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Abstract

There has been growing interest in the use of particles coated with lipids for applications ranging 

from drug delivery, gene delivery, and diagnostic imaging to immunoengineering. To date, almost 

all particles with lipid coatings have been spherical despite emerging evidence that non-spherical 

shapes can provide important advantages including reduced non-specific elimination and increased 

target-specific binding. We combine control of core particle geometry with control of particle 

surface functionality by developing anisotropic, biodegradable ellipsoidal particles with lipid 

coatings. We demonstrate that these lipid coated ellipsoidal particles maintain advantageous 
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properties of lipid polymer hybrid particles, such as the ability for modular protein conjugation to 

the particle surface using versatile bioorthogonal ligation reactions. In addition, they exhibit 

biomimetic membrane fluidity and demonstrate lateral diffusive properties characteristic of natural 

membrane proteins. These ellipsoidal particles simultaneously provide benefits of non-spherical 

particles in terms of stability and resistance to non-specific phagocytosis by macrophages as well 

as enhanced targeted binding. These biomaterials provide a novel and flexible platform for 

numerous biomedical applications.
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1. Introduction

Lipid polymer hybrid particles, that combine the biomimetic cellular surface features of a 

liposome with the structural support and stability of a polymeric particle, have been of great 

interest to the biomaterials community in recent years. Generally, these constructs are of 

core-shell design with the polymer encapsulating various therapeutics in the core, and 

naturally or synthetically derived lipids forming a shell. By fusing a preformed lipid vesicle 

to a polymeric particle [1] or taking advantage of self-assembling lipid bilayers during 

particle synthesis [2], these particles can be fabricated with a variety of different strategies 

depending on the desired application.

The lipid polymer hybrid particle technology holds tremendous promise and has already 

been demonstrated in several applications [3] including drug delivery [4], diagnostic 

imaging [5], and gene delivery [6, 7]. Furthermore, this lipid coating strategy has been 

extended to the synthesis of polymeric nanoparticles containing membranes derived from 

red blood cells [8], platelets [9], and cancer cells [10]. Polymeric particles with naturally 

derived membranes have been shown to be useful for many other applications including 

adsorption of hemolytic toxins [11], pathogen binding [9], and cancer cell antigen delivery 

for vaccines [10].

One particle design limitation of this approach, however, has been that, up to now, almost all 

lipid coated particles have been of isotropic, spherical shape. Yet, emerging evidence 

suggests that that non-spherical micro- and nanoparticles possess several key advantages 

over traditional spherical particles which include inhibited non-specific cellular uptake [12] 

and simultaneously potential enhanced target-specific binding and cell uptake [13]. As a 

result, anisotropic particles have been appropriated for several recent biological applications 
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such as anti-cancer drug delivery [14, 15], gene delivery in vitro and in vivo [6, 16, 17], and 

immunoengineering to stimulate T-Cells against tumor associated antigens [18, 19]. In all of 

these applications, the non-spherical anisotropic particle has been shown to be superior to 

the isotropic spherical particle.

To investigate the feasibility of combining these previously separate particle technologies—

the use of anisotropic shapes in particle core design and the hybridization of lipids on 

polymeric particles for dynamic surfaces—we developed a procedure to reproducibly 

generate non-spherical, ellipsoidal lipid coated particles with a biodegradable polymer 

support. The process includes generating non-spherical particles, which can be 

manufactured from both top-down [13] and bottom-up methods [20]. In the current work, we 

utilized, as outlined in Scheme 1, a thin film stretching method developed by Ho et. al. [21] 

that we recently automated [22] with an electromechanical stretching device to robustly 

generate ellipsoidal anisotropic microparticles to serve as the support for the lipids. Next, the 

ellipsoidal lipid coated particles were generated by fusing 200 nm liposomes to these 

particles under sonication. Subsequently, the lipid surfaces were functionalized in a flexible 

manner through the use of biotinylated biomolecules. These new biomaterials, anisotropic 

biodegradable particles that exhibit resistance to non-specific cellular internalization and 

enable spatially dynamic protein presentation from their surfaces, are promising as 

biotechnology devices for delivery and diagnostic applications.

