 

lateral tension, or membrane curvature - for membrane binding and activation.23,24 Examples 

include the Golgi-associated protein ArfGAP1, that senses curvature-induced packing defects 

through an amphipathic lipid packing sensor motif 25,26 and the CTP:phosphocholine 

cytidylyltransferase (CCT), that binds to large packing defects on lipid droplets.27 Also, the 

toxin Equinatoxin-II28 and several lipases29,30 have been found to sense packing defects, induced 

by DAGs in particular.  

Triglyceride lipases (TGLs) are lipolytic enzymes bound at the luminal surface of capillaries, 

and are involved in lipid transport and metabolism, primarily through their interaction with 

freely circulating lipoproteins. They either hydrolyze tri- and di-acylglycerols and cholesteryl 

esters or phospholipids, remodeling lipoprotein particles and promoting influx of fatty acids 

into the cell; or they act as bridging molecules to facilitate lipoprotein uptake.31,32 The family 

consists mainly of hepatic lipase (HL)33, lipoprotein lipase (LPL)34 and endothelial lipase 

(EL).35 The main functional domains – the lipid binding domain for substrate binding, the lid 

region containing the catalytic triad of Serine (Ser), Aspartate (Asp), Histidine (His) and the 

heparin binding domain - are all structurally homologous throughout the lipase protein family 

(see 36,37 and Figure S23 for protein alignment). The lipid binding domain is rich in hydrophobic 

residues, mainly tryptophans (Trp), forming a hydrophobic Trp-rich loop that is responsible for 

insertion of the protein in the hydrophobic lipid core of lipoproteins.33,38–41 Importantly, lipases 

have been found to depend on lipids on the lipoprotein membrane, but not apolipoproteins, for 

binding.42 

Therefore, in this study, we combine experimental characterization and (coarse-grained) 

molecular dynamics (MD) simulations to investigate the molecular mechanism through which 

the TGL lipoprotein lipase (LPL) interacts with the DOaG-rich, phase separated liposomes and 

the subsequent morphological changes of the liposomes upon incubation. First, by combining 

morphological liposome analysis by Cryo-Transmission Electron Microscopy (Cryo-TEM) 

with enzymatic activity analysis of LPL, we observe selective lipolytic degradation of the lipid 

droplet of PAP3 liposomes (rich in DOaG), while the overall nanoparticle integrity and 

structure is maintained. Mass spectrometry analysis confirms the selective hydrolysis of DOaG 
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over DSPC, consistent with the known preference of LPL for hydrolyzing Tri- and Di-

acylglycerols. Next, we built upon earlier insight in the role of defects for protein binding 23,24 

and study lipid packing defects in PAP3 liposomes and their role in recognition and binding of 

LPL. By combining Cryo-TEM with molecular dynamics (MD) simulations we confirm and 

quantify increased packing defects on the curved DSPC monolayer surrounding the DOaG lipid 

droplet, leading to the insight that (induced) curvature and DOaG availability are the two likely 

ingredients for selective LPL binding.  Finally, free energy calculations and enzymatic activity 

analysis reveal that the Trp-rich loop of LPL acts as a lipid packing defect sensing motif, that 

prefers to interact with the defected PAP3 membrane (DSPC/DOaG), over the (flat) pure DSPC 

counterpart.  

 

 

 

Figure 1. Molecular details of PAP3 liposomes. a) Schematic representation of phase separated 
liposomes (named PAP3). b) Molecular structures of DOaG and DSPC combined in an equimolar 
mixture (50:50) to form PAP3 liposomes. 

 

 

RESULTS  

DOaG lipid droplet selectively depleted by Lipoprotein Lipase 

To determine any morphological changes on PAP3 liposomes upon incubation with a TGL, the 

phase separated liposomes were incubated with LPL at physiological conditions (pH = 7.4, 

37oC) for 3 h and changes in the morphology were assessed by Cryo-TEM imaging (Figure 

2a). As expected without addition of LPL, nearly 80 % of PAP3 liposomes incubating at 37 oC 

for 3 h were phase separated (Figure 2b-d and Figure S1a) with only ~20 % of the population 

having another morphology, either (multi-) lamellar, solid-lipid or unidentifiable. Strikingly, 

when PAP3 liposomes were incubated with LPL, liposomes were now lacking the lipid droplet 

(Figure 2e and Figure S1b), and less than 10 % of the population appeared now to be phase 
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separated (Figure 2f, g), with almost 80 % of the population being now lamellar. This indicated 

that LPL could deplete the phase separated droplet possibly through its lipolytic activity, 

therefore selectively hydrolyzing the DOaG lipid. Accordingly, when the denatured and 

therefore inactive form of LPL was added to the PAP3 liposomes, no change of the phase 

separated morphology or the percentage in the population was observed (Figure 2h-j and 

