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A B S T R A C T

Intravenous liposomal drug delivery holds great promise for pharmaceutical efficacy, but faces challenges such as 
rapid clearance and immune system degradation. PEG-based liposome surface functionalization (PEGylation), 
currently the gold-standard and most widely-used approach to address these issues, is prone to reduced cellular 
uptake and accelerated bloodstream clearance (ABC) effect upon repeated administration due to immune acti
vation. We demonstrate a novel liposome surface functionalization using poly(2-methacryloyloxyethyl phos
phorylcholine) (pMPC) that significantly overcomes these limitations while maintaining comparable colloidal 
stability. Such polyphosphocholinated liposomes exhibit tunable cellular uptake, and prolonged blood circula
tion times, both modulated by polymer length, alongside reduced immunogenicity (lower IgM antibody elici
tation) and a diminished ABC effect compared to PEG-liposomes. These polymer-length-dependent properties 
offer flexibility in optimizing drug delivery systems, positioning pMPCylated liposomes as a compelling alter
native to PEGylated formulations with clear advantages for liposomal drug delivery therapeutics.

1. Introduction

Engineered drug nanocarriers have shown significant potential in 
treating a range of diseases including cancer [1], bacterial [2], and 
recently viral infections [3]. Over the years, a broad variety of organic 
and bio-inspired materials [4] have been proposed for drug delivery [5] 
including nanoparticles [4,6,7], polymeric [8–10] and protein de
rivatives [11]. Among these, liposomes, characterized by their lipid- 
membrane-enclosed vesicular structure capable of encapsulating a 
wide range of compounds [3,12,13], have been extensively studied and 
used as versatile delivery vehicles for a range of clinical applications 
[14]. However, the in vivo drug delivery performance of such carriers is 
limited by a number of factors [15]. Upon intravenous (IV) 

administration, liposomes interact with a diverse array of proteins, 
resulting in the formation of a “protein corona” layer on their surface 
[16–18] that not only limits their blood circulation [16] but also con
trols their cellular interactions and biodistribution [19,20]. The pres
ence of such a corona renders liposomes more prone to opsonization, 
leading to their rapid clearance [16] by the innate immune system 
[21,22] and, consequently, a loss of therapeutic efficacy [23].

A common strategy to minimize such limitations is to attach non- 
ionic, hydrophilic polymers to the liposome surfaces, with poly
ethylene glycol (PEG) being the most widely-used one (‘gold standard’) 
[24,25]. PEGylation of liposomes selectively suppresses nonspecific 
protein adsorption by blocking the protein-binding sites [26,27], 
thereby extending their circulation half-life [28,29]. As a result of 
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prolonged circulation, PEG-liposomes are able to accumulate at the 
target site and deliver their cargo more efficiently. The success of PEG- 
liposomes has a well-established history in drug delivery and has 
reached clinical maturity [30]. However, PEGylation is also associated 
with significant limitations [25], including reduced cellular uptake 
[31–33] and the triggering of an immunological response [34,35]. 
Indeed, recent studies have reported that a single intravenous injection 
of PEG-liposomes into different animal species induces the production of 
PEG-reactive IgM [36,37] and IgG [35] antibodies and activates the 
complement system [38,39], resulting in the rapid clearance of PEGy
lated liposomes upon subsequent administration [40]. This phenome
non, known as the accelerated blood clearance (ABC) effect [38,41], can 
alter the biodistribution of nanocarriers and compromise the efficacy of 
PEG-liposomal carriers, particularly in the context of repeated admin
istration for chronic conditions [25,37,42]. Additionally, PEG-liposomes 
may stimulate the complement system [38,43], with approximately 7 % 
of individuals exposed to PEG developing antibody levels capable of 
inducing anaphylactic reactions [44]. Given these limitations of PEGy
lation, there is growing interest in developing alternative liposome 
surface functionalizations. A promising candidate being investigated is 
the use of polyzwitterions [45].

These polymers, encompassing both positively and negatively 
charged groups, have shown promise in resisting the formation of anti- 
polymer antibodies [46,47], thereby increasing blood circulation and 
enhancing therapeutic efficacy [48,49]. By evading the induction of an 
immune response, polyzwitterion-functionalized liposomes hold prom
ise as an effective.

alternative to PEGylation [50].
In this study, we present an innovative zwitterionic approach to 

liposomal functionalization using poly(2-methacryloyloxyethyl phos
phorylcholine) (pMPC) [51,52]. This polymer has been shown to pro
long the plasma circulation time of encapsulated proteins [53] and 
conjugated DNA aptamers [54]. It has also been successfully imple
mented in clinical settings for coating medical devices [55], where it 
suppresses biological reactions and demonstrates blood compatibility 
[56]. Adler et al. [57] demonstrated that pMPC surface functionalization 
can reduce the adsorption of proteins and antibodies due to the hydra
tion shell formed by the polymer. Earlier work from our lab demon
strated the potential of pMPC for therapeutics and drug delivery, with 
pMPCylated liposomes applied in osteoarthritis treatment [51,58] and 
to enhance drug carrier affinity for bacterial biofilms [59]. This study 
builds on that work by validating the effects of pMPCylation on lipo
somal carriers’ cellular uptake, in vivo pharmacokinetics, and immuno
genic profiles, laying a foundation for its clinical applications.