2. Materials and methods

2. 1. Particle preparation and characterization

Acid terminated poly(lactic-co-glycolic acid) (PLGA- 85:15 L:G ratio, MW 45,000 Da – 

55,000 Da) (Akina Inc.; West Lafayette, IN) was dissolved in 5 mL of dichloromethane 

(DCM) at a concentration of 20 mg/mL. In order to visualize particles under fluorescence 

microscopy, 7-amino-4-methyl coumarin (7-AMC- Sigma-Aldrich; St. Louis, MO) or Nile 

Red (Life Technologies; Grand Island, NY) were added to the DCM solution at a 1% w/w 

ratio to the polymer. The resulting solution was homogenized by a T-25 digital ULTRA-

TURRAX IKA tissue homogenizer at 5,000 rpm for 1 min in 50 mL of 1% poly(vinyl 

alcohol) (PVA) solution (IKA Works; Wilmington, NC). The subsequent emulsion was then 

transferred to 100 mL of 0.5% PVA solution agitated by magnetic stirbar and the DCM was 

allowed to evaporate over the course of 4 h. The suspended particles were centrifuged out of 

solution at 3000g for 5 min and washed 3 times with water. The resulting particles were 

flash frozen in liquid nitrogen and lyophilized prior to use.

To synthesize non-spherical ellipsoidal particles, we utilized the thin film stretching method 

developed by Ho et. al [21]. Spherical particles synthesized by emulsion were suspended 

into a solution of 10% PVA and 2% glycerol at a concentration of 5 mg/mL and 10 mL of 

this solution was deposited into a rectangular petri dish. The film was allowed to dry 

overnight, and the next day the film was cut to size and mounted onto an automated thin film 

stretching device [22]. The entire apparatus was heated up to 90 °C and the film was 

stretched 2-fold in one direction to produce ellipsoidal particles with a major axis roughly 2 

times the original particle diameter and a minor axis roughly 0.7 times the original particle 

diameter. After stretching, the film was allowed to cool back down to room temperature and 
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then was dissolved in water. Particles were washed and subsequently lyophilized prior to use 

and characterization.

Particle characterization was conducted using scanning electron microscopy (Leo FESEM). 

Lyophilized particles were mounted onto an aluminum tack (Electron Microscopy Services; 

Hatfield, PA) using carbon tape (Nisshin EM Co.; Tokyo, Japan). The particles were then 

sputter coated with 30 nm of gold-palladium alloy. After sputter coating, the particles were 

imaged by SEM. Particle size and aspect ratio data were obtained by ImageJ analysis of the 

subsequent SEM images.

2.2 Lipid coated particle preparation and imaging

Non-spherical lipid coated particles were prepared utilizing a two-step method similar in 

concept to what has previously described for spherical particles [23]. 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) and cholesterol (Avanti Polar Lipids; Alabaster, AL) 

were mixed into a 70:30 w/w ratio. For fluorescent lipid imaging studies, rhodamine 

conjugated DOPC (Avanti Polar Lipids; Alabaster, AL) was mixed with DOPC, and 

cholesterol in a 1:69:30 w/w ratio. For surface functionalization, 1,2-dioleoyl-sn-glycero-3-

phos phoethanolamine-N-[4-(p-maleimidomethyl) cyclohexane-carboxamide] (MCC-

DOPC) (Avanti Polar Lipids; Alabaster, AL), DOPC, and cholesterol were mixed in a 

35:35:30 w/w ratio. A total of 1 mg of the lipids was aliquoted and left to dry into a thin film 

overnight under a vacuum. The lipids were then hydrated in 1 mL of water The lipids were 

heated to 60 °C and extruded through a 200 nm filter (Avanti Polar Lipids; Alabaster, AL). 

Liposome formation was verified with sizing at 200 nm using dynamic light scattering 

(Malvern Instruments; Westborough, MA). The liposomes were then mixed with spherical or 

non-spherical particles (in a 33.4 µg liposome to 1 mg particle ratio) and sonicated for 30 s 

at 2 W power in a 1.5 mL Eppendorf tube. Temperature was maintained at 4 °C with an 

aluminum cooling block (Light Labs; Dallas, TX). The subsequent lipid coated particles 

were purified from solution through centrifugation at 4 °C for 5 min at 300g. After three 

washes, the lipid coated particles were stored at 4 °C until further use.

To analyze the formation of lipid constructs on the particle surface, confocal imaging of 

PLGA particles encapsulating 7-AMC were coated with rhodamine lipid containing 

liposomes. Confocal image acquisition was completed with a Zeiss 780 FCS Confocal 

Microscope. To derive profile information, we used the ImageJ profile measurement tool and 

drew a line through the particle to determine relative fluorescence information.

2.3 Cellular uptake studies

RAW 264.7 (ATCC) macrophages were cultured in T-175 flasks in Dulbecco’s Minimal 

Essential Media (Life Technologies; Grand Island, NY) supplemented with 10% fetal bovine 

serum and penicillin/streptomycin. For flow cytometry studies, cells were harvested through 

the gentle use of a cell scraper (to prevent excessive cell damage) and seeded into 96-well 

plates at a density of 30,000 cells/well. After cell adherence, the cells were stained with 

Vybrant CFDA-SE Cell Tracer Kit following the manufacturer’s protocol (Life 

Technologies; Grand Island, NY) as a counterstain to identify live cells in flow cytometry. 