Figure S1c), implying the catalytically active LPL to be responsible for the selective droplet 

digestion. Interestingly, despite the major morphological change on PAP3 liposomes, the 

nanoparticles remained intact in terms of structural integrity, retaining their size of about 120 

nm over time (Figure S2 and table S1). Of note, liposomes without DOaG, (i.e., 100 % DSPC), 

did not display any changes in morphology or size before and after addition of LPL (Figure S3 

and table S1) suggesting no interaction, and as before signifying that LPL is selective for DOaG 

or the phase separation induced by DOaG.  
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Figure 2. Selective depletion of DOaG lipid droplets in PAP3 liposomes. a) Schematic for conditions 
and timeline of cryo-TEM imaging. b) Low and high magnification cryo-TEM images depicting PAP3 
liposomes at 37 oC incubating for 180 min. c) Percentage of phase separation on PAP3 liposomes based 
on cryo-TEM quantification (N=200) and d) Quantification of all populations found on PAP3 liposomal 
formulation incubating at 37 oC for 180 min. e) Low and high magnification cryo-TEM images depicting 
PAP3 liposomes incubating with LPL for 180 min. f) Percentage of phase separation on PAP3 liposomes 
based on cryo-TEM quantification (N=200) and g) Quantification of all populations found on the 
formulation after incubation with LPL for 180 min. h) Low and high magnification cryo-TEM images 
depicting PAP3 liposomes incubating with inactive LPL for 180 min. i) Percentage of phase separation 
on PAP3 liposomes based on cryo-TEM quantification (N=200) and j) Quantification of all populations 
found on the formulation after incubation with inactive LPL for 180 min. k) Cryo-TEM images of PAP3 
liposomes incubating with LPL for 1, 15 and 180 min. l) Percentage of phase separation on PAP3 
liposomes based on cryo-TEM quantification (N=200) after incubation with LPL for 1, 15 and 180 min. 
Scale bars: 200 nm for b, e, h and 100 nm for k and insets on b, e, h.  
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LPL selectively hydrolyzes DOaG but not DSPC 

Subsequently, to assess the evolution and timeline of the observed morphological change, PAP3 

liposomes were imaged after incubating for 1, 15 and 180 min with LPL and the percentage of 

phase separation was found to progressively decrease over time (Figure 2k-l and Figure S4). 

This indicated that the observed phenomenon was a dynamic process, and that lipolysis could 

be monitored overtime by quantifying the amount of free fatty acids (FFA),43,44 released as 

metabolite products from the hydrolysis of the co-formulants DOaG and/or DSPC (Figure 3a). 

For this, a non-esterified free fatty acid measurement kit (NEFA-kit) was used, along with mass 

spectrometry which was used to determine which lipid is preferentially hydrolyzed (Figure 

3b). As expected, PAP3 liposomes incubated with LPL released ~0.9 mmoL/L of FFA over a 

period of 300 min (Figure 3c) and hydrolysis continued beyond this point (Figure S5). 

Incubation of PAP3 liposomes without LPL, or incubation of PAP3 liposomes with inactivated 

LPL, as well as incubation of 100% DPSC liposomes with LPL, did not release any significant 

amount of FFA over the same period, again indicating the specificity of LPL for DOaG in 

mixed and/or phase separated membranes (Figure 3c). Here, to also verify the LPL preference 

on naturally occurring DAGs - along with DOaG as a DAG analogue - we formulated phase-

separated liposomes consisting of DOG and DSPC. Subsequently, we monitored the FFA 

release and structural changes of the DSPC/DOG liposomes upon LPL incubation (Figure S6). 

The results showed similar preference of LPL on DOG-containing liposomes as on PAP3. 

Similarly, to assess the influence of LPL on liposomes that are known to freely circulate in vivo 

and not particularly interact with cells types and proteins,8 a formulation based on the clinically 

approved Myocet®45 (composition: POPC:CHO_55:45) was also incubated at 37 oC with LPL 

for 180 min, which did not result in FFA release, indicating no interaction with LPL (Figure 

S7). Next, mass spectrometry analysis was used to investigate the hydrolysis of the lipids in the 

PAP3 formulation. The DOaG/DSPC ratio was measured before and after addition of LPL, 

indicating a decrease only for the DOaG lipid after addition of LPL and signifying that 30.7% 

of DOaG was hydrolyzed (Figure 3d and Figure S8). Given that DOaG is the only lipid 

hydrolyzed, FFA was again measured immediately after the mass spectrometry and found to 

correspond to 31% of hydrolyzed DOaG, in agreement with the mass spectrometry value 

(Figure 3e). In our previous studies13, lipase-mediated uptake of PAP3 liposomes was inhibited 

in vivo (zebrafish embryos and adult mice) by the TGL inhibitor XEN445.46 Therefore, we 

investigated the influence of XEN445 on the lipolytic activity of LPL on PAP3. LPL was 

incubated with XEN445 at room temperature for 30 min, prior to the addition of LPL to PAP3 
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liposomes, and DOaG hydrolysis was found to be inhibited by ~50% at 500uM XEN445 

(Figure 3f and Figure S9). 