We now investigate the potential of pMPC-based liposome func
tionalization for clinical applications, in particular drug delivery via 
liposomic vehicles, by probing the effects of polymer chain length and 
surface coverage on two key factors for carrier’s efficacy, i.e. blood 
circulation time and payload delivery. The persistence of carriers in the 
bloodstream, reflective of effective dosage and requirement for multiple 
administrations, was quantified in vivo by measuring presence of fluo
rescently labeled liposomes in the blood of murine models at various 
time points. Similarly, we probed indirectly the payload delivery of 
fluorescently labeled carriers in vitro by quantifying cellular uptake 
using imaging flow cytometry. Direct comparison reveals that pMPC- 
functionalized carriers outperform commercially employed PEGylated 
liposomes in key parameters. pMPCylation offers greater flexibility and 
superior overall properties, with longer pMPC chains exhibiting 
enhanced bloodstream retention and shorter pMPC chains demon
strating improved cellular uptake compared to their PEG counterparts, 
enabling optimization of functionalization through the judicious selec
tion of chain lengths. Moreover, pMPC-functionalized liposomes elicit 
significantly lower immunogenic responses in vivo compared to PEG, 
with reduced IgM antibody production in mice. The observed decrease 
in IgM antibodies further translates to a significantly lower susceptibility 
to ABC effect upon repeated administration. By addressing this major 

limitation of current PEGylated liposomes, pMPC-functionalized carriers 
present a promising solution for maintaining consistent treatment across 
multiple doses.

2. Materials

HSPC (Hydrogenated soybean phosphatidylcholine, Mw 786.11), 
Stearylamine (CH3(CH2)17NH2, Mw 269.509, Cat. No. 305391), 18:0 
PEG5000 PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[methoxy(polyethylene glycol)-5000] (ammonium salt), Mw 5801.071, 
Cat. No. 880520P), 18:0 PEG2000 PE (1,2-distearoyl-sn-glycero-3-phos
phoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium 
salt), Mw 2790.521, Cat. No. 880120P), were purchased from Sigma- 
Aldrich (Rehovot, Israel). mPEG-DSPE, MW 10 k, Cat. No. PSB-2043) 
was purchased from Creative PEGWorks (Chapel Hill, NC, USA). RPMI 
media (Cat. No. 11875093, Gibco), fetal bovine serum (FBS, Cat. No. 
A5256701, Gibco), penicillin− streptomycin (10,000 U/mL, Cat. No. 
15140122, Gibco), DiI Stain (1,10-dioctadecyl-3,3,30,30-etramethy
lindocarbocyanine perchlorate C59H97ClN2O4, Cat. No D3911) and 
Vybrant DiD Cell-labeling solution (Cat. No V22887) were provided by 
Thermo Fisher Scientific (Waltham, MA, USA). 16 % aqueous solution of 
formaldehyde (Cat. No 15700) was provided by Electron Microscopy 
Science (Hatfield, PA, USA). Mouse IgM ELISA kit (Cat. No. ab133047) 
was purchased from Abcam (Cambridge, UK).

3. Methods

3.1. Liposome preparation (LUVs) and characterization

HSPC, pMPC (2 kDa /5 kDa /10 kDa / 20 kDa, 2 % or 5 % mol/mol) 
or HSPC / PEG (2 kDa /5 kDa/ 10 kDa, 2 % or 5 % mol/mol) were 
dissolved in chloroform or chloroform/methanol mixture (2:1) and 
organic solvent was evaporated using first nitrogen stream, followed by 
vacuum pumping. For introducing a positive charge into liposomes, 5 % 
(mol/mol) of stearylamine (SA) was added in chloroform before evap
oration. The lipid film was then hydrated with PBS (1×, osmol = 280 
mOsmo/kg) at 70 ◦C to reach the desired concentration. The resulting 
multi lamellar vesicle (MLV) suspensions were sonicated for 15 min at 
70 ◦C to disperse larger aggregates. The vesicles were subsequently 
downsized by extrusion (Lipex, Northren Lipids Inc.,Canada) through 
400 nm and 200 nm polycarbonate membrane. The extrusion was per
formed 11 times through each membrane at 65 ◦C.

The size and ζ-potential of the liposomes was measured with a 
ZetaSizer Nano ZS (Malvern Instruments, UK) at 25 ◦C. Triplicate 
measurements with a minimum of 10 runs were performed for each 
sample.

To ensure a consistent amount of injected liposomes, nanoparticle 
tracking analysis (NTA) measurements were performed. Samples were 
diluted with PBS to a final volume of 1 mL. Optimal dilution for each 
sample was found by pre-testing the sample until ideal particle-per- 
frame value (20–100 particles/frame) was obtained. For each mea
surement, five 1 min videos were captured at 25 ◦C, with at least 300 μL 
displacement between each video. The number of completed tracks in 
NTA (Malvern NanoSight NS300, Malverin, UK) measurements was al
ways greater than the proposed minimum of 1000 in order to minimize 
data skewing based on single large particles.

3.2. Cell culture

Vero cells were cultured in RPMI medium, supplemented with 1 % 
Pen/Strep and 10 % fetal bovine serum (FBS). Cells were maintained at 
37 ◦C in a humidified atmosphere of 95 % air and 5 % CO2.