The cell media was removed and replaced with 500 µL of cell media containing either 
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spherical or ellipsoidal particles encapsulating 5(6)-carboxy-tetramethyl-rhodamine (Merck 

KGaA; Darmstadt, GE) in a 2-fold dilution series starting at 0.5 mg particles/mL. The cells 

were then incubated for 4 hr at 37 °C for uptake studies and 4 °C for binding studies and 

washed 3× with PBS to remove free particles. The cells were dissociated from the plate by 

vigorous trituration prior to analysis by flow cytometry. Cell viability was evaluated after 24 

and 48 hr in separate but identical experimental setups incubation using a cell titer kit 

(Promega; Madison, WI) following the manufacturer’s protocol. The cells were incubated 

with the cell titer reagent for 1 hr and assessment of viability was conducted via relative 

absorbance measurements.

For confocal imaging, cells were seeded at the same concentration and incubated with 0.125 

mg particles/mL of fluorescently labeled particles (corresponding roughly to 10 particles/

cell), except the incubation was conducted in LabTek Chamber slides (Fisher Scientific; 

Pittsburgh, PA). The cells were washed 3× with PBS and then fixed in 10% formalin 

stabilized with methanol for 15 min (Sigma-Aldrich; St. Louis, MO). After fixing, actin was 

stained with Alexa 488 Phalloidin (Life Technologies; Grand Island, NY) and the nucleus 

was visualized with DAPI stain (BioChemica; Darmstadt, Germany), both following the 

manufacturer’s protocol. The cells were then visualized using confocal microscopy on a 

Zeiss 780 FCS.

2.4 Surface protein conjugation and characterization

In order to functionalize the lipid coated particles to be receptive to protein conjugation, we 

first functionalized the surface with thiolated avidin (Protein Mods; Madison, WI). We first 

were interested in whether or not the avidin could conjugate to the surface of the maleimide 

activated particle. We pre-conjugated biotinylated fluorescein (Sigma- Aldrich; St. Louis, 

MO) with the avidin and then dialyzed overnight with a 10 kDa MWCO dialysis bag (Life 

Technologies; Grand Island, NY). The particles were then reacted overnight with various 

amounts of fluorescent avidin and washed three times. Fluorescence intensity was measured 

under a plate reader and correlated to the amount of fluorescent avidin on the surface of the 

particle.

To evaluate our capabilities to conjugate a target biotinylated protein to the surface of our 

lipid coated particles, we formed the lipid coated particles of ellipsoidal and spherical shape 

and conjugated them to the thiolated avidin overnight at 4 °C at a 4 µg avidin/mg PLGA 

ratio. We then conjugated Cy5-biotin (Click Chemistry Tools; Scottsdale, AZ) at a 

concentration of 4 µg Cy5-biotin/mg PLGA ratio for 1 h at room temperature. After washing 

3 times at 4 °C, we evaluated the conjugation through confocal imaging of the particles.

To confirm that this method would work for a bioactive protein, we utilized biotinylated 

anti-CD28 as a model protein for particle surface capture. Avidin functionalized lipid coated 

particles were prepared as previously, but instead of a fluorophore, we added the protein at 

various concentrations to test reaction efficiency. To quantitate the amount of protein bound 

to the surface, we washed the particles 3 times, collected the supernatants, and analyzed 

them for a reduction in protein content utilizing an Octet Red system (Forte Bio; Menlo 

Park, CA). Reduction in protein content in the supernatant was then converted to protein 
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immobilized on the surface through subtraction from the total amount of protein added into 

the system.

2.5 Targeted anisotropic lipid coated particle binding

In order to evaluate the capability of anisotropic lipid coated particles to mediate enhanced 

targeted cell binding compared to spherical lipid coated particles, we prepared TAMRA 

loaded sperical and prolate ellipsoidal microparticles coated with MCC-lipids were 

synthesized as described in Section 2.1 and 2.2. Particles were then conjugated to anti-CD3 

(OKT3 clone) as described in Section 2.4. Jurkat T-Cells were labeled with Vybrant CFDA 

SE Cell Tracer Kit (CFSE) (Life Technologies; Grand Island, NY) following the 

manufacturer’s protocol. The particles were then incubated at a concentration of 0.1 mg/mL 

with 100,000 Jurkat T-Cells in 100 uL of T-Cell culture media formulated as described 

previously [18] for 1 hr. To evaluate binding the samples were then imaged by confocal 

microscropy on a Zeiss 800 FCS Confocal Microscope. A total of 10 images were taken per 

sample and analyzed for binding frequency and area of contact between particles and cells 

using Image J.