Figure 3. Hydrolysis of lipids in PAP3 liposomes. a) Potential hydrolysis of DSPC and/or DOaG co-
formulants by LPL resulting in free fatty acid (FFA) release i.e., stearic or oleic acid, respectively. b) 
Timeline of measurement of LPL hydrolytic activity. Incubation of liposomal formulation at 37 oC, pH 
= 7.4 and measurement of hydrolysis via quantification of released FFA (after 30,120 and 300 min) or 
mass spectrometry (after 180 min). c) Quantification of released FFA after incubation of PAP3 
liposomes without and with LPL, or PAP3 with inactive LPL, or DSPC liposomes with LPL after 30, 
120, and 300 min. d) Quantification of DOaG / DSPC lipid ratio in PAP3 liposomes as measured by 
mass spectrometry at t=0 and t=3h incubating at 37 oC with and without LPL. DOaG / DSPC ratio of 
PAP3 at t=0h was set as 100. Analysis indicated the % of DOaG hydrolyzed. e) Quantification of 
released FFA in PAP3 liposomes incubating with LPL at 37oC for 3h, indicating the % of DOaG 
hydrolyzed. FFA release was measured immediately after the mass spectrometry analysis. The 
difference on the released FFA of PAP3 between Figure 3c and 3e is attributed to the different 
concentrations of LPL used for each measurement and therefore hydrolysis must be designated as a 
range (0.6-0.9 mmoL/L).  f) XEN445 mediated inhibition of LPL and effect on FFA release after PAP3 
liposomes incubated with LPL and 0, 50, 100, 500 or 1000uM XEN445. Statistical significance was 
evaluated using a two-tailed unpaired Student’s t-test. ns: not significant (P > 0.05). Significantly 
different: *P ≤ 0.05, **P ≤ 0.01, ***P < 0.001. Exact P value for d :  0.0337 and for f : 0.0020. 
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Simulations confirm lipase binds on PAP3 liposomes through lipid packing defects and 

via its Trp-rich lipoprotein binding domain 

Having confirmed that LPL selectively hydrolyzes liposomes containing DOaG, we sought to 

investigate the role of the characteristic phase-separated morphology. Previously, we showed 

that the concentration of DOaG lipid in the PAP3 formulation determines whether liposomes 

phase separate. When PAP3 was formulated with DSPC and 0, 10, or 20 % mol DOaG, 

liposomes did not show phase separation, while above 30 % mol DOaG liposomes were found 

phase separated, causing a directed in vivo biodistribution towards TGL rich endothelial cells.13 

Therefore, we hypothesized phase separation to be essential, or at least preferable, for TGL 

recognition. To assess this hypothesis, released FFA after LPL incubation was measured for 

liposomes with varying % mol of DOaG. Up to 20 % mol, i.e. for mixed membranes, FFA 

release increased linearly (Figure 4a, solid line), but it steeply increased after this point (Figure 

4a, dashed line). This suggested enhanced LPL action for PAP3 liposomes with ≥30 % mol 

DOaG, which coincides with the concentration threshold relating to phase separation as 

quantified by Cryo-TEM (Figure 4a insets, Figure 4b right y-axis and Figure S10). The 

finding that the phase change coincides with a non-linear jump in the LPL-induced FFA release, 

signifies the role of phase separation in LPL hydrolysis.  

As reported earlier for DAGs, increasing the DOaG content in a PC bilayer across a phase 

boundary, could substantially increase the membrane curvature in the surroundings of the lipid 

droplet. Curvature is known to notably increase the lipid packing defect number and area, an 

effect that has been suggested to promote protein binding.17,47 Moreover, compared to a mixed 

membrane, the local concentration of DOaG in the curved membrane around the lipid droplet 

is also significantly higher. Therefore, to quantify the role of phase separation, curvature and 

packing defects at a molecular level - that is not directly accessible by experiments or atomistic 

MD due to long time scales - we generated a coarse-grained (CG) representation for 

DSPC/DOaG at different DOaG concentrations (snapshots in Figure 4b and Figure S11a). As 

detailed in the SI (sections S12-S15), the CG DOaG lipid representation was adapted from the 

similar DOG lipid.48 In agreement with standard practice, we employed the observed phase 

separation onset at 29 % mol (Figure 4b, left y-axis) to match the experimental findings. Phase 

separation in CGMD was quantified by the (time-averaged) relative fraction of contacts 

between the DOaG lipid and the DSPC lipid (see Materials and Methods for more details and 

Figure S14) following a recently developed method.49  The DOaG parametrization described 

here was used for all simulations in the remainder of this study. 
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Figure 4. Experimental findings and simulations confirm phase-separation as an important aspect 
for LPL preferential binding on PAP3 liposomes a) Quantification of released FFA of formulations 
containing DSPC and varying % mol of DOaG after incubation with LPL for 120 min. Insets show the 
morphology of liposomes at a particular % mol DOaG (0 % = gel phase, 20 % = small droplet indicate 
initiation of phase-separation, 30-50% = phase-separated). b) Double plot showing correlation of 
experimental and simulation data. Phase separation starts after 25 %mol DOaG according to cryo-TEM 
quantification (N=200) and 29 % according to the coarse-grained simulation. DOaG is shown in blue 
and DSPC is shown in pink/red. Correlation of simulated PAP3 droplet and experimental values. c) 
Average radius of phase separated PAP3 liposomes (containing 30 % or 50 % mol DOaG) as calculated 
by cryo-TEM quantification of the droplet area (N=100). Area was measured in Fiji software, by 
drawing the perimetry of each droplet (yellow dashed line) according to the electron density. 
Experimental values were obtained to correlate the simulation data for the PAP3 model droplet. d) 
Simulated PAP3 droplet with radius approximately matching the experimental value and zoom-in inset 
depicting the lipid packing defects. Packing defect constant determined as the effective average area of 
hydrophobic defects and calculated to be 45-80 Å2 for the spherical droplet. DOaG is shown in blue and 
DSPC is shown in pink/red. e) Packing defect constants of flat DSPC, flat DSPC/DOaG, streched 
DSPC/DOaG and packing defect constant range (in orange) of spherical DSPC/DOaG (see d). Statistical 
significance was evaluated using a two-tailed unpaired Student’s t-test. ns: not significant (P > 0.05). 
Significantly different: *P ≤ 0.05, **P ≤ 0.01, ***P < 0.001. Exact P value for c: 0.8152, e: 0.0002 and 
<0.0001. For graphs in a and b, lines were drawn for the clear visualization of the phase separation point. 
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To capture the role of curvature and to quantify the defect characteristics for a DSPC monolayer 

embedding the DOaG droplet of a typical diameter - i.e. an average of 22.3 nm for ≥30 %mol 

