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Abstract
Liposomes are a well-established carrier and controlled release system in medicine and bioanalysis. Their biomimetic 
capabilities are harnessed for the development of a reliable homogeneous assay platform technology that lends itself to 
high-throughput screening and point-of-care applications since no wash or separation steps are needed. It was developed for 
fluorescent, chemiluminescent, and electrochemical detection strategies and applied to antibodies directed against small or 
polymeric molecules and peptides as model analytes. The simplicity of the approach is achieved as mere binding of analytes 
or analyte-associated entities to the liposome surface leads to the activation of the complement system, which in turn lyses 
the liposomes. Released encapsulated marker molecules are quantified and directly correlated to the analytes. Control over 
the liposome chemistry, including cholesterol content, surface chemistry, and encapsulants, was identified to be key to ensure 
their general serum and storage stability (more than 40 months at 4 °C and up to 4 weeks at 37 °C) and their efficient and 
specific response to complement activity. Additional assay conditions of relevance included the concentration of liposomes 
and their ratio to serum proteins, the amount of complement trigger per liposome, and the activity of complement proteins. 
Understanding and being able to control the liposomes enable various analysis strategies including the quantification of 
analytes, determination of complement activity, and evaluation of the therapeutic application potential of antibodies. A time-
resolved version of the assay even allows the study of the complex actions of the complement system. 
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Introduction

Clinical chemistry relies for the most part on the analysis 
of serum components, as it contains proteins and peptides 
(globulins, lipoproteins, enzymes, and hormones), carbo-
hydrates, lipids, electrolytes, and other small organic mole-
cules [1–3]. Currently, hundreds of immunoassays are used 
in clinical laboratories on a daily basis for the diagnosis of 
various diseases [4] and the development of more sensi-
tive, faster, and simpler methods is of great importance 
to reduce costs and continue advancements for improved 
clinical diagnostics. Automation and homogeneous assay 
formats have already simplified and sped up immunoas-
say procedures. For example, different detection strategies, 
such as fluorescence polarization [5], chemiluminescence 
[6], light scattering methods (turbidity and nephelometry) 
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[7, 8], and EMIT (enzyme multiplied immunoassay tech-
nique) or CEDIA (cloned enzyme donor immunoassay) 
technologies [9, 10], were established. Interestingly, 
while liposomes are well described in the analytical sci-
entific literature and are broadly applied in drug delivery 
for medical and cosmetic purposes, they are seldom used 
in routine settings. Liposomes are lipid bilayer vesicles, 
which were first described by Bangham et al. [11] in 1965. 
Their structure enables the encapsulation of hydrophilic or 
hydrophobic substances in the aqueous cavity or the lipid 
bilayer, respectively. Through the functionalization of the 
phospholipids, the liposome surface can be easily modi-
fied with any kind of recognition element, such as proteins 
[12], antibodies [13], DNA [14, 15], peptides [16], and 
small molecules [17]. Therefore, they have evolved to play 
an essential role in the pharmaceutical [18], food [19], 
agricultural [20], and cosmetic industry [21] as carrier 
systems for the protection and delivery of molecules [22]. 
Liposomes are particularly important in drug delivery 
[18] and received a lot of attention through their use as a 
platform for the COVID- 19 vaccine [23]. In bioanalysis, 
they are used as signal amplification means by entrapping 
large quantities of marker molecules, for instance, fluo-
rescent, chemiluminescent, and electrochemically active 
compounds, or enzymes [12, 14, 15, 24]. Already in the 
1970 s and 1980 s, the interaction of the human comple-
ment system with liposomes as biomimetics was studied 
[25–27], whereas today, a commercially available assay 
uses enzyme-loaded liposomes to investigate the classi-
cal pathway of the complement system [28]. The comple-
ment system is an important part of our innate immune 
system and consists of more than 50 plasma and cell sur-
face proteins [29]. Its reaction cascade can be triggered 
by various means, among them specific surface moieties 
of foreign cells, ultimately leading to their lysis. Mole-
cules triggering the complement system include carbohy-
drates, lipopolysaccharides, and antibodies [30]. Taking 
advantage of liposomes as cell biomimetics, we designed 
a general assay platform technology to quantify antibod-
ies present, for example, in serum samples. The C1q pro-
tein of the complement system binds to antigen–antibody 
immunocomplexes, in particular the Fc-fragment of anti-
bodies [30]. Studies suggest that at least two antibodies 
are required on a membrane surface to recruit C1q [31] 
indicating that surface coverage of antibodies on a lipo-
some surface is a critical factor in assay design. C1q bind-
ing facilitates further recruitment and cleavage of several 
subsequent complement proteins. In the end, the protein 
C5b allows the association of complement proteins C6–9, 
enabling the attachment of the complex to the surface and 
penetration of the lipid bilayer. This leads to the formation 
of the membrane attack complex (MAC) [30], which forms 

10-nm-wide pores in the membrane [32], resulting in the 
release of encapsulated compounds.