3.2.1. Evaluation of cytotoxicity
Liposomes cytotoxicity was determined by the production of the 

yellow formazan product upon cleavage of XTT by mitochondrial 

M. Kluzek et al.                                                                                                                                                                                                                                 Journal of Controlled Release 388 (2025) 114306 

2 



dehydrogenases in viable Vero cells. The cells were seeded onto 96-well 
plates (4 × 104 cells/well) in RPMI media. When the confluent state was 
reached (usually after 24 h), 50 μL of pMPC-, PEG- liposomes in PBS 
solutions were then added. After 24 h incubation, the cells were incu
bated with 50 μL of XTT solution for 3 h. Absorbance values were later 
measured with a multiwell-plate reader (Cary 100 Bio, Varian Inc., USA) 
at a wavelength of 450 nm. Background absorbance was measured at 
620 nm and subtracted from the 450 nm measurement. The experiments 
were repeated at least three times, and six replicates were prepared for 
each liposomal concentration tested in every experiment. A solution of 
in liposome- free RPMI medium was used as a positive control.

The potential toxic effect of the different liposomal formulation 
tested was expressed as a viability percentage calculated using the 
following formula:

%Viability = 100 − [(ODtest/ODc)×100 ].

Where ODtest was the optical density of those wells treated with the 
liposome solutions, and ODc was the optical density of those wells 
treated with liposome-free RPMI media.

3.2.2. Fluorescence confocal microscopy visualization
Vero cells were seeded at 105 density of cells per well in glass bottom 

dish (35 mm dish with 14 mm bottom well, Cellvis (USA)). After 24 h, 
medium was changed and liposome solution was added (final concen
tration 0.2 mM), and samples were incubated for 4 h at 37 ◦C (95 % air 
and 5 % CO2). 30 min before end of incubation 0.8 μL of DAPI (10 mg/ 
mL) was added in each dish. Following incubation, cells were carefully 
washed minimum 5 times with sterile PBS. Subsequently, cells were 
fixed using 4 % formaldehyde for 15 min at 37 ◦C. After fixation, cells 
were washed thoroughly with sterile PBS and 10 μL of Vybrant DiD was 
added into each sample for 10 min at 4 ◦C. Cells were washed and 2 mL 
of PBS was added. Samples were visualized using Axioplan2 microscope 
(ZEISS, Germany) equipped with ORCA Flash 4.0 camera (HAMA
MATSU). Image processing was performed using ImageJ software 
(USA).

3.2.3. ImageStream measurements
Vero cells were seeded into 6-well plate with density of 106 cells / 

well. After 24 h, medium was changed and liposomal solution was added 
(final concentration 0.2 mM), and samples were incubated for 4 h at 
37 ◦C (95 % air and 5 % CO2). Following incubation, cells were washed 
with sterile PBS and 0.25 % Trypsin was added (3 min, 37 ◦C (95 % air 
and 5 % CO2)). After incubation, cells were detached and resuspended in 
medium by gentle pipetting. Suspension was centrifuged at 400 g for 5 
min, supernatant was discarded and pallets were resuspended in fresh 
medium following another round of centrifugation. Final pellets were 
resuspended in 35 μL of sterile PBS. Cells were imaged using multi
spectral imaging flow cytometry (ImageStreamX mark II imaging flow- 
cytometer; Amnis Corp, Seattle, WA, part of Cytek). Approximately 
1.5–2.0 × 104 cells were collected from each sample and data were 
analyzed using image analysis software (IDEAS 6.3; Amnis Corp). Data 
were acquired using a × 60 lens (NA = 0.9), and lasers used were 405nm 
(120 mW) and 561nm (40mW). Single stained controls were acquired to 
calculate the dye spillover matrix between channels. Data were analyzed 
using the manufacturer’s software IDEAS 6.2 (AMNIS corp.). Cells were 
first gated according to their area (in μm2) and aspect ratio (the Minor 
Axis divided by the Major Axis of the best-fit ellipse) of the brightfield 
image. Cropped cells were eliminated using the bright-field Area and 
Centroid X (the number of pixels in the horizontal axis from the upper, 
left corner of the image to the center of the mask) features. Cells were 
further gated for DiI staining according to its corresponding intensity. 
Plotting these features on a bi-variate plot gave a clear distinction of the 
liposome internalization (Fig. S3).

3.3. Animal care and blood circulation kinetic measurements

All mice were housed in groups of 2–5 mice per micro-isolator cage 
in a room with a 12 h light/dark schedule with free access to food and 
water. Eleven-week-old female Hsd:ICR (CD1) mice were purchased 
from Envigo (Israel). DiI- labeled liposomes suspension (100 μL, 5 mM) 
was administered (IV) intravenously (lateral tail vein) and at well-define 
time points blood was collected from facial vein into test tubes for serum 
collection (KABE LABORTECHNIK GmbH. (Germany)). Tubes were 
centrifuge at 1000 g for 10 min (4 ◦C), and 10 μL of serum was collected 
and exanimated for DiI presence using microplate reader (BMG LAB
TECH GmbH, Germany). 24 h post injections mice were euthanized in 
their home cages by exposure to carbon dioxide and organs were 
collected. Further, organs were homogenized in 2 mL PBS and 2 mL of 
chloroform was added followed by 2 days shake at 4 ◦C. Organic phase 
was extracted, evaporated and sample was resuspended in 110 μL of 
ethanol. The DiI content was measured using microplate reader (BMG 
LABTECH GmbH, Germany).

3.3.1. Blood circulation times and accelerated blood clearance (ABC)
Liposomes suspension (100 μL, 0.01 μmol phospholipid/kg) was 

administered intravenously (IV) (lateral tail vein). Five days post- 
injection another dose of DiI-labeled liposomes (100 μL, 0.05 μmol 
phospholipid/kg) were injected via tail vein and at well-define time 
points blood was collected from facial vein into test tubes for serum 
collection (KABE LABORTECHNIK GmbH. (Germany)). Tubes were 
centrifuge at 1000 g for 10 min (4 ◦C), and 10 μL of serum was collected 
and exanimated for DiI presence using microplate reader (BMG LAB
TECH GmbH, Germany). The circulation half-time was determined by 
exponentially fitting the raw data using OriginJ software, version 1.52i 
(NIH, USA), as shown in Fig. S6.