2.6 FRAP Analysis

In order to confirm the fluidic character of the spherical and ellipsoidal lipid coated 

particles, diffusivity was evaluated utilizing the fluorescence recovery after photobleaching 

technique (FRAP). The fluorescent signal was supplied by the Cy5 immobilized to the lipid 

coated particles. Particles were suspended in 1× PBS and incubated at 37 °C for the duration 

of the FRAP experiments. Using a Zeiss 780 FCS Confocal Microscope rectangular regions 

of interest were selected on a number of particles, these regions were bleached, following 

which the fluorescent recovery in the selected regions was tracked over time. The 

fluorescent intensity measured at each time point (I(t)) was then converted to a normalized 

fluorescent intensity (NFI(t)) using the following equation:

NFI(t) =
I(t) − I post bleach

I pre bleach ∗ I post recovery

The NFI was then plotted against time and fit to a one phase exponential association curve 

using GraphPad Prism 7 (GraphPad Software, Inc.; La Jolla, CA). From the fit of the curves, 

time constants for half recovery were derived (t0.5). In order to determine diffusion 

constants, we assumed a circular bleaching region in the spherical particles with a radius 

determined from ImageJ analysis the 2D images of post bleached particles (rbleach). To 

account for the differences in surface area bleached in the spherical vs. ellipsoidal particles, 

we assumed the the area bleached in the ellipsoidal particles was an ellipse as opposed to a 

circle. The characteristic length was then taken to be the minor axis of the ellipse which was 

computed from measuring the major axis of the bleaching area by ImageJ in the 2D images 

and using an aspect ratio of 2.8 for the 2-fold stretched particles. [18] These values were 

then applied to the model set forth by Kang et al. [24] for derivation of lipid diffusion 

constants from FRAP:
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Dlipid =
rbleach
2

4 ∗ t0.5

Diffusion constants for 10 particles for both shapes were computed with this model and 

compared.

2.7 Statistical analysis

All statistics were completed using statistical analysis software modules in GraphPad Prism 

7 (GraphPad Software, Inc.; La Jolla, CA). For cellular uptake studies, differences in percent 

of cells positive for uptake and percent of cells positive for binding between the two shapes 

were evaluated using a Student’s t-test. Significance was assumed if the p value of this test 

was less than 0.05. For avidin immobilization on particles and protein bound to the particles, 

a two-way ANOVA test was performed considering dose and shape as variables with 

interactions considered to be significant if the p value of the test was less than 0.05. 

Bonferroni’s post-tests were performed to analyze differences between shapes at the various 

doses and the difference was considered significant with a p value less than 0.05. For 

cellular binding studies, the percent bound replicates were compared across the spherical 

and non-spherical shapes with and without anti-CD3 functionalization using a one way 

ANOVA with Tukey’s post test to compare across groups. Significance was taken if the p 

value of this test was less than 0.05. The length of contact was compared between anti-CD3 

functionalized and non-functionalized particles by a Student’s t-test and significance was 

assumed if the p value of the test was less than 0.05. Lateral diffusion coefficients extracted 

from FRAP recovery curves were compared between particle shapes using a Student’s t-test 

and significance was assumed if the p value of the test was less than 0.05.

3. Results

3.1 Lipid coated particle preparation and characterization

Spherical microparticles were generated (by homogenization of a PLGA/dichloromethane 

solution into a solution of 1% poly(vinyl alcohol)) and their size was measured by Image J 

analysis of scanning electron microscopy (SEM) micrographs (Fig 1a–b) and determined to 

be 3.2 µm +/− 1.2 µm in diameter (Fig 1c). We confirmed the maintenance of particle shape 

during the fabrication process by aspect ratio analysis of SEM micrographs of non-spherical 

particles coated with lipids (Fig 1b). The aspect ratio of the ellipsoidal particles was 

measured to be 3.3 +/− 0.6 (Fig 1d).

Confocal imaging of a representative batch of lipids on particles revealed that the 7-AMC 

fluorescence was confined to the interior of the particles for both spherical (Fig 2a) and 

ellipsoidal (Fig 2b) lipid coated particles, whereas the lipid-rhodamine signal was localized 

to the exterior of the particles in both cases. Profile analysis of each sample revealed that for 

both the spherical (Fig 2c) and the ellipsoidal particles (Fig 2d) that the maximum signal 

from the lipid-rhodamine conjugate was localized to the exterior of the particle utilizing the 

7-AMC signal as a reference point.
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3.2 Macrophage uptake of lipid coated particles

Particles, which were formulated encapsulating a fluorescent dye, were coated with lipids 

and conjugated to avidin via thiol/maleimide chemistry. The lipid coated particles were 

incubated with macrophages for four hours to permit phagocytosis to occur. Viability of the 

macrophages was unaltered during this incubation, as evidenced by a cell titer assay of both 

the spherical and ellipsoidal lipid coated particles at the end of 24 and 48 hrs. (Fig S1). At 

the conclusion of four hours, the macrophages were either fixed and stained for confocal 

imaging or removed from the plate by trituration for flow cytometry analysis.