By covalently binding antigens to the liposome surface, the 
binding of their antibodies can hence be monitored through 
the formation of the MAC and release of encapsulated marker 
molecules present within the liposome cavity. Here, we pre-
sent the proof-of-principle of the platform technology with 
optical or electrochemical readout. Ruthenium hexamine-
loaded liposomes were analyzed with screen-printed carbon 
electrodes. Chemiluminescent m-carboxy luminol and fluo-
rescent sulforhodamine B (SRB) were quantified in microtiter 
plate (MTP) assays through their chemiluminescent and fluo-
rescent signals, respectively. In the case of electrochemical 
(EC) and chemiluminescent (CL) detection, the lipid bilayer 
shields the encapsulants from reaction with the electrode or 
catalysts, respectively. In the case of fluorescence detection, 
SRB self-quenches inside the liposomes, resulting in only 
a minimal fluorescent signal of intact liposomes. This plat-
form therefore offers a novel immunoassay strategy toward 
the detection of various analytes in serum, demonstrated here 
using antibodies binding to small and polymeric antigens and 
peptides as model analytes.

Materials and methods

Chemicals and consumables

All chemicals were of analytical reagent grade. The phos-
pholipids 1,2-dipalmitoyl-sn-glycero- 3-phosphocholine 
(DPPC), 1,2-dipalmitoyl-sn-glycero- 3-phospho-(1′-rac-
glycerol) (sodium salt) (DPPG), 1,2-dimyristoyl-sn-glyc-
ero- 3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)− 2000] (ammonium salt) (DMPE-PEG2000), 
1,2-dipalmitoyl-sn-glycero- 3-phosphoethanolamine-
N-(biotinyl) (sodium salt) (DPPE-biotin) and the extruder 
set were purchased from Avanti Polar Lipids (Alabaster, AL, 
USA); 1,2-dimyristoyl-sn-glycero- 3-phosphoethanolamine-
N-[biotinyl(polyethylene glycol)− 2000] (DMPE-PEG2000-
biotin) was purchased from Nanocs Inc. (USA); 1,2-dipal-
mitoyl-sn-glycero- 3-phosphoethanolamine-N-(glutaryl) 
(sodium salt) (N-glutaryl-DPPE) from Coatsome; Choles-
terol (≥ 99%, C8667), N-hydroxysulfosuccinimide sodium 
salt (sulfo-NHS) (≥ 98%, 56,485), hemin, hydrogen perox-
ide solution, potassium hexacyanoferrate(II) trihydrate (≥ 
98.5%, P9387), hexaamineruthenium(III) chloride (RuHex) 
(262,005), 2-(2-Methoxyethoxy)ethanamine (901,159; PEG-
amine), bovine serum albumin fraction V (BSA), polyclonal 
goat anti-biotin antibody (B3640), monoclonal rabbit anti-
PEG antibody clone RM105 (MABS1214), monoclonal 
mouse anti-PEG clone 6.3 (MABS1966), Sephadex G- 50, 
and human complement serum (S1764) were purchased from 
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Sigma-Aldrich/Merck (Darmstadt, Germany); Sulforhoda-
mine B (SRB) (S1307), (1-ethyl- 3-(3-dimethylaminopropyl) 
carbodiimide-hydrochloride) (EDC) (PG82079), Nunc Max-
iSorp high binding microplates (437,111), polyclonal goat 
anti-rabbit antibody (A16098), polyclonal rabbit anti-mouse 
antibody (A16162) and polyclonal donkey anti-goat anti-
body (A16001) were purchased from Thermo Fisher Scien-
tific (Germany); n-Octyl-β-d-glucopyranoside (OG) (≥ 98%, 
CN23), 2-(N-morpholino)-ethane sulphonic acid (MES) (≥ 
99%, 4259), calcium chloride dihydrate (≥ 99%, 5239) and 
N− 2-Hydroxyethylpiperazine-N′− 2-ethane sulphonic acid 
(HEPES) (≥ 99.5%, HN78) from Carl Roth (Karlsruhe, Ger-
many); DropSens screen-printed carbon electrodes were pur-
chased from Metrohm Germany; m-carboxy luminol (purity: 
73.6 ± 2.8 wt%) was custom-made by Taros Chemicals 
GmbH & Co. KG (Germany). Pooled human complement 
sera (batches 31,758, 33,478, 35,577, 41,174 and 45,270) 
were purchased from Innovative Research (Novi, MI, 
USA); ARMS peptide (peptide sequence: IHTELCLPAFF-
SPAGTQRRFQQPQHHLTLSIIHTAAR) was purchased 
from ProteoGenix (France). Anti-ARMS antibody A626 
was produced using hybridoma technology as described in 
[33]. Pooled human serum (PHS) was donated by voluntary 
donors, anonymized, and pooled before being used (1/6 S1, 
1/6 S2, 1/3 S3, 1/3 S4). Streptavidin-coated microplates and 
custom-made lateral flow test strips (streptavidin test line, 
anti-FITC control line, CN150 membrane) (LFP- 915) were 
purchased from Microcoat Biotechnologie GmbH (Bernried, 
Germany). For additional information on common reagents 
and buffer compositions (Table S1), see SI.