3.3.2. Toxicity assessment of repeated injections (IV and IP) of pMPC- 
liposomes

IV injections: 100 μL of functionalized liposomes (10 mg/kg BW) was 
injected into the lateral tail vein of eleven-week-old female Hsd:ICR 
(CD1) mice. The injection was held upon heating the tail with a lamp in 
order to dilate the vessels followed by tail swabbing with 70 % alcohol. 
PBS or liposomal solution were slowly injected using 1 mL syringe with 
27Gx1/2 needle. Injections were done 3 times per week for 9 days. IP 
injections: 100 μL of liposomes (10 mg/kg BW) was IP-injected into 
eleven-week-old female Hsd:ICR (CD1) mice using U-100 insulin sy
ringes. Injections took place 5 times per week for 9 days. All mice used in 
the study were carefully monitored for any clinical signs and distress and 
weight was recorded on a daily basis.

3.3.3. IgM levels in mouse serum
Functionalized liposomes were intravenously injected via the tail 

vein into CD1 mice at a dose of 0.01 μmol phospholipid per kg. Serum 
IgM levels were measured five days post-injection using the ELISA kit 
from Abcam (ab133047) following the manufacturer’s 
recommendations.

3.4. Statistical analysis

All statistical assays performed were analyzed using Analysis of 
Variance (ANOVA) and then Tukey’s test using OriginJ software v1.52i 
(NIH, USA). P-values <0.05 were considered statistically significant.

4. Results and discussion

4.1. Colloidal stability of pMPCylated liposomes vs. PEGylated liposomes 
in serum-enriched medium

The pMPC-distearoylphosphatidylethanolamine (pMPC-DSPE) con
jugate, first described in ref. [52], was used to functionalize liposomes, 
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for comparison with the current gold-standard PEG-DSPE [60,61]. We 
prepared large unilamellar vesicles (LUVs) with an average diameter of 
approximately 180 nm (Table S1) composed of HSPC with either 2 % or 
5 % (mol/mol) PEG or pMPC of varying polymer lengths (ranging from 
2 kDa to 20 kDa). As the presence of functionalized DSPE results in a 
negatively charged carrier membrane, which has been reported to be 
more prone to activate the complement system by triggering the clas
sical pathway [62,63], we also doped the liposomes with an equivalent 
fraction of the positively charged stearylamine (SA). Interestingly, 
pMPC-LUVs exhibited a chain-length-dependent modulation of surface 
charge. We attribute this as follows. Whereas shorter polymer chains 
(≤5 kDa) allowed the cationic signature of SA to dominate at the 
corona/solution slip plane, yielding near-neutral or positive zeta po
tentials, longer chains (10–20 kDa) established a more extended hy
drated corona that masked the SA contribution at this slip plane, 
presumably due to electrostatic screening over the thicker coronas. 
Since, as is established in prior work on phosphorylcholine-based 
zwitterionic surfaces [64], and in recent studies on pMPC coatings and 
their influence on nanoparticle charge profile [65], the outer corona 
surface has a negative potential (due to the phosphocholine groups of 
the pMPC chains), the result is a net positive zeta potential for the 
thinner coronas and a neutral or net negative zeta potential for the 
thicker coronas (Table S1). This interfacial effect highlights the unique 
capacity of extended pMPC coronas to shield embedded cationic com
ponents and tune electrostatic interactions, as established.

The resulting pMPC-LUVs display long-term colloidal stability in PBS 
solution (72 h), indicated by the hydrodynamic diameter and poly
dispersity index (PDI) measured via dynamic light scattering (DLS, Fig. 1
and Table S1) and excellent biocompatibility profile (Fig.

S1) at any polymer length, similar to PEG-LUVs (Figs. 1, S1 and 
Table S1). To check whether a protein corona would form under phys
iological conditions, we probed the size distribution of liposomes incu
bated for 72 h at 37 ◦C in cell culture medium supplemented with 10 % 
fetal bovine serum (FBS).

PEG-LUVs show no aggregation at any probed polymer length 
(Fig. 1C, Table S1). For pMPC-LUVs, the shortest polymers (pMPC 2 
kDa) display clear aggregation (multiple peaks at higher hydrodynamic 
diameters and PDI ≥ 0.25) at both grafting percentages (Fig. 1A, 
Table S1) suggesting that such surface functionalization length is 
insufficient to prevent corona formation. Size distribution of the same 
carriers in the absence of SA, where the presence of additional negative 
charge would provide electrostatic repulsion, still shows aggregation, 
indicating that the poor colloidal stability is due to the polymer being 
too short (Fig. 1A); we recall that 2 kDa pMPC has about 6 monomers 
compared with ca. 45 monomers for 2 kDa PEG, so this finding is not 

surprising. Conversely, pMPCylated carriers with increasing polymer 
molecular weights (5 kDa, 10 kDa, and 20 kDa) displayed good long- 
term colloidal stability, comparable to that of PEGylated LUVs 
(Fig. 1B and C), consistent with previous reports [66].