Confocal imaging analysis yielded a qualitative comparison of spherical vs ellipsoidal lipid 

coated particle phagocytosis (Fig 3a vs. Fig 3b). In all cases examined by microscopy, 

spherical particles were phagocytosed at a higher rate and in greater number compared to the 

ellipsoidal particles. Quantitative flow cytometry analysis of the cells after four hours of 

particle treatment at 37 °C showed statistically significant inhibition of particle uptake with 

ellipsoidal shape compared to spherical shape at doses ranging from 7.8 µg particles per well 

(9.7% vs. 17.7% uptake) to 500 µg particles per well (43.1% vs. 61.2% uptake) in 96-well 

plates (Fig 3c). For cells incubated at 4 °C, there was a significant reduction in observed 

binding for the spherical particles compared to the ellipsoidal particles at the 500 µg and 250 

µg dose.

3.3 Functionalization of lipid coated particles

To establish interchangeable functionalization of these particles, we employed a two-step 

coupling strategy. We first utilized a maleimide based conjugation to attach thiolated avidin 

to the surfaces of the particles followed by capture of biotinylated target biomolecules 

through the biotin-avidin interaction. In this manner, there is flexibility to attach any 

molecule to the surface that can be biotinylated, such as proteins or imaging agents. As 

proof of principle, we first functionalized the particles with biotinylated dye, biotinylated-

Cy5. We independently confirmed that the avidin thiol was binding to the surface of the 

particles through incubating the particles with pre-fluorophore labeled avidin and assessing 

avidin content on the particles through fluorescence (Fig S2). As shown in the confocal 

micrographs of these spherical (Fig 4a) and ellipsoidal (Fig 4b) particles, the Cy5 signal was 

localized to the exterior of the particles using 7-AMC as a reference to denote the interior of 

the particles. We confirmed that the coupling of the biotinylated molecule is avidin specific 

by incubating particles with Cy-5 biotin but no avidin thiol. Confocal images demonstrate 

that the particles did not conjugate Cy5-biotin (Fig S3). Stability of the lipid coated particle 

to lyophilization (Fig S4) and extended exposure to 25 °C or 37 °C temperatures over a 7 

day period (Fig S5) were evaluated and the particles experienced no measurable degradation 

in either case, demonstrating robustness of the fabrication of the anisotropic particles and 

their surface modification.

After verifying the reproducible capture of a biotinylated fluorophore by avidin conjugated 

to the surface of the lipid coated particles, we next evaluated the capture of a biotinylated 

antibody for murine CD28, an important costimulatory surface protein in the activation of 

lymphocytes. Through analysis of protein content in the supernatant of the wash steps, it was 

determined that the biotinylated antibody was captured on the surface of the particle and the 
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conjugation procedure was dose dependent (Fig 4c). In addition, the efficiency of 

conjugation was evaluated to be 50–70%, across the doses of protein in synthesis (Fig 4d). 

These experiments demonstrate the flexibility and efficiency of incorporating target 

biomolecules onto the surfaces of these anisotropic particles by simple mixing at room 

temperature.

3.4 Cellular binding of lipid coated particles

To determine the capability of ellipsoidal microparticles to bind to cells in a targeted 

manner, we incubated the anti-CD3 conjugated microparticles loaded with TAMRA with 

Jurkat T-Cells labeled with CFSE. Confocal imaging of the particle samples revealed the 

presence of conjugates between the particles and cells only in the presence of anti-CD3 (Fig 

5a–d). Moreover the ellipsoidal particles visually appeared to interact with cells along the 

long axis of the ellipsoidal particles (Fig 5d). Multiple confocal images were taken of the 

samples and using ImageJ, the number of conjugates per number of cells was determined for 

all four samples. This percentage was found to be significantly higher in the ellipsoidal lipid 

coated particle with anti-CD3 compared to the spherical with anti-CD3 and both shapes not 

coated with antibody (Fig 5e). Futhermore, using ImageJ to measure the length of contact 

between the particle and the cell, it was found that the ellipsoidal lipid coated particles with 

anti-CD3 had a significantly higher length of contact with the cells than the spherical 

particles with anti-CD3 (Fig 5f).