Liposome synthesis

Liposomes were prepared as previously described using the 
reverse-phase evaporation method [34]. Briefly, the encapsu-
lant (SRB, m-carboxy luminol or RuHex with NaCl to adjust 
the osmolality) was dissolved in 4.5 mL 0.02 M HEPES 
buffer, pH 7.5. Lipids were dissolved in 3 mL chloroform 
and 0.5 mL methanol and sonicated for 1 min at 60 °C. 2 mL 
encapsulant solution was added to the dissolved lipids and 
the solution was sonicated for 4 min at 60 °C. Organic sol-
vents were evaporated at a rotary evaporator (LABOROTA 
4001, Heidolph, Germany) at 60 °C by stepwise reduction 
of pressure (900 mbar for 10 min, 850 mbar for 5 min, 800 
mbar for 5 min, 780 mbar for 20 min). The solution was 
vortexed for 1 min, another 2 mL of encapsulant was added, 
and the solution was vortexed again for 1 min. The residual 
organic solvents were evaporated at 60 °C (750 mbar for 20 
min, 600 mbar for 5 min, 500 mbar for 5 min, 400 mbar for 
20 min). The solution was then extruded using polycarbon-
ate membranes with pore sizes of 1 μm, 0.4 μm, and 0.2 μm 
to obtain unilamellar liposomes. Extrusion was conducted 
at 60 °C by repeatedly pushing the solution through the 

syringes (21 repetitions for each pore size). Excess encapsu-
lant was removed by size exclusion chromatography using a 
Sephadex G- 50 column, followed by dialysis against HSS or 
CBS buffer in a dialysis membrane Spectra/Por© 4 (MWCO: 
12–14 kDa).

Liposome characterization

The phospholipid concentration of liposomes was deter-
mined by inductively coupled plasma optical emission 
spectroscopy (ICP-OES) measurements (SPECTROBLUE 
TI/EOP from SPECTRO Analytical Instruments GmbH, 
Kleve, Germany). Phosphorus was detected at a wavelength 
of 177.495 nm. Calibration of the device was performed 
using phosphorus standard solutions between 0 and 100 
µM in 0.5 M HNO3. The device was re-calibrated before 
each measurement using 0 and 100 µM standard solutions. 
Liposome stock solutions were diluted 1:100 or 1:150 in 0.5 
M HNO3 to determine their total phosphorus content. The 
total lipid concentration (total lipids) was calculated from 
the lipid composition used during synthesis.

The hydrodynamic diameter, polydispersity index (PDI) 
and ζ-potential of liposomes were determined by dynamic 
and electrophoretic light scattering (DLS, ELS) using a Mal-
vern Zetasizer Nano-ZS (Malvern Panalytical, Germany). 
Liposome stock solutions were diluted 1:100 in HSS buffer 
(dispersant refractive index: nD

20 = 1.34; dielectric constant: 
ε = 78.5; viscosity: η = 1.1185 mPa s). Polymethyl meth-
acrylate (PMMA) semi-micro cuvettes (Brand, Germany) 
were used for size determination with an angle of 173° and 
backscattering mode after equilibration for 15 s at 25 °C in 
three measurement runs with 13 single measurements each. 
ζ-potential measurements were carried out in folded capil-
lary cells (Malvern Panalytical, Germany) after equilibration 
at 25 °C for 60 s in four measurement runs with each twenty 
single measurements.

SRB-encapsulating liposomes were further character-
ized to determine the maximum fluorescence and liposome 
stability. Therefore, the fluorescence of lysed (addition of a 
detergent: 30 mM n-Octyl-β-d-glucopyranoside) and intact 
liposomes (1 µM total lipids in HSS) was measured with a 
BioTek SYNERGY neo2 fluorescence reader (λex = 560 nm, 
λem = 585 nm, BW = 10 nm, gain 100). The initial fluores-
cence was calculated as the ratio of the fluorescence intensi-
ties of intact and lysed liposomes.

Surface modification of liposomes with ARMS 
peptide

The ARMS-peptide was coupled to carboxyl groups present 
on the liposome surface using EDC/sulfo-NHS chemistry. 
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The liposome surface was activated using EDC and sulfo-
NHS (both 10 mg/mL in 0.1 M MES buffer pH 6) for 1 h 
at room temperature (RT) and 300 rpm. A 1:100:180 ratio 
of carboxyl groups:EDC:sulfo-NHS was used. The respec-
tive amount of ARMS peptide (0.5 mol%) was added, and 
the solution was further incubated for 3 h at RT and 300 
rpm. The reaction was quenched through the addition of 
PEG-amine (161 eq. per carboxyl group) and the solution 
was incubated for another 30 min at RT and 300 rpm. The 
peptide-modified liposomes were dialyzed overnight against 
HSS buffer in a Spectra-Por® Float-A-Lyzer® G2 (1 mL, 
MWCO: 1000 kDa) to remove excess coupling reagents. The 
total lipid concentration was again determined by ICP-OES 
measurement.