4.2. Effect of pMPC length on cellular uptake

We evaluated the impact of pMPCylation on cellular uptake using 
Vero cells, a robust and common model utilized both for viral infections 
and antiviral treatments [67–69], and nano-compounds internalization 
[70,71]. Since the goal of this study was to first demonstrate the 
immunological and pharmacokinetic advantages of pMPC-liposomes, 
we focused here on the total internalization of pMPCylated carriers 
over long incubation time, reserving detailed characterization of pMPC 
impact on uptake kinetics, subcellular localization, and cellular speci
ficity to future studies. Cells were incubated with DiI-labeled liposomes 
(final concentration: 0.2 mM) functionalized with varying lengths of 
pMPC (5, 10 and 20 kDa) or PEG (2, 5 and 10 kDa). After thorough 
washing to remove non-internalized liposomes, the cells were analyzed 
using ImageStream flow cytometry to quantify the total amount of 
fluorescence arising from DiI on each cell (Fig. S2), as a proxy for total 
amount of liposomes internalization by cells independently of entry or 
uptake route, or specific sub-cellular localization.

As shown in Fig. 2, PEG-functionalized carriers showed similar up
take at 2 and 5 kDa, with a decrease observed only at 10 kDa. In contrast, 
pMPC-functionalized liposomes exhibited a clear inverse relationship 
between polymer length and uptake, with 20 kDa pMPC showing over 
20-fold lower uptake than 5 kDa pMPC. Notably, at 5 kDa, pMPC- 
liposomes demonstrated significantly higher uptake compared to 2 
kDa PEG-liposomes while maintaining similar colloidal stability (Fig. 1). 
The uptake of PEG carriers can be attributed to steric repulsion, leading 
to limited interaction with cell surfaces. As PEG molecular weight in
creases to 10 kDa, steric hindrance becomes significant enough to sub
stantially impair the carrier’s ability to interact with cell membranes 
[72].

In contrast, pMPC-LUVs display a more complex interaction pattern, 
suggesting a balance between repulsion and affinity for cell membranes. 
Indeed, pMPC has been proposed to have a high affinity for scavenger 
receptors that are expressed on cells, promoting internalization via 
endocytosis [73–75]. This strong affinity of 5 kDa pMPC-LUVs is further 
evidenced by high cellular uptake, even at reduced SA content (2 % or 0 
% mol/mol) and increased electrostatic repulsion (Fig. S4). The negative 
charges present on most cell membranes would typically increase elec
trostatic repulsion with negatively charged liposomes, potentially 
impairing uptake. However, even under these unfavorable conditions, 

Fig. 1. Changes in hydrodynamic diameter of functionalized liposomes (pMPC- or PEG-) with various polymer lengths and grafting percentages incubated in PBS or 
cell medium (CM) supplemented with 10 % fetal bovine serum (FBS) for 72 h at 37 ◦C. (A) pMPC-liposomes with 2 kDa chain length at 2 % and 5 % grafting 
percentages; with (w/) or without (w/o) 5 % (mol/mol) SA (B) pMPC-liposomes with higher chain lengths (5 kDa, 10 kDa and 20 kDa) at 5 % grafting percentage, 
with (w/) 5 % (mol/mol) SA. (C) PEG-liposomes at 2 kDa and 10 kDa chain length with 2 % or 5 % grafting percentages; with (w/) or without (w/o) 5 % (mol/mol) 
SA. A complete list of DLS run results is presented in Table S1.
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pMPC-LUVs demonstrate significant cellular uptake, indicating a strong 
affinity between MPC moieties and cell surfaces (Fig. S4).

The observed decrease in cellular uptake with increasing pMPC 
polymer length may be attributed to a balance between steric repulsion 
and molecular affinity. This phenomenon aligns with reports on MPC 
polymersomes [74], where binding to the first exposed MPC unit is 
highly favorable, but subsequent interactions with moieties buried 
within the polymer brush encounter increasing steric repulsion. Thus, 
for shorter pMPC chains, the interaction with specific scavenger re
ceptors enhances the cellular uptake, while for longer pMPC chains, 
steric repulsion overcomes this effect [76]. This mechanism allows for 
fine-tuning of carrier uptake based solely on pMPC molecular weight, 
offering either enhanced or comparable internalization to PEGylated 
vehicles, depending on specific requirements.

Furthermore, visualization of the carriers binding and internaliza
tion by cells using confocal microscopy (Fig. 3) demonstrates that both 
pMPC (Fig. 3C) and PEG (Fig. 3B) carriers enter cells via endocytosis, 
consistent with pMPC interacting with scavenger receptors on the cell 
surface, characterized by the localized point-like distribution of the DiI 
fluorescent signal otherwise absent in untreated cells (Fig. 3A). This is 
further validated by the intracellular localization of such puncta 
(Fig. 3D), which rules out liposomes bound to or fused with the cell 
membrane.

4.3. Impact of pMPC length on liposome blood circulation time

After evaluating the role of pMPC polymer length on in vitro cellular 
uptake, we assessed how pMPC affects its carriers’ circulation profile in 
vivo. First, we examined the toxicity of repeated administration of 
pMPC- or PEG-functionalized liposomes for potential multi-dose treat
ments. Adult CD1 mice were injected intraperitoneally (IP) (Fig. S5A) or 
intravenously (Fig. S5B) with 10 mg/kg liposomes for a total of 10 (IP) 
or 6 (IV) injections over a period of 9 days. During the experiment, we 
monitored the mice’s body weight daily, as the significant variations 
above 20 % can indicate toxicity [77].