DOaG (see Figure 4c) as quantified by cryo-TEM - we performed a droplet simulation with 

this initial radius for a 82/18 DOaG/DSPC ratio (Figure 4d and Figure S11b). Since demixing 

is strongly diffusion limited, we started from a pre-structured droplet and performed 2 

microsecond of simulated annealing, to quickly reach a stable structure, with the droplet radius 

stabilizing to 20.1 nm. Using a modified protocol (see materials and methods), we calculated 

the packing defect constant, which is a measure of the effective average area of hydrophobic 

defects (Figure 4d, e and Figure S16). For flat DSPC the constant was found to be ~18 A2 

while adding the DOaG to the system increased the constant to ~30 A2 indicating phase 

separation increases the packing defects. Also adding curvature– calculating the defect constant 

on the curved droplet – increases the packing defect constant even further. For the latter, 

however, we can only give a range since the lipid composition in the droplet monolayer varies, 

depending on the starting configuration and size, and because there is an uncertainty in the 

fitting parameter. The range for the packing defect constant found was between 45 to 80 A2, 

showing that the packing defects in the curved droplet are more prevalent than in the flat pure 

DSPC and flat DSPC/DOaG membranes (Figure 4d zoom in, and Figure 4e).  We next used 

this value range as a reference value for the simulation of LPL binding to stretched 

DOaG/DSPC membranes (Figure 4e and 5c) as a proxy for curvature50 (vide infra).   

Following the proof that the DOaG droplet increases both the number and area of lipid packing 

defects in the curved DSPC monolayer - due to the condensing of DOaG and the accompanying 

high curvature of the outer leaflet - we next sought to investigate whether LPL specifically 

binds to PAP3 via these packing defects. The structure of LPL is well studied and identified by 

X-ray crystallography51 and Cryo-TEM52 (Figure 5a and Figure S15). Functional parts include 

the lipoprotein binding domain which is rich in Trp as mentioned previously (hence called the 

Trp-rich loop, Figure 5a, inset) and the catalytic lid with the active site (Figure 5a, inset).  The 

C-terminus, where the lipoprotein binding domain is located, is responsible for substrate 

binding but not for heparin binding or catalysis.53 We first proceeded to investigate which 

regions of the LPL protein may be involved in interacting with the lipid packing defects of the 

phase separated membrane. Hereto, we employed a recently developed neural network (NN) 

model that is trained on MD data and is able to predict the lipid packing defect sensing free 

energy (ΔΔF) for peptide sequences.54 ΔΔF is defined as the difference in free energy of a 

peptide binding to a tensionless membrane versus a stretched membrane that bares lipid packing 

defects, such as the curved lipid monolayer around a lipid droplet. The higher the magnitude of 
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the ΔΔF value, the more favorably it binds to the defected membrane. We first used a sliding 

window of 15 residues to fragmentize the LPL protein structure and then predicted the ΔΔF for 

the overlapping fragments. From this, we derived a per-residue average ΔΔF (given the residue 

is solvent accessible, see section S17 and Figure S18) and color-coded the protein structure 

accordingly (Figure 5b). 

 

Figure 5. LPL binds to PAP3 liposomes via its Trp-loop. a) Structure of LPL (Bos Taurus). Insets 
indicate the Trp-rich loop (yellow) - which comprises the lipoprotein binding domain - and active site 
(orange). Lid region indicated in red. b) Color-map of predicted lipid packing defect sensing regions on 
LPL (all values are given in S19). Bright colors indicate putative sensing motifs, according to NN-
predicted relative binding free energy (ΔΔF) and SASA values. c) Potential of mean force (PMF) 
profiles of LPL binding to a DSPC membrane (in red-pink) and a DSPC/DOaG phase separated 
membrane (in red-pink/blue). The US reaction coordinate is the z-distance between the center-of-mass 
(COM) of the Trp-rich loop (in yellow) and the COM of the lipids (i.e., center plane of the membrane). 
Snapshots are the final frames of the trajectories and indicate that the protein is completely unbound at 
high z (free energy = 0 kJ mol-1) and membrane-bound through the Trp-rich loop at the minima. Dotted 
lines indicate the position of the DSPC head groups (NC3 beads). d) Quantification of released FFA 
from PAP3 liposomes after incubation for 120 min with LPL, LPL + 5D2 antibody and LPL + IgG 
control antibody. e) Mass spectrometry quantification of DOaG / DSPC ratio of PAP3 liposomes 
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incubating for 120 min with LPL, LPL+ 5D2 antibody and LPL + IgG control antibody. DOaG/DSPC 
ratio of liposomes that did not undergo hydrolysis incubating with LPL + 5D2 was set as 100. f) 
Schematic of LPL binding to PAP3 liposomes via its Trp-rich loop and 5D2 mediated inhibition of 
binding. Statistical significance was evaluated using a two-tailed unpaired Student’s t-test. ns: not 
significant (P > 0.05). Significantly different: *P ≤ 0.05, **P ≤ 0.01, ***P < 0.001. Exact P value for d 
: <0.0001 and 0.3222 and for e : 0.0029 and 0.5654. 