Homogeneous SRB‑liposome complement assay

The homogeneous complement-dependent assay contains 
four conditions, each in triplicates: liposomes in liposome 
complement buffer (LCB; negative control), liposomes 
in active complement serum (aS) or in inactive comple-
ment serum (iaS; negative control) and lysed liposomes 
as positive control using a detergent (30 mM OG + aS). 
The complement serum was inactivated by the addition 
of an inactivation complement buffer (iaCB, containing 
0.2 M EDTA and 0.5 µM EGTA). Active complement 
serum is also added to the positive control to account for 
the serum-enhanced fluorescence. LCB, sucrose in LCB 
(0.2 M per well), iaCB, and 300 mM OG were added to 
a black, flat-bottom MTP on ice to prevent complement 
activation before the start of the measurement. Liposomes 
were diluted, if required, incubated with antibodies for 
1 h at RT and 300 rpm before being added to the MTP. 
Finally, complement serum was added to the aS, iaS, and 
OG samples. The fluorescence was measured in 1.5 min 
intervals for the first 15 min, followed by 5 min intervals 
for another 45 min. Fluorescence measurements were per-
formed three consecutive times with a BioTek SYNERGY 
neo2 fluorescence reader (λex = 565 nm, λem = 585 nm, BW 
= 5 or 8 nm, gain 150).

LFA complement assay

Similar to the MTP-based complement assay, the follow-
ing samples were prepared: LCB, iaS, aS, and 30 mM 
OG + aS in triplicates. Serum was inactivated by mix-
ing 2.5:1 with inactivation complement buffer. Liposome 
samples were incubated for 1 h at 37 °C. After incubation, 
aS was also added to the LCB sample, as serum proteins 
influence the migration behavior on the LFA test strips. 
SRB-liposome solutions were diluted 1:1 in the respective 

running buffers and added to a clear 96-well MTP (50 
µL and 50 µM total lipids). Test strips were placed into 
the wells, and the respective washing buffer (100 µL) was 
added after 5 min. Pictures were taken after 20 min using 
a Canon EOS 550D camera with a Canon EFS 18–55 mm 
lens from a distance of 15 cm, with consistent lighting and 
the following settings: ISO 100, aperture 3.5, exposure 
time 1/30 s, focal length 18 mm, and white balance day-
light (5200 K). The raw files were analyzed using ImageJ 
[35]. The color channels were split, and the background of 
the green channel was subtracted for background smooth-
ing (50 pixels) before black/white inversion. The bright-
ness was adjusted to make the lines visible for the naked 
eye. The intensities of the background, test, and control 
line were measured threefold using a rectangle of 80 × 45 
pixels. The average intensities were calculated, and the 
background signal was subtracted.

Heterogeneous binding assay

Antibodies (2 µg/mL in PBS, 100 µL) were immobilized 
in a high binding MTP overnight at 4 °C. The solution was 
removed, and the plate was blocked with BSA (1 w/v% in 
PBS-T, 150 µL) for 1 h at RT and 300 rpm. When using 
secondary antibodies, the MTP was washed three times with 
PBS (150 µL each) before the addition of the primary anti-
body (2 µg/mL in PBS, 100 µL) and incubation for 1 h at 
RT and 300 rpm. The MTP was washed twice with PBS-T 
or PBS and three times with HSS (each 150 µL) before the 
addition of SRB-liposomes (10 µM total lipids in HSS, 100 
µL) and incubation for 3 h at RT and 300 rpm. The plate was 
washed three times with HSS (150 µL) and bound liposomes 
were lysed by the addition of 30 mM OG in double-distilled 
water (100 µL; 15 min incubation at RT and 300 rpm). The 
fluorescence was measured with a BioTek SYNERGY neo2 
fluorescence reader (λex = 560 nm and λem = 585 nm, BW 
= 10 nm, gain 100).

Heterogeneous m‑carboxy luminol‑liposome 
complement assay

Heterogeneous complement assays with m-carboxy luminol-
encapsulating liposomes were performed in streptavidin-
coated MTPs. The streptavidin-coated plate was washed 
with 200 μL Glycine–NaOH buffer (pH 8.6) for 5 min while 
shaking before incubating 100 μL of the respective biotin-
modified liposomes in Glycine–NaOH buffer (50 µM total 
lipids) overnight. The unbound liposomes were removed, 
and the MTP was washed three times with 200 μL CBS 
buffer (pH 10.5) for 5 min. When a goat anti-biotin anti-
body was tested as a complement trigger, the liposomes were 
incubated with 100 μL antibody (0.2 mol% in PBS) for 1 h at 
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RT after the liposomes were bound to the MTP and washed 
twice with 200 μL Glycine–NaOH buffer and once with 200 
μL PBS. The bound liposomes were incubated with active 
or inactive serum in LCB and incubated for 1 h at 37 °C 
with gentle shaking. After incubation, the MTP was washed 
three times with 200 μL CBS for 5 min, followed by lysis of 
liposomes for 5 min while shaking with 100 μL 30 mM OG 
in CBS. The lysed liposomes were transferred into a white, 
flat-bottom MTP. The chemiluminescence intensity was 
measured with a microplate reader after adding 50 μL 40 
mM H2O2 and 50 μL 4 μM hemin in CBS. A blank reading 
was performed prior to the H2O2 addition. After the addi-
tion of H2O2, 5 s shaking (425 cpm) was started, and the 
CL intensity was measured with gain 80, read height (RH) 
1 mm, and integration time 2 s.