At the end of the experiment, all injected groups showed an increase 
in body weight for both IP and IV injections (Fig. S5). In all tested 
groups, there were no significant differences in body weight between 
liposome-treated and control mice (p > 0.05). Furthermore, no mortality 
was observed among mice exposed to repeated doses of liposomes, 
whether functionalized with pMPC or PEG, bearing net negatively 
charged membranes, or doped with SA. No additional visible signs of 
toxicity were observed in mice treated with liposomes, specifically, 
there were no changes in fur appearance, eyes, sleep cycles, salivation, 
food or water intake, or other visible signs of distress. The obtained 
results highlight the safety of pMPCylation for their potential use as drug 
carrier functionalization even at prolonged administration.

Fig. 2. Quantified cellular uptake of DiI-labeled liposomes, doped with 5 % (mol/mol) SA and functionalized with 5 % (mol/mol) pMPC- or PEG- with increasing 
chain length obtained from ImageStream analysis (gating strategy and data analysis are presented in Fig. S3). Data are shown as a violin plot reflecting data dis
tribution from three biological replicates, with a filled circle indicating the median of each dataset. Values are plotted on a log10 scale. The number of cells collected 
per tested condition is ≥1500. P-values obtained by one-way ANOVA performed on medians extrapolated from each biological repeat. Statistical significance: * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns – not significant. A summary of confidence values is listed in Table S2.

Fig. 3. Representative confocal microscopy images of uptake of DiI-labeled (yellow) liposomes, functionalized with 5 % (mol/mol) pMPC (5 kDa) or PEG (2 kDa) and 
doped with 5 % (mol/mol) SA, by Vero cells after 4 h incubation at 37 ◦C. (A) non-treated (B) PEG-LUV; (C) pMPC-LUVs (D) Orthogonal section of (C). Cell 
membranes are stained with Vybrant DiD (gray), and nuclei with DAPI (blue). Scale bar: 10 μm. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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We then investigated the impact of pMPCylation on blood circulation 
kinetics and biodistribution. DiI-labeled liposomes were injected via tail 
vein into CD1 mice at 5 mM (12.25 mg/kg body weight), with blood 
samples collected at specific time points to measure fluorescence signals. 
As a negative control, we employed carriers functionalized with 2 kDa 
pMPC, which showed significant aggregation in protein-rich medium 
(Fig. 1). These vehicles exhibited a short half-life of approximately 0.1 h, 
providing a reference for fast elimination from the bloodstream, as 
shown in Fig. 4B and C. Analysis of blood circulation kinetics revealed 
distinct patterns for PEG- and pMPC- functionalized liposomes across 
various molecular weights (Fig. 4A, B). Both PEG (2, 5 and 10 kDa) and 
pMPC (5, 10 and 20 kDa) demonstrated longer clearance times, with 
half-lives of at least 2 h for all systems probed. However, while PEGy
lation showed no correlation between molecular weight and blood cir
culation, with all three polymer lengths having similar blood 
elimination half-lives of approximately 2.5 h, the pMPCylated carriers 
demonstrated a clear dependence on polymer length. The shortest pMPC 
(5 kDa) had a lifetime comparable to PEG, which increased with longer 
pMPC polymers, reaching 4.1 ± 0.3 h at 20 kDa.

The significant disparities in blood circulation kinetics between PEG 
and pMPC (Fig. 4C, D), despite comparable colloidal stability, highlight 
the unique polymer-length-dependent properties of pMPC-liposomes. 
The zwitterionic structure of pMPC likely enhances surface hydration 
and steric shielding, reducing non-specific protein adsorption and 
contributing to prolonged circulation times with increasing molecular 
weight, reaching 4.1 ± 0.3 h for 20 kDa pMPC compared to ~2.5 h for 
PEG across all tested lengths (2, 5, and 10 kDa). Notably, 40 kDa pMPC- 
LUVs showed a less pronounced increase in circulation time (4.3 ± 0.7 
h), suggesting a plateau in the observed effects (Fig. 4C).

Long-term blood retention was comparable for all sterically-stable 
functionalizations, with ca. 15 ± 2 % of pMPC-LUVs and PEG-LUVs 
circulating 24 h post-injection (Fig. 4A, B). Organ biodistribution anal
ysis (Fig. 5) revealed similar accumulation trends for both PEG- and 
pMPC- liposomes, primarily in the spleen and, to a lesser extent, in the 
liver. Subtle differences were observed with respect to polymer length: 
PEG liposomes maintained consistent accumulation across different 
molecular lengths, while pMPC liposomes showed a slight decrease in 
accumulation with increasing polymer length in both the spleen and 
liver. These differences suggest that pMPC may regulate liposome up
take by reticuloendothelial-rich tissues in these organs, similar to our 
observations for cellular uptake.

These results, summarized in Fig. 4 A-D and Fig. S5 point to pMPC 
polymer molecular weight strongly modulating the blood circulation 
upon administration - a feature absent with PEGylated carriers, while 
maintaining an excellent safety profile. This property, combined with 
the molecular-weight-dependence of cellular uptake regulation, may 
provide flexibility in selecting an optimal configuration customized for 
specific applications.

4.4. ABC effect and immunogenicity of repeated administration of pMPC- 
liposomes in mice

The accelerated blood clearance effect associated with PEGylated 
liposomes is well documented [41], with numerous studies in animal 
models demonstrating that the administration of PEGylated liposomes 
can stimulate the production of antibodies, particularly IgM [78]. This 
immune response is a critical factor in the ABC phenomenon, as these 
antibodies promote the rapid clearance of subsequent doses from cir
culation, primarily through opsonization and complement system acti
vation. This rapid clearance of subsequent doses poses serious 
challenges associated with the therapeutic use of PEGylated 
formulations.