3.5 Lateral membrane fluidity of particle supported lipids

To assess particle surface fluidity, we utilized fluorescence recovery after photobleaching 

(FRAP). Briefly, a particle was first located under confocal microscopy and a small circular 

region of the lipid layer approximately 1 µm in diameter was identified and bleached as 

described in the Methods section. The resulting bleached region was monitored over time 

and the recovery of the fluorescence signal was measured as labeled lipids diffused into the 

photobleached zone. Both spherical (Fig 6a) and ellipsoidal (Fig 6b) particles showed close 

to complete recovery of fluorescence within 150 s, using this data. Diffusion constants were 

determined by a normalization and fit of the signal recovery data (Fig 6c). Both spherical 

and ellipsoidal particles had statistically similar diffusion constants that were also on the 

same order of magnitude (10−10 cm2s−1) as those observed for proteins on natural, 

biological membranes [25]. This value of surface diffusivity is important for applications 

where mimicry of biological membranes is desired, such as to emulate the diffusion and 

clustering of receptors found on natural cellular surfaces.

4. Discussion

Validation of our ability to generate ellipsoidal and spherical lipid coated particles utilizing 

poly(lactic-co-glycolic) acid (PLGA) for polymeric structural support is provided in Figure 

1. As determined by aspect ratio analysis, our average aspect ratio was 3.3 for the stretched 

particles. This is near the predicted value of 2.8 as computed for a spherical particle that is 

stretched two-fold in a thin film [18]. To confirm the fabrication of lipid coated particles, 

and the ability to encapsulate cargo within the particles as well as coupled to the lipid 

surface, PLGA microparticles encapsulating 7-amino-4-methyl coumarin (7-AMC) were 
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first made to visualize the core of the lipid polymer hybrid particle. After thin film 

stretching, the particles were coated with fluorescent liposomes containing rhodamine and 

imaged using confocal microscopy. We could visualize an enrichment of rhodamine signal 

around the outside of the particle. Furthermore, the encapsulated dye was also visible and 

determined to be localized to the center. This demonstrates that our spherical or ellipsoidal 

lipid coated particle platform has the ability to be used in the delivery of small hydrophobic 

drugs or contrast agents as has been demonstrated previously in other biodegradable particle 

platforms [26, 27].

The biomimetic properties of lipid coated non-spheroidal particles may have precluded a 

hypothesized advantage of the ellipsoidal lipid coated particle constructs, namely their 

capability to reduce non-specific uptake compared to spherical particles of the same volume 

and mass. Therefore, upon validation of non-spheroidal lipid coated particle synthesis, the 

next goal was to investigate non-specific uptake of the ellipsoidal lipid coated particles. As 

demonstrated with confocal imaging, both spherical and ellipsoidal particles were capable of 

being internalized. However, there was a noted difference between the spherical and 

ellipsoidal samples. Across multiple doses of particles administered to the cells, there was a 

statistically significant decrease in internalization rate of ellipsoidal lipid coated particles 

compared to spherical lipid coated particles. Furthermore, the binding of particles was 

significantly reduced in the spherical compared to the ellipsoidal lipid coated particles 

suggesting this observed uptake difference was from differences in quantities of internalized 

particles, not non-specific adherence of the particles to the cell membranes. This trend, 

which has previously been described in the literature for non-lipid coated polymeric particles 

with varied shape [12] confirms that our newly developed ellipsoidal lipid coated particles 

maintain the advantageous biological properties of non-spherical anisotropic particles [28]. 

Viability of the macrophages was unaltered during this incubation, as evidenced by a cell 

titer assay of both the spherical and ellipsoidal lipid coated particles, indicating that these 

lipid coated particles do not exhibit non-specific cytotoxic effects.

Upon confirmation that the lipid coating did not negate the key advantage of reduced non-

specific uptake, we next demonstrated that our technique was compatible with a flexible 

conjugation strategy of attaching biomolecules such as protein to the surface of the 

anisotropic lipid coated particles under gentle conditions. For many applications, such as cell 

type-specific targeting, this approach involves the conjugation of antibodies that recognize 

tumor-associated antigens (TAAs) to the supported lipids. In other cases, fluorescent 

moieties are conjugated to the particle to assist in the visualization and imaging of the 

particle or to study the fluidic properties of the lipid coating. To achieve a robust and 

versatile platform for the presentation of any target protein or small molecule for 

applications such as drug delivery, gene delivery, and immunoengineering, we utilized 

maleimide functionalized lipids during the liposome synthesis and then conjugated thiolated 

avidin (that had been pre-bound to biotinylated fluorescein) to the surface of the lipid coated 

particles. Once lipids are functionalized with avidin, they become a versatile platform for 

conjugation of any biotinylated moiety, which we demonstrated using biotinylated Cy5 

fluorophore and a biotinylated immunologically relevant antibody (anti-CD28). We did not 

note a plateau in the amount of protein immobilized on the surface, however the amount that 
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could be conjugated is significantly high enough to elicit a physiological response from T-