 

Residues Ser416-Ser426, comprising the Trp-rich loop, was the highest scoring solvent-

accessible peptide motif we identified (Figure 5b and section S19). As previously described in 

the context of membrane curvature sensing, Trp residues can indeed play a key role in 

complementing the hydrophobic lipid packing defects on lipid leaflets,25 and we argue that the 

Trp-rich loop of LPL might fulfill a similar function. Notably, this argument is in line with the 

Trp-rich loop being part of the lipoprotein binding domain of LPL, which is responsible for 

endogenous lipoprotein binding. 38–40 

To further investigate lipid packing defect sensing by LPL and to see whether the Trp-loop is 

preferably binding to defected membranes such as the PAP3 liposomes, we calculated the 

potential of mean force (PMF) profiles for the entire LPL protein binding to the PAP3 phase 

separated membrane - with lipid packing defect constants that are in the same range as those 

for the earlier considered PAP3 droplet (vide supra, Figure 4e). We performed umbrella 

sampling (US) simulations with the z-distance between the Trp-rich loop and the center plane 

of the membrane as the reaction coordinate. The resulting potential of mean force (PMF) 

profiles showed LPL binding to the PAP3 phase-separated membrane (having enhanced lipid 

packing defects) is indeed more favorable than binding to a flat pure DSPC bilayer, with a small 

free energy difference of 2.31 kJ mol-1 (~1 kBT) between the minima (Figure 5c). The 

propensity for binding that is observed for the flat pure DSPC membrane (about 20 kJ mol-1) 

corresponds exactly to the curvature sensing transition point from a recent study54, which 

showed that a 2 kJ mol-1 increase in binding free energy has a pronounced effect on the 

membrane binding probability. Moreover, although a conformational change in the binding 

domain may contribute a few kJ mol-1 to the actual binding affinity55, this shift is likely very 

similar for both membranes. Beyond this binding preference, the enzymatic preference of LPL 

to hydrolyze DAGs over phospholipids56 is not captured by our MD simulations but does 

contribute to our experimental observations. From the MD trajectories, it is clear that LPL 

indeed interacts with the membranes through its Trp-rich loop (snapshots in Figure 5c), in line 

with the NN-predictions (Figure 5b), and mechanistically similar to previously reported lipid 

droplet sensing proteins.57,58  
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To experimentally assess the involvement of the Trp-rich loop in the recognition and hydrolysis 

of PAP3 liposomes, we measured the hydrolytic activity of LPL on PAP3 liposomes, while 

blocking the Trp-rich loop with the monoclonal anti-LPL antibody 5D2. The 5D2 monoclonal 

antibody has been identified to bind specifically to the Trp-loop of the lipid binding domain of 

LPL, inhibiting binding and catalysis of lipoproteins.40,59–61 Indeed, after incubation of LPL with 

5D2 in a 1:1 ratio at room temperature for 30 min and subsequent addition to PAP3 liposomes, 

hydrolysis of DOaG as quantified by the release of FFA and mass spectrometry was strongly 

reduced (Figure 5d-f). To ensure that inhibition of hydrolysis was due to the specific inhibition 

of the Trp-rich loop by the 5D2 antibody, a negative isotype control antibody (matching 5D2 

antibody’s host species and class - IgG1) was used to measure the non-specific binding in LPL 

and non-specific interactions with PAP3. As expected, the control antibody did not inhibit the 

hydrolysis (Figure 5d, e), supporting the specific interaction of LPL with PAP3 liposomes 

through its Trp-rich loop. Similarly, when a non-mammalian LPL (derived from Burkholderia 

sp.) - which lacks the conserved lipoprotein binding domain of mammalian TGLs - was used 

with the 5D2 antibody (Figure S20 for complete sequence), hydrolysis was not inhibited 

(Figure S21), indicating again the specificity of 5D2 to the Trp-rich loop. Despite the 

hydrolysis of PAP3 liposomes taking place with the non-mammalian lipase, it appears to occur 

via a different mechanism, and it is therefore not relevant for the study of mammalian LPL 

species. It does however signify that 5D2 inhibits the Trp-loop specifically, and non-specific 

interactions between antibody-protein-liposomes do not take place.  

 

DISCUSSION 

In this work, we combine experimental findings and MD simulation data to describe the 

selective lipolytic degradation of lipid droplets in phase-separated liposomes by LPL. We show 

LPL recognizes the enhanced lipid packing defects on the liposomal membrane induced by 

phase separation. The liposomes, named PAP3, consist of the naturally occurring DPSC and 

the synthetic DAG analogue DOaG, which is responsible for the phase separation and 

constitution of a lipid droplet within each liposome bilayer. PAP3 liposomes have been seen to 

interact with TGLs and specifically accumulate in cell subsets in vivo13, a phenomenon 

attributed to their phase separated morphology. Therefore, the observation of their structural 

evolution after interaction with LPL, as well as the mechanism of enzyme binding was of great 

interest. Here, we confirm the selective hydrolysis of DOaG by LPL, leading to degradation of 



 

16 

the lipid droplet and to reorganization of the assembly to a lamellar bilayer, while the overall 

integrity of the nanoparticle is maintained. Contrarily, the other co-formulant – DSPC – does 

not undergo hydrolysis. These observations exemplify selective nanoparticle-protein 

interactions and subsequent nanoparticle rearrangement. As TGLs endogenously remodel 

lipoproteins without nanoparticle collapse – i.e., LPL remodels very low-density lipoproteins 

to low-density lipoproteins34,62,63 - here we similarly show the depletion of a large part of the 

nanoparticle without bilayer disruption.  