We observed a significant reduction in the circulation half-life of 
PEG-liposomes after the second injection, dropping from approximately 

2.6 h to 1 h (a 62 % decrease in blood circulation; see Fig. 4E, G-H). In 
contrast, pMPC-LUVs showed a less pronounced reduction in blood 
circulation upon the second injection, decreasing from approximately 
4.3 h to about 2.7 h (a 37 % reduction; see Fig. 4F-H). This reduced 
susceptibility of pMPC-LUVs to ABC suggests they may maintain a more 
stable pharmacokinetic profile and mitigate immune-mediated side ef
fects associated with repeated administration.

To further investigate the ABC phenomenon, we calculated the ABC 
index, a quantitative metric used to assess the intensity of the acceler
ated blood clearance phenomenon, as described by Guo et al. [79]. The 
ABC index is defined as the ratio of the area under the curve (AUC) versus 
second dose of liposomes to the AUC of a single dose. According to Guo 
et al. [79], an ABC index value below 0.9 confirms the occurrence of the 
ABC phenomenon, indicating enhanced clearance of liposomes upon 
repeated administration due to immune recognition. Our results (Fig. 4I) 
revealed that pMPC-functionalized liposomes exhibited an ABC index of 
0.85 ± 0.12, suggesting moderate induction of the ABC phenomenon. In 
contrast, PEG-functionalized liposomes displayed a significantly lower 
ABC index of 0.55 ± 0.24, indicating a much more pronounced ABC 
effect.

The differences in ABC levels can be attributed to the different 
polymers’ physico-chemical properties. The immunogenicity of PEG has 
been shown to correlate directly with its higher hydrophobicity 
compared to other polymers [80]. Utilizing the much more hydrophilic 
pMPC polymer, the ABC phenomenon is inhibited by reducing antibody 
production, specifically IgM, thereby enhancing the overall effectiveness 
of the liposomal formulation.

To demonstrate this, we quantified total (i.e. non-specific) IgM 
antibody secretion after a single injection of either PEGylated or 
pMPCylated liposomes at phospholipid dose (0.05 μmol phospholipid/ 
kg) [81,82]. Levels of IgM measured five days post-intravenous injection 
are shown in Fig. 6, with blood serum from mice administered IV PBS 
alone as a control to establish baseline antibody levels. The control 
group exhibited an average IgM concentration of 186 μg/mL, consistent 
with values reported by the manufacturer and in good agreement with 
findings by Wang et al. [83]. In line with previous findings, the injection 
of PEGylated liposomes led to an increased immunoglobulin level, 
averaging 308 μg/mL. In contrast, the injection of pMPCylated lipo
somes provoked a lower immune response, with IgM concentrations 
measured at 214 μg/mL - comparable to physiological levels and ca. 30 
% lower than those of PEGylated liposomes, in agreement with the 
reduced immunogenicity of pMPC observed by Liang et al. [53].

Our study demonstrates that the lower IgM response associated with 
pMPC-LUVs contributes to their reduced susceptibility to ABC phe
nomena. Although pMPCylated carriers show a reduction in circulation 
time following repeated administration (Fig. 4E and F), this decrease is 
significantly less pronounced than in PEGylated liposomes. By mini
mizing the production of antibodies that promote rapid clearance, 
pMPC-LUVs may offer a more favorable pharmacokinetic profile and 
lower immunogenicity compared to PEGylated formulations, which in 
combination with the tunable cellular uptake and blood retention pro
vides a more flexible and customizable functionalization than currently 
available strategies. These in vivo findings align with the in vitro work of 
Suzuki et al. [84] and Adler et al., [57] who reported that pMPC-coating 
inhibits protein adsorption onto liposomes incubated in a mixture of 
serum proteins (e.g., albumin, complement factors) across various de
grees of polymerization, and evade IgM recognition. Adler et al. [57] 
also demonstrated reduced complement C3 binding in similar experi
mental in vitro conditions using human plasma, supporting our obser
vation that pMPC-LUVs mitigate the ABC effect through decreased 
protein interactions. Our assessment of IgM production and the ABC 
effect in vivo using a murine model both confirm pMPC’s immunological 
advantages, and demonstrates pMPC advantages in a physiologically 
relevant drug delivery context.
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5. Conclusion

Our comprehensive in vivo examination of IV-administered pMPC- 
functionalized liposomes reveals a significant benefit for drug delivery 
systems, addressing the long-standing limitations of PEGylated formu
lations. pMPCylated liposomes show high biocompatibility and long- 
term colloidal stability comparable with PEGylated ones. Under physi
ological conditions (particularly the presence of serum proteins), 

pMPCylation requires a minimum surface coverage and polymer length 
to provide effective steric repulsion and colloidal stability, which we 
quantified as 5 % mol/mol with a 5 kDa polymer length as a sufficient 
coverage to resist protein adsorption. However, pMPC-liposomes display 
superior performance in key areas – cellular uptake, blood circulation 
time, the ABC effect and immunogenicity - representing a clear benefit 
for liposomal drug delivery.

The enhanced cellular uptake observed with pMPC-liposomes, 
particularly with shorter chain lengths, directly tackles one of the pri
mary drawbacks of PEGylated systems. We found that the cellular up
take of 5 kDa pMPC is about ~5 times higher than 2 kDa PEGylated 
LUVs, despite the similarity in length of the two polymer moieties. The 
mechanism behind this enhanced uptake, related to pMPC’s unique 
chemical structure and its interaction with specific cell membrane re
ceptors, providing carriers with a targeting capability. This enhanced 
uptake potential could significantly improve the efficacy of local treat
ments requiring targeted drug delivery, potentially enabling more effi
cient therapeutic outcomes with lower doses and fewer side effects.