Electrochemical RuHex‑liposome complement assay

Electrochemical measurements were performed on a 
DropSens screen-printed carbon electrode (DRP- 110). 
RuHex-encapsulating liposomes were incubated for 1 h 
at 37 °C and 300 rpm in the respective samples (LCB, 
aS, iaS, and 30 mM OG + aS). After incubation, a 2.5 M 
CaCl2 solution was added to adjust the Ca2+ content to 
100 mM for improved electrochemical detection. 50 µL of 
each sample was pipetted onto the electrode, and square 
wave voltammograms were recorded from − 0.5 V to 0.1 
V vs Ag, with Estep = 4 mV, Eamp = 40 mV, and f = 2 Hz. A 
new electrode was used for each single measurement. The 
current peaks resulting from the electron transfer of the 
[Ru(NH3)6]3+/[Ru(NH3)6]2+ redox couple were identified 
near − 0.21 V.

Data evaluation and statistical analysis

Raw data from homogeneous SRB-liposome complement 
assays were processed as follows: The mean fluorescence 
intensities were normalized to the endpoint fluorescence 
intensity of the positive control (‘normalized fluores-
cence intensities’). To obtain the ‘corrected lysis’, which 
refers to the actual complement lysis, the background 
signal of the negative control (iaS) was subtracted from 
both the aS condition and the positive control before 
normalization.

Data were analyzed statistically using OriginPro 2024 
Software. A two-sample independent t-test was performed 
to compare two groups: the active serum sample and the 
inactive serum sample (negative control). To compare three 
or more different samples, a one-way analysis of variance 
(ANOVA) with a post hoc Tukey test was performed. p-val-
ues ≤ 0.05 were considered statistically significant. * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, and ns = not significant.

Results and discussion

A novel liposome-based immunoassay platform utilizing the 
complement system was developed to enable a simple and 
rapid detection of antibodies in serum. While the concept of 
complement-induced lysis and serum stability (stealthiness) 
of liposomes was studied with fluorescent, chemilumines-
cent, and electrochemically active encapsulants, the majority 
of subsequent experiments were performed with fluorescent 
liposomes only, as they allowed an easier assay procedure 
and a more sensitive readout. Moreover, it was demonstrated 
that this platform can also be applied in a simple POC lat-
eral flow assay (LFA) format beyond the intended micro-
plate-based high-throughput screening (HTS) approach. As 
proof of principle, antibody-triggered complement lysis of 
liposomes was specifically induced through selected surface 
functionalizations (biotin, PEG, peptide). In addition, natu-
rally occurring anti-PEG antibodies were detected. Storage 
stability of selected liposomes was monitored at 4 °C, RT, 
and 37 °C for up to 40 months to assess colloidal stability, 
liposome integrity, and serum stability.

Tuning of liposome serum stability by cholesterol 
and encapsulant content

Cholesterol is a key regulator of membrane fluidity; it influ-
ences the phase transition and rigidity of the lipid bilayer, 
thereby supporting liposome stability [36]. In previous works, 
liposomes containing 44 mol% cholesterol have been estab-
lished as a versatile platform with different marker molecules 
for various applications, such as detection of SARS-CoV- 2 
neutralizing antibodies [12], DNA from C. parvum [15] and 
nucleic acids from Influenza A, Influenza B, and SARS-
CoV- 2 [14] employing fluorescent, electrochemilumines-
cent, or electrochemical readout strategies. However, the use 
of high-cholesterol liposomes in active complement serum led 
to complement-induced lysis of liposomes. Cholesterol is a 
known complement trigger when used in high concentrations 
in vesicles or as cholesterol crystals [37–40]. In the intended 
format, non-specific liposome lysis allows false-positive 
signals, which is why stealth (serum stable) liposomes are 
required. Therefore, a stepwise reduction of the cholesterol 
content (5, 10, 15, 20, 25, and 44 mol%) was thoroughly stud-
ied using 10 mM SRB-encapsulating liposomes (Fig. 1a). As 
expected, it was found that the less cholesterol that was used, 
the less lysis was obtained, and it can be concluded that the 
cholesterol content can be used to tune the liposome stealthi-
ness in serum. Another crucial parameter for the serum stabil-
ity of the liposomes was found to be the SRB content. While 
higher concentrations are desirable to provide a more sensitive 
readout, it was found that its encapsulation was affected by the 
cholesterol content (Fig. 1b). While 10 mM SRB-liposomes 
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can easily be formed regardless of the cholesterol content, 
low-cholesterol concentrations do not support higher SRB 
concentrations. Specifically, at 5 mol% cholesterol and > 10 
mM SRB, encapsulation efficiency goes toward zero (data not 
shown). Therefore, more than 5 mol% cholesterol is required 
to entrap 25 mM SRB or higher. Furthermore, SRB, albeit 
highly water soluble, probably associates with the lipid bilayer 
[41], which led to undesired interactions with serum, as stably 