Additionally, we show that LPL is selective for PAP3 liposomes (DSPC/DOaG) and for 

liposomes containing the natural DAG counterpart (DSPC/DOG). LPL is not selective for 

100% DSPC liposomes, or typical spherical LUVs with high circulation lifetimes in vivo (i.e., 

Myocet®-like, POPC/CHO). One reason for this could be the inherent preference of LPL to 

hydrolyze DAGs and therefore DAG analogues, such as DOaG. Synergistically, another reason 

could be the preference of LPL to recognize membranes with high curvature - and thus higher 

packing defect constants - induced by phase separation.15,16,24 This hypothesis is supported by 

the non-linear, increased hydrolysis on liposomes consisting of ≥ 30 % DOaG (phase separated) 

over liposomes consisting of < 25 %mol DOaG (non-phase separated). Lipid packing defects 

were then quantified in our coarse-grained MD simulations and found to be higher when phase 

separation and high curvature are present in the membrane system. Finally, we show that LPL 

preferentially binds to the defected membrane of PAP3 liposomes, and we identified the Trp-

rich loop of LPL as a lipid packing defect sensing motif. Preventing the Trp-loop to bind to 

PAP3 (by blocking the region with the selective antibody 5D2 59), abolishes the lipolysis and 

confirms the involvement of the Trp-rich loop in the recognition of PAP3 liposomes. Hereby, 

we expand our knowledge of the Trp-rich loop to act as a lipid packing defect sensor, beyond 

its role in lipoprotein binding.38 PAP3 liposomes appear to hijack the natural pathway in which 

LPL recognizes lipoproteins via its Trp-rich loop, by their exposed lipid packing defects that 

arise upon phase separation.  

Additionally, we have previously shown that PAP3 liposomes are endocytosed by a TGL-

mediated pathway in vivo.13 A possible pathway for this could be the selective recognition of 

DOaG by TGL - with a significantly higher chance of DOaG being transiently exposed to the 

aqueous environment due to the increased packing defects in the phase separated membrane - 

and subsequent endocytosis. Our current study shows the selective lipolysis and remodeling of 

the particle by LPL, something that may also occur in vivo before nanoparticle uptake by the 

cell. However, given the complex in vivo environment and the spatiotemporal regulation of 

lipase function in lipid metabolism, further studies should be performed in vivo and in real time 
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to solidly prove this. Here it should be noted, apolipoprotein CII (APOCII) is an essential co-

factor of LPL and, in a physiological environment, it will play a central role on efficient lipase 

activity.34 This is an aspect that is not presented in the current study. However, the presence of 

apolipoproteins is not vital for LPL binding on lipid membranes42 and, although APOCII would 

enhance the LPL lipolytic efficiency (or would even be essential in an in vivo environment), it 

is not required for overall LPL activity; especially not for comparison of relative activity on 

different targets (i.e., different liposomal formulations). 

Another noteworthy observation are the visible remnants of the hydrolyzed droplet on some 

nanoparticles (Figure S22, arrows). Such thickness mismatches in Cryo-TEM have been 

recently described as nanodomains in liposomal membranes.64,65 Therefore, although liposomes 

can be seen as lamellar and non-phase separated macromolecularly, a more in-depth 

investigation of the molecular details, e.g. the existence of nanodomains or lipid rafts remaining 

after LPL hydrolysis, is required. The question that arises here is whether such nanodomains 

can be still recognizable by TGLs in vivo. 

Finally, the selection of LPL as a representative TGL was purely due to the extensive literature 

on LPL structure, regulation and function in health and disease, and therefore was the most 

relevant protein to base our studies on. However, all (mammalian) lipases from the TGL family 

have very similar amino acid sequences (36 and Figure S23 for protein alignment), structural 

homology, and similar functional roles on triglyceride metabolism.33,66–68 This allows the 

assumption that other TGLs will behave similarly on PAP3 liposomes as the LPL studied here. 

On the same note, the LPL chosen for these studies was derived from bovine milk (Bos Taurus), 

yet the sequence homology with human LPL (Homo Sapiens) is > 90 %, with high structural 

similarity and a conserved Trp-loop (see Figure S24-S25 for protein structure alignment), 

which allows to assume that it will similarly affect PAP3 liposomes as bovine LPL. To support 

this, we show that incubating PAP3 liposomes with human LPL releases a substantial amount 

of FFA (Figure S26). Also, similar PMF profiles were calculated for human LPL interacting 

with the DOaG/DSPC phase separated membrane and a flat DSPC bilayer through its Trp-rich 

loop, showing even a more substantial binding preference for the phase-separated system in 

terms of the free energy difference between the minima (13.48 kJ mol-1) (Figure S27).  