Equally significant is the extended circulation time achieved with 
longer pMPC chains, which significantly surpasses that of PEG- 
liposomes. Moreover, the blood circulation of pMPC-LUVs is markedly 
affected by polymer length: pMPC functionalization at 5 kDa achieves a 
circulation half-life of 2 h, comparable to that of PEG-liposomes across 
all molecular weights studied; however, increasing the pMPC length to 
10 kDa results in an elimination half-life of 3.3 h, and 20 kDa and 40 kDa 
showed even higher values, with elimination half time exceeding 4 h 
which is 2 times longer than any PEGylated liposomes. This extended 
circulation time, particularly with longer pMPC chains, could signifi
cantly enhance the EPR (enhanced permeability and retention) effect - 
for example, for cancer treatment, allowing greater accumulation of 
nanocarriers in tumor tissues over time. The enhanced cellular uptake 
and prolonged blood circulation of pMPC-liposomes not only improve 
their pharmacokinetic profile but also offer promising potential for 
targeted accumulation in diseased tissues, such as tumors. While this 
study establishes the broad advantages of pMPC-liposomes for drug 
delivery, future research will investigate their efficacy in specific disease 

Fig. 4. Blood clearance and circulation half-life of DiI-labeled liposomes in CD1 mice. (A, B) Blood clearance profiles of liposomes functionalized with (A) PEG (5 % 
mol/mol) or (B) pMPC (2 % and 5 % mol/mol) with increasing polymer lengths after a single intravenous (IV) injection and with (w/) or without (w/o) 5 % SA (mol/ 
mol), monitored over 24 h. (C) Blood circulation elimination half-life of PEGylated and pMPCylated liposomes doped with 5 % SA (mol/mol) and with increasing 
polymer lengths after a single intravenous (IV) injection. (D) area under curve (AUC) of DiI fluorescence fraction calculated from (A) and (B). (E, F) Blood clearance 
profiles of liposomes doped with 5 % SA (mol/mol) and functionalized with (E) PEG (2 kDa, 5 % mol/mol) or (F) pMPC (20 kDa, 5 % mol/mol) after two IV injections 
administered 5 days apart. (G) Blood circulation elimination half-life of PEG (2 kDa, 5 % mol/mol) and pMPC (20 kDa, 5 % mol/mol) functionalized liposomes after 
two IV injections (5 days apart). (H) Percentage change in circulation half-life after the second IV injection (5 days apart) relative to the first for PEG (2 kDa, 5 % mol/ 
mol) and pMPC (20 kDa, 5 % mol/mol) functionalized liposomes. (I) ABC index of PEG (2 kDa, 5 % mol/mol) and pMPC (20 kDa, 5 % mol/mol) – liposomes 
calculated from (E) and (F). All data are presented as mean ± SEM, with a minimum of 10 animals per group. Statistical significance: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns - not significant.

Fig. 5. Quantitative analysis of DiI-labeled liposomes doped with 5 % SA (mol/mol) functionalized with (A) PEG (5 % mol/mol) or (B) pMPC (5 % mol/mol) 
accumulated in organs 24 h after a single IV injection. Data are presented as mean ± SEM, with a minimum of 10 animals per group.

Fig. 6. IgM levels in CD1 mouse blood serum 5 days after IV tail vein injection 
of 100 μL PBS or liposomes functionalized with 5 % (mol/mol) PEG (2 kDa) or 
pMPC (20 kDa), doped with 5 % (mol/mol) SA. Serum IgM levels were 
measured via ELISA kit. Data are presented as a half dot plot aligned in bins and 
half violin plot to visualize the distribution of data points. Filled circles indicate 
the median of each dataset. Statistical significance: * p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001, ns – not significant.
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models, including tumor-bearing mice, to explore targeted therapeutic 
applications. Specifically, comparing the therapeutic efficacy of anti- 
cancer agents encapsulated in pMPC-liposomes to conventional PEG 
carriers in murine cancer models will be crucial to further validate the 
potential of pMPCylation in therapeutics.

Perhaps most striking is the markedly reduced immunogenicity of 
pMPC-liposomes compared to their PEGylated counterparts. Two 
consecutive injections of 20 kDa pMPC-LUVs result in a 37 % decrease in 
elimination half-life on the second injection, compared to PEGylated 
liposomes, whose elimination half-time decreases by 62 %. This in
dicates a lower ABC effect and is in line with the IgM elicitation results 
which shows a significantly weaker activation of immune response by 
pMPCylated compared to PEGylated liposomes. The lower IgM response 
and diminished accelerated blood clearance effect upon repeated 
administration address an important issue in the clinical application of 
nanocarriers. This improvement could be particularly relevant for 
chronic conditions requiring long-term treatment, where the ABC effect 
has pose a significant obstacle.

In conclusion, our findings position pMPC-functionalized liposomes 
as a promising alternative to PEGylated formulations, offering a more 
effective and less immunogenic platform for nanomedicine-based ther
apies. The customizability of pMPC-liposomes, allowing for modulation 
of both cellular uptake and circulation time, opens new avenues for 
tailored treatments, ranging from rapid-acting formulations for acute 
conditions to long-circulating variants for chronic diseases.
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