formed liposomes with 50 mM SRB and 30 mol% cholesterol 
lysed even in inactive serum. Thus, the optimal composition 
for stealth liposomes, where the interaction with serum com-
ponents is solely determined by the liposome surface chem-
istry, was found to be 5 mol% cholesterol and 10 mM SRB. 
This composition was used for all subsequent studies utilizing 
biotin-, PEG-, and carboxyl-functionalized lipids to facilitate 
liposome surface modification. Stealth 5 mol% cholesterol 

Fig. 1   Optimization of the liposome composition to generate stealth 
liposomes. a Homogeneous complement assay of 10 mM SRB-
encapsulating liposomes (10 µM total lipids; batches S1–6) showing 
the cholesterol dependency of liposome stealthiness in active serum 
(10 vol% PHS). Statistical analysis (two-sample independent t-test) 
revealed a significant difference between active and inactive serum 
samples at a cholesterol content of 10 mol% (p = 0.026) and above 
(p < 0.001). In contrast, no significant difference was observed at a 
cholesterol content of 5  mol% (p = 0.881). b Liposome stealthiness 
in active serum depending on SRB and cholesterol content (batches 
S7–10). 10 vol% human serum was used as a complement source 
(IRS41174). Statistical analysis (two-sample independent t-test) 
showed no significant difference between active and inactive serum 
samples of liposomes containing 10 mM SRB and 5 mol% cholesterol 
(p = 0.714), while in the other cases either a statistically significant 
amount of complement lysis (p < 0.001) or general serum stability 
was observed. Fluorescence measurements were carried out for 1 h at 

37 °C in LCB, iaS, aS, and 30 mM OG + aS. Fluorescence intensi-
ties were normalized to the endpoint fluorescence of the positive con-
trol. λEx = 565(5 or 8) nm and λEm = 585(5 or 8) nm; gain 150. T = 
37 °C. n = 3. c Heterogeneous complement assay of biotin-modified 
chemiluminescence liposomes (30 mM m-carboxy luminol; batches 
CL1–2). Statistical analysis (two-sample independent t-test) showed 
a significant difference between active and inactive serum samples 
of high-cholesterol liposomes. Low-cholesterol liposomes remained 
stealth and showed no statistical difference in 5 and 10 vol% serum, 
whereas 25 vol% led to minor lysis in active serum. Liposomes (50 
μM total lipids) were immobilized overnight on a streptavidin-coated 
MTP and incubated for 1 h at 37 °C in either inactive serum or active 
serum (5, 10, or 25 vol% PHS in LCB). Chemiluminescence meas-
urements were performed by adding 50 μL of 4 μM hemin and 50 μL 
40 mM H2O2 in 0.01 M CBS, pH 10.5, 2 s integration time, gain 80, 
RH 1 mm, T = 25 °C, n = 3. d Flow chart of the homogeneous com-
plement assay procedure for SRB-encapsulating liposomes
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liposomes were also successfully synthesized using chemilu-
minescent (m-carboxy luminol) and electrochemical (ruthe-
nium hexamine (RuHex)) encapsulants (Fig. 1c and Fig. S1a). 
As expected, 44 mol% cholesterol RuHex and m-carboxy 
luminol-liposomes also triggered complement-induced lysis 
(Fig. 1c and Fig. S1b) due to the high-cholesterol content. It 
should be noted that the ratio of liposomes to serum chosen 
for the RuHex-liposomes led to only 9% lysis (100 µM total 
lipids to 10 vol% complement serum) and will be discussed 
further below. In the case of the electrochemical readout, 
interference from serum components had to be considered 
when selecting the encapsulant. Among the electroactive 
components studied, only RuHex allowed selective and sen-
sitive detection in serum (Figs. S2 and S3).

Proof‑of‑principle antibodies as external 
complement triggers and assay design setup

Antibodies are well-known complement triggers of the 
classical pathway and activate the complement system 
by binding the complement protein C1q to their Fc frag-
ments [30]. Monoclonal and polyclonal antibodies directed 
against biotin, PEG, and a peptide were studied as model 
analytes. Biotinylation and PEGylation of liposomes were 
accomplished through the addition of functionalized phos-
pholipids during liposome synthesis. The ARMS peptide 
originates from the age-related maculopathy susceptibility 
2 (ARMS2) protein and is highly associated with age-related 
macular degeneration (AMD) [42]. It was conjugated to 
carboxyl-bearing liposomes using EDC/sulfo-NHS chem-
istry. Liposomes were characterized with respect to size, 
size distribution, ζ potential, and initial fluorescence signal 
as an indication for agglomeration and colloidal stability 
(Tables S2–4). Biotin- and PEG-liposomes revealed hydro-
dynamic diameters ranging from 104 to 135 nm and PDIs 
between 0.13 and 0.14, indicating colloidal stability. Fur-
thermore, the successful surface modification with biotin 
and PEG was demonstrated using simple binding assays 
(Fig. S4), and in the case of ARMS by DLS. It was found 
that ARMS-modified liposomes tend to agglomerate, which 
is probably a result of the electrostatic interactions of the 
negatively charged liposome surface and the positively 
charged peptide under physiological conditions (pH 7.4).