Overall, this study explains in detail the how and the why of the preferential interaction of TGLs 

with unique phase separated liposomes. Such interaction has been recently found responsible 

for cell specific targeting in vivo. Particularly, it serves an important proof-of-concept for 

selective protein interaction on lipid nanoparticle membranes, owing to lipid packing defects. 

Comparable to the formulation studied here, some RNA-LNPs have membranes with high 
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curvature. They consist of a solid lipid core, surrounded by a phospholipid monolayer and - 

depending on composition - they may be prone to such packing defects. Therefore, this study 

could open new avenues for exploration of novel LNP formulations, that could preferentially 

interact with packing-defect sensing motifs in proteins of interest.  

Most notably, this work presents a selective LNP / protein communication and emphasizes the 

importance of understanding the nanoparticle / protein interface. Persistent and limited 

understanding of the key nano-bio interactions has so far stymied progression from empirical 

discovery towards rational nanoparticle design, an aspect that could lead to more advanced and 

precise nanomedicines in the future. 
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MATERIALS AND METHODS   

Liposome formulation 

Large unilamellar vesicles (LUVs) were formed through extrusion (mini extruder, Avanti Polar 

Lipids) above the Tm of all lipids (i.e. 65-70 oC) in 10mM Tris Buffer pH = 7.4 and at a total 

lipid concentration of 5 mM (3.5 mg/mL), unless if stated otherwise. Individual lipids as stock 

solutions (10 mM) in chloroform, were combined to the desired molar ratios and dried to a thin 

film, first under N2 stream, then >1 h under vacuum. Lipid films were hydrated with 1mL Tris 

Buffer above the Tm of all lipids (65-70 oC), with gentle vortexing, to form a suspension. 

Hydrated lipids were passed 11 times through 2 x 400 nm polycarbonate (PC) membranes 

(Nucleopore Track-Etch membranes, Whatman), followed by 11 times through 2 x 100 nm PC 

membranes. All liposomes were stored at 4 oC and used within 5 days.  

Liposome - Lipase Incubation  

Liposomes (3.5 mg/mL, in 10mM Tris Buffer, pH = 7.4) were transferred in a low protein 

binding tube (3 mg/mL final lipid concentration after lipase incubation) and subsequently 

Lipoprotein Lipase (in 10mM Tris Buffer pH = 7.4) was added to the tube to reach 0.03 mg/mL 

final concentration. Liposomes – lipase mixture was left to incubate at 37 oC in a thermomixer 

for up to 20 h with gentle occasional mixing.  

FFA release measurement 

For each time point of interest, the amount of FFA resealed in the sample was measured with a 

non-esterified fatty acid assay kit (NEFA kit – Fujifilm Wako Chemicals) with a protocol 

provided for 96 well plates (Greiner) using a microplate spectrophotometer set to 37 oC 

(Infinite®, M1000 pro, TECAN). Briefly and for each sample, 9 uL were taken and diluted 2x 

in Tris Buffer 10 mM (pH = 7.4). 5 μL were then put in each well and mixed with 200 μL of 

Reagent 1 and incubated for 5 min. The absorbance (Abs1) was then measured in each well at 

550 nm (Sub: 660 nm). Immediately after, 100 μL of Reagent 2 was added and the mixture was 

incubated for another 5 min. The absorbance (Abs2) was again then measured in each well at 

550 nm (Sub: 660 nm). Final absorbance was calculated by subtracting Abs1 from Abs2. 

Concentration of FFA (mmoL/L) was calculated by constructing each time a new calibration 

curve. All measurements were the average of three measurements. 

 Cryogenic Transmission Electron Microscopy  

Freshly glow-discharged carbon grids supported on Cu (Lacey carbon film, 200 mesh, Electron 

Microscopy Sciences, Aurion, The Netherlands) were used for vitrification inside a Vitrobot 
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plunge-freezer (FEI VitrobotTM Mark III, Thermo Fisher Scientific) regulating steady 

temperature and humidity conditions (22 oC or 37 oC and 99 % humidity). Liposomes 

incubating with LPL at 37 oC were immediately taken and applied to the grid and the excess 

liquid was blotted for 3 s and subsequently plunge frozen in liquid ethane below -160 oC to 

ensure formation of vitreous ice. Cryo-EM images were collected on a Talos L120C (NeCEN, 

Leiden University) operating at 120 kV or on a Titan Krios (TU Eindhoven) operating at 300 

kV, with working temperature below -180 oC. Images were recorded manually at a nominal 

magnification of 13500x, 22000x or 36000x yielding a pixel size at the specimen of 7.41, 4.44, 

or 2.86 ångström (Å), respectively.  

Simulation details 

All simulations were performed with GROMACS 2019.3 70 and the Martini 3.0.0 force field48, 

at a 20-fs time step. Temperature (T = 303.15 K, τT = 1 ns) and pressure coupling 

(compressibility = 4.5·10-5 bar-1, τp = 12 ns) were applied by the velocity rescaling thermostat 

and the Berendsen barostat, respectively. The neighbor list was updated every 20 steps. A 1.1 

nm cutoff was used for the Van der Waals interactions (shifted Verlet cutoff scheme) and 

Coulomb interactions (reaction-field electrostatics). 