Cells. [18]

One of the key advantages of ellipsoidal micro and nanoparticles compared to their spherical 

equivalents is the ability to bind more efficiently in a targeted fashion. This has been 

attributed to the higher radius of curvature of ellipsoidal particles compared to spherical 

particles and subsequently more surface area available for interaction with the cell. [29] This 

has been shown both in vitro and in vivo to enhance the accumulation of ellipsoidal particles 

at targeted binding sites compared to spherical particles. [30] We have demonstrated in this 

study that this highly advantageous shape mediated targeting property is preserved with the 

anisotropic lipid coated particle system. We utilized anti-CD3, an immunostimualtory 

ligand, to target the binding of the spherical and ellipsoidal lipid coated particles to T-Cells. 

Both the amount of cells bound to particles and the length of contact between particles and 

cells were enhanced with the ellipsoidal lipid coated particles compared to the spherical lipid 

coated particles. This trend has been reported in the literature with similar sized particles and 

was found to be correlated with a significant increase in antigen specific immune 

stimulation. [18]

An important biomimetic feature of the supported lipids is their membrane fluidity. One 

instance where this has been determined to be important is in the presentation of 

immunostimulatory ligands by artificial antigen presenting cells. Natural antigen presenting 

cells undergo dynamic rearrangement of their surface receptors upon engagement with a 

cognate T-Cell, and the lateral fluidity of these T-Cells has been deemed important for T-Cell 

activation [5]. To that end we were interested in evaluating the fluidity of the new spherical 

and ellipsoidal lipid coated particles utilizing an established fluorescence recovery after 

photobleaching technique (FRAP) [2]. Both spherical and ellipsoidal particles had 

statistically similar diffusion constants that were also on the same order of magnitude (10−10 

cm2s−1) as those observed for proteins on natural, biological membranes [25]. For a 

supported lipid bilayer on glass, this diffusion constant is significantly lower than the 

average of 10−8 cm2s−1. However, it is worth noting that diffusion constants for supported 

lipid bilayers on non-glass substrates are typically lower than this number. For example, 

Sterling et. al. demonstrated that lipids deposited on actin coated glass slides had diffusion 

coefficients 50% lower than lipids on uncoated glass. [31] Furthermore, Scomparin et. al. 

compared lipids deposited on glass and mica and noted an order of magnitude drop in the 

diffusion constant for lipids coated on mica compared to glass. [32] Some of these reported 

diffusion constants were also in the range of our finding of 10−10 cm2s−1. This is significant 

as through these studies, these new anisotropic, synthetic biodegradable particles, are now 

demonstrated to mimic natural biological cells in four important ways: 1) Biological micron 

length-scale size, 2) Anisotropic shape and (via the automated stretching device) tunable 

radius of curvature, 3) Fluid lipid surface (with biomimetic diffusivity), and 4) facile 

incorporation/presentation of protein from the lipid surface. These artificial biomimetic 

particles as a biomaterial may be useful for varied biomedical applications.
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5. Conclusion

In conclusion, we have successfully developed a procedure to synthesize biomimetic 

anisotropic lipid coated particles. By combining fabrication procedures for biodegradable 

particle synthesis, thin film stretching, lipid coating, and flexible biomolecular conjugation, 

we have enabled the capability for modular surface presentation of biologically relevant 

proteins on a fluidic synthetic lipid membrane of defined anisotropic geometry. Critically, 

we have verified that this platform maintains the advantageous aspects of the non-spherical 

particle, specifically the capability to resist macrophage phagocytosis. In addition, this 

protein presentation reproduces the dynamic membrane properties of living cells and can be 

supported by particles of different shapes and tunable radius of curvature. This 

biotechnology can allow for more accurate mimicry of natural cells through the presentation 

of laterally mobile proteins on the surface of anisotropic biodegradable particles, while 

enabling independent control of the geometry of the particle, and enabling encapsulation of 

biological cargos. Therefore, this biomaterial platform may be of great benefit for varied 

applications including imaging and therapy.
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Statement of Significance

The research reported here documents the ability of non-spherical polymeric particles to 

be coated with lipids to form anisotropic biomimetic particles. In addition, we 

demonstrate that these lipid-coated biodegradable polymeric particles can be conjugated 

to a wide variety of biological molecules in a “click-like” fashion. This is of interest due 

to the multiple types of cellular mimicry enabled by this biomaterial based technology. 