The ability of the liposomes to bind to their respective 
antibodies and the subsequent triggering of the comple-
ment system was studied using a time-resolved fluorescence 
readout. To separate binding and complement activation 
steps in these preliminary studies, liposomes and antibod-
ies were initially incubated for 1 h prior to serum addition 
(Fig. 1d). For all modifications, namely ARMS modification 
(Fig. 2d), biotinylation (Fig. 2e), and PEGylation (Fig. 2f), 
antibody-triggered complement activation was successfully 
demonstrated. Liposome lysis started after 15–30 min in 

the presence of a complement trigger before reaching satu-
ration after 50–60 min, while liposomes remained stealth 
in the absence of triggering antibodies (Fig. 2a–c). As a 
positive control, providing 100% liposome lysis, a deter-
gent was added to the liposome, analyte, and serum mix-
ture. As negative controls, either liposomes in complement 
assay buffer (LCB) or liposomes in inactivated serum were 
used. Both negative controls serve as indicators of pos-
sible liposome instability per se or that caused by serum 
components. An observed offset of the inactive serum sig-
nal to the buffer control is likely due to agglomeration of 
liposomes with serum proteins and thus enhanced scattering. 
A similar effect was observed in active serum samples of 
stealth liposomes (Fig. 2a and b). Most nanoparticles and 
nanovesicles form a protein corona when in contact with 
biological fluids. This interaction is influenced by surface 
charges and overall chemical composition and leads to some 
minor degree of agglomeration [43, 44]. Not surprisingly, 
PEGylated liposomes are less likely to agglomerate due to 
PEG’s shielding effect, which reduces non-specific interac-
tions and thus serum protein adsorption (Fig. 2c) [45]. To 
minimize agglomeration and avoid further scattering effects, 
several additives (trehalose, sucrose, D-galactose, lactose, 
NaCl, and BSA) were tested for their effect on the back-
ground signal. Sucrose (200 mM) was the most promising 
candidate, reducing the background signal by 77% (Fig. S5). 
In the case of the positive control, general effects on the 
fluorophores can be observed over the incubation period as 
fluorescence is highly dependent on the environment, such 
as the solvent, pH, and temperature. The initial dramatic 
rise of the signal is attributed to liposome lysis as tempera-
ture rises from 4 to 37 °C (Fig. 2). The subsequent minor 
decrease is likely due to quenching effects of the detergent, 
which may cause the active serum sample to exceed the 
positive control. In addition, serum proteins create a more 
hydrophobic environment, leading to increased fluores-
cence signals [46]. Consequently, free SRB or lysed SRB-
liposomes exhibited 65–141% higher fluorescence intensities 
in serum than in buffer solutions (Fig. S6). However, the 
fluorescence-enhancing effect of serum proteins appears to 
be less pronounced in OG-containing samples, which leads 
to an even greater discrepancy between the endpoint signal 
of the positive control and the active serum sample. For the 
simplified endpoint evaluation, fluorescence intensities were 
normalized to the endpoint of the positive control, allowing 
for lysis values exceeding 100% (Figs. 2d and 3). While the 
assay platform is envisioned to be an endpoint assay, the 
time-resolved measurement enables precise monitoring and 
thus a better opportunity for data interpretation throughout 
the development of the technology.

Antibody-triggered complement lysis was also inves-
tigated with m-carboxy luminol-liposomes; however, in 
the case of CL quantification, only endpoint detection is 
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possible. Initial experiments for CL quantification of the 
liposomes indicated strong interference of the radical-
dependent CL reaction due to the radical scavenging nature 
of serum, leading to an about 64-fold higher limit of detec-
tion (data not shown). Moreover, m-carboxy luminol under-
goes continuous degradation through reactions with natu-
rally occurring H₂O₂ and hemin in serum, depending on the 
release rate of the encapsulant, which complicates reproduc-
ible detection in a homogeneous assay format. Therefore, a 
heterogeneous format was developed (Fig. S7). Here, bioti-
nylated m-carboxy luminol-liposomes were immobilized in 
an MTP via the biotin-streptavidin interaction. After incuba-
tion with anti-biotin antibodies and serum or serum solely, 
the wells were washed, and the remaining intact liposomes 
were lysed and quantified. In the presence of complement-
triggering anti-biotin antibodies, a lower CL signal was 
observed in 10 and 25 vol% active serum due to comple-
ment-induced liposome lysis (Fig. S8). However, the higher 
concentration of liposomes or greater steric hindrance of a 

heterogeneous approach rendered the assay less sensitive 
than the fluorescence approach.

In the case of the EC liposomes (assay procedure Fig. S9), 
no antibody-triggered liposome lysis was detected (data not 
shown). Since complement-induced lysis depends on the 
liposome to serum ratio, the absence of lysis in the case of 
EC liposomes is likely due to the higher liposome concen-
tration (100 µM total lipids) required for EC detection. This 
finding was later confirmed using SRB-liposomes by investi-
gating the ratio between total lipids and serum concentration 
needed to avoid oversaturation of the complement system 
with liposome surfaces. This high liposome concentration 
was required because the EC approach proved to be three 
orders of magnitude less sensitive than fluorescent detection, 
with an LOD of 13 µM total lipids for RuHex-liposomes 
compared to 49 nM for SRB-liposomes. In the future, the EC 
liposome approach will only be used to study complement 
activity via high-cholesterol liposomes, rather than antibody 
quantification via ligand binding.

Fig. 2   Homogeneous complement assay of 10 mM SRB-liposomes 
using antibodies as complement trigger. Time-resolved normalized 
fluorescence intensities of 0.5 mol% ARMS-modified liposomes (10 
µM total lipids; batch S11) a without or d with 0.5 mol% comple-
ment-triggering anti-ARMS antibody (A626). ARMS-liposomes were 
incubated with the A626 antibody for 1 h at 300 rpm. 10 vol% human 
serum was used as complement source (IRS35577). Time-resolved 
fluorescence intensities of biotinylated liposomes (1 µM total lipids; 
batch S12) b without or e with 0.5 mol% complement-triggering 
anti-biotin antibody. Biotin-liposomes were incubated with the anti-

biotin antibody for 1 h at 300 rpm. 5 vol% human serum was used as 
complement source (IRS45270). Time-resolved fluorescence intensi-
ties of PEGylated liposomes (1 µM total lipids; batch S1) c without 
or f with 0.05 mol% complement-triggering anti-PEG antibody (clone 
RM105). PEG-liposomes were incubated with the anti-PEG antibody 
for 1 h at 300 rpm in 5 µL HSS. 5 vol% human serum was used as 
complement source (IRS45270). Fluorescence measurements were 
carried out for 1 h at 37 °C in LCB, iaS, aS and 30 mM OG + aS and 
normalized to the endpoint fluorescence of the positive control. λEx = 
565(8) nm and λEm = 585(8) nm; gain 150. T = 37 °C. n = 3
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Quantification of antibodies and analyzing 
complement activation potential for therapeutic 
applications

For the quantification of antibodies, a typical dose–response 
curve with respect to antibody concentration was recorded 
to determine the limit of detection and the corresponding 
EC50 values. Two monoclonal antibodies against PEG (clone 
RM105 and clone 6.3) and a polyclonal antibody against 
biotin were investigated (Fig. 3a–c). Typical binding curves 
were recorded to provide reliable and quantifiable data for 
comparative studies. As mentioned above, specific bind-
ing of the antibodies to the fluorescent liposomes was con-
firmed in a normal heterogeneous binding assay where the 

antibodies were immobilized via adsorption to the MTP sur-
face and liposomes bound to them via their surface modifica-
tions (PEGylation or biotinylation) (Fig. S4). In the case of 
clone RM105, adsorption worked poorly, and immobiliza-
tion via a secondary anti-rabbit antibody was chosen instead. 
Interestingly, the clone RM105 antibody, which is directed 
against the terminal methoxy group of the PEG chain, also 
revealed binding to PEGylated liposomes with a terminal 
biotin moiety, suggesting binding through cross-reactivity 
toward other PEG structures, in this case, the PEG back-
bone [47]. As expected, the clone 6.3 antibody, which is 
directed against the PEG backbone, showed binding to both 
PEGylated liposomes, and the anti-biotin antibody bound 
strongly to the biotinylated liposomes. It should be noted 

Fig. 3   Dose–response curves of liposome lysis dependent on the anti-
body concentration. Corrected lysis values of a Biotin- (batch S12) 
or b, c PEG-biotin-liposomes (batch S1) (10 mM SRB, 1  µM total 
lipids) in a homogeneous complement assay performing an anti-biotin 
or anti-PEG (clone RM105 or clone 6.3) antibody titration. d Dif-
ferent combinations of these antibodies (0.03 mol% clone RM105, 
0.1 mol% clone 6.3, 0.3 mol% anti-biotin antibody) with PEG bio-
tin-liposomes (batch S1). A one-way ANOVA, including a post hoc 

Tukey test, was performed for statistical analysis (p < 0.05) of the 
antibody combinations. Liposomes were incubated with the respec-
tive amount of antibodies for 1 h at 300 rpm. 5 vol% human serum 
was used as a complement source (IRS45270). Fluorescence intensi-
ties were adjusted by the iaS signal and normalized to the endpoint 
fluorescence of the positive control. λEx = 565(8) nm and λEm = 
585(8) nm; gain 150. T = 37 °C. n = 3
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that differences in the overall fluorescence signals (Fig. S4) 
were due to the use of differently sized liposomes with dif-
ferent marker encapsulation efficiencies.

Comparing the findings of the