 
Coarse-grained model for PAP3 liposomes 

Phase separation on PAP3 liposomes was determined from the MD trajectories, using the time-

averaged contact fraction between the DOaG and the DSPC lipid. Following a general 

procedure49, a relative contact fraction was calculated by counting contacts between DOaG and 

DSPC lipids and dividing it by the total number of DOaG contacts (see sections S12-S15 for 

details). A cutoff of 1.1 nm was used to identify contacts between lipids via selected beads on 

both lipid types that are roughly at the same depth within the membrane. In addition, we 

normalized by the total concentration of DOaG to enable direct comparison for different DOaG 

concentrations. Consequently, complete phase separation always corresponds to a value of zero, 

and ideal mixing to unity.   

Droplet simulation 

For the simulation of the droplet, the droplet configuration was made with PackMol71 with - on 

the inside - purely DOaG and on the outside a monolayer of DSPC. The simulated annealing 

was run for 1.5μs, with a starting temperature of 450 K and cooled to a temperature of 303 K, 

after which the temperature was kept stable for 500 ns at the final temperature. After the 
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simulated annealing the droplet was ran for analysis for 1.5 μs at the same temperature and 

settings as the bilayer simulations.  

Packing defects on spherical systems 

While previous work used the PackMem package72 to identify a linearly increasing defect size 

constant with total curvature for both single component and mixed membranes 19, the role of 

(de)mixing remains less quantified. Here, we developed a new computational protocol to clarify 

this relation for our highly curved DOaG/DSPC membranes of arbitrary (non-symmetric) 

shapes. Packing defect constants for the simulated PAP3 droplet can in principle be determined 

using standard PackMem routines, by employing a spherical instead of the usual rectangular 

grid.19 However, since droplets do not necessarily adopt a purely spherical shape, even tiny 

mismatches in the determination of the relevant reference interface may bias the calculated 

constants in a non-predictable fashion. For this reason, we developed a protocol that can deal 

with arbitrary shapes. Briefly, a closed 2D interface is fitted through the positions of relevant 

GL beads, subsequently triangulated, and used as a reference for identifying shallow and deep 

defects following the recommended PackMem settings.72 Details and examples of this 

procedure will be published in a separate study.  

 
Protein modeling and lipid packing defect sensing prediction 

The 3D models of human and bovine LPL were downloaded from the AlphaFold2 database.73,74 

Both structures closely overlap with the human crystal structure51 (Figure S25). The 

unstructured N-terminal signal sequence (residue 1-34) was excluded. To predict which regions 

of the protein may play a role in lipid packing defect sensing, a previously developed neural 

network model was applied. 54 A sliding window of 15 residues was used to predict binding 

free energy values (ΔΔF) for peptide motifs along the sequence of the bovine LPL protein 

(section SI7-S19). In order to exclude buried protein regions (that are unavailable to interact 

with membranes), only peptide motifs with an average solvent-accessible surface area (SASA, 

as calculated using BioPython75) of greater than 0.8 nm2 were considered. To visualize putative 

regions of interest, the B-factor field in the PDB file format was used to adjust the coloring 

accordingly. 

 

Umbrella sampling 

A DSPC bilayer (361 molecules per leaflet) was prepared using the insane python script76 and 

the Martini 3 CG force field.48 After solvation with Martini 3 water and ions (0.15 M NaCl), 
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steepest decent energy minimization and 10 ns of semiisotropic NpT equilibration (pref = 1 bar) 

were performed. Next, a layer of 1444 randomly oriented DOaG molecules was inserted 

between the two DSPC leaflets. The resulting 1:2 DSPC:DOaG trilayer was energy minimized 

and equilibrated. A 75 bar·nm surface tension was applied to the trilayer system to match the 

lipid packing defects (measured by PackMem with the recommended settings72) to the ones 

found on a DSPC/DOaG spherical lipid droplet (see Figure S16). A CG Martini representation 

of the LPL protein was obtained with Martinize2/VerMOUTH.77 Secondary structure was 

predicted with DSSP78 and constrained by an elastic network between the backbone beads (kforce 

= 500 kJ mol-1). The CG protein was inserted into the bilayer/trilayer systems with ~4 nm 

separation between the Trp-rich loop of the protein (Ile413-Pro427) and the upper leaflet’s lipid 

head groups. The resulting set-ups were resolvated with water and ions (0.15 M NaCl). After 

steepest decent energy minimization, both systems were equilibrated for 100 ns with position 

restraints (kforce = 1,000 kJ mol-1) on all protein beads. The initial frames for umbrella sampling 

(US) were generated by running a pulling simulation in which the z-distance between the 

centers-of-mass (COM) of the Trp-rich loop and the lipids was decreased gradually, and then 

selecting 24 frames that span the range from the solvated to the membrane-bound state with 0.2 

nm increments. For each umbrella window, a 50 ns equilibration followed by a 2 µs production 

run was performed in which the Lipid-Trp-rich loop COM z-distance was constrained to its 

initial value (kforce = 500 kJ mol-1). To dampen membrane deformations during US runs, a soft 

harmonic flat-bottom potential (kforce = 100 kJ mol-1) was applied on the lipid head groups to 

restrain the lipids within its initial thickness range (+0.5 nm on each side of the membrane). 

Free energy profiles were obtained through umbrella integration79 with 10,000 bins. Averages 

and standard deviations were calculated by using block-averaging over 3 blocks. 
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