These features include mimicry of the highly anisotropic shape exhibited by cells, surface 

presentation of membrane bound protein mimetics, and lateral diffusivity of membrane 

bound substrates comparable to that of a plasma membrane. This platform is 

demonstrated to facilitate targeted cell binding while being resistant to non-specific 

cellular uptake. Such a platform could allow for investigations into how physical 

parameters of a particle and its surface affect the interface between biomaterials and cells, 

as well as provide biomimetic technology platforms for drug delivery and cellular 

engineering.
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Figure 1. 
Spherical and non-spherical particles utilized for the synthesis of lipid coated particles. SEM 

images of (a) spherical and (b) ellipsoidal microparticles utilized as templates for the support 

of the lipids. (c) Size of spherical particles and (d) measured aspect ratio of spherical and 

ellipsoidal particles.
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Figure 2. 
Ellipsoidal and spherical lipid coated particles can be synthesized utilizing a preformed 

particle template. Confocal micrographs of (a) spherical and (b) ellipsoidal particles 

encapsulating 7-AMC (blue) coated with a fluorescent lipids (red). Representative profile of 

the two fluorescence channels across the (c) center of the sphere and the (d) long axis of the 

ellipsoid. Green arrows on (a) and (b) denote where the profile was taken.
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Figure 3. 
Macrophage uptake is shape dependent for spherical and ellipsoidal lipid coated particles. 

Confocal micrographs of non-specific uptake of (a) spherical and (b) ellipsoidal lipid coated 

particles (red) by macrophages (green = actin, blue = DAPI) demonstrates that ellipsoids 

resist non-specific cell uptake. Flow cytometry of macrophages treated with lipid coated 

particles at (c) 37 °C and (d) 4 °C of spherical and ellipsoidal shape reinforce the conclusion 

that ellipsoidal lipid coated particles resist cellular uptake. (* = p<0.05, ** = p <0.01, *** = 

p<0.001, **** = p<0.0001)
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Figure 4. 
Interchangeable protein surface conjugation to spherical and non-spherical lipid coated 

particles. (a) Spherical and (b) ellipsoidal lipid coated particles encapsulating 7-AMC (blue) 

conjugated to avidin-biotin-fluorophore (magenta) conjugated on the surface. (c) Total 

protein captured by particles exhibits dependency on the amount of protein dosed in 

synthesis. (d) Efficiency of conjugation between spherical and non-spherical lipid coated 

particles at various doses is similar. Error bars represent SEM of 3 replicates.
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Figure 5. 
Targeted cell binding is shape dependant for lipid coated particles. Jurkat T-Cells were 

incubated with spherical or ellipsoidal anti-CD3 conjugated lipid coated particles or 

unconjugated lipid coated particles. Confocal images of (a) anti-CD3 spherical, (b) anti-CD3 

ellipsoidal, (c) blank spherical, and (d) blank ellipsoidal particles demonstrate enhanced 

binding of ellipsoidal anti-CD3 lipid coated microparticles (red arrows denote instances of 

binding). Images were quantified by ImageJ for (e) frequency of cells bound to particles and 

(f) length of contact between particles and cells. Ellipsoidal anti-CD3 outperformed other 

conditions in both of these analyses. Error barts represent SEM of 10 image analyses. (**** 

= p<0.0001)
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Figure 6. 
Lipid coated particles bearing conjugated molecules demonstrate fluidity. (a) Spherical lipid 

coated particles and (b) ellipsoidal lipid coated particles were subjected to region specific 

bleaching under confocal microscopy and subsequently imaged to measure recovery of 

fluorescence. From an exponential fit of the recovery of the lipid signal, (c) lateral diffusion 

constants were derived for the spherical and ellipsoidal lipid coated particles and were 

determined to be equivalent. The dotted line represents a reported lateral diffusion 

coefficient value for membrane bound proteins in a natural cell.
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Scheme 1. 
Schematic representation of ellipsoidal and spherical lipid coated particle synthesis. (a) 

Ellipsoidal microparticles were prepared utilizing a thin film stretching method starting from 

spherical PLGA microparticles prepared by single emulsion. (b) Liposomes that ~200 nm in 

size were prepared by extrusion and then sonicated in the presence of microparticles to yield 

lipid coated particles with shape specified by the initial particle template.
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Scheme 2. 
Functionalization strategy for lipid coated particles. (a) Lipid coated particles were 

synthesized on both spherical and ellipsoidal microparticles containing maleimide activated 

lipids. These maleimide lipids were reacted overnight at 4 °C with thiolated avidin to 

produce (b) lipid coated particles with avidin on the surface. These avidin functionalized 

lipids were then reacted with biotinylated molecules (either a fluorophore or protein) to 

produce (c) the final functional product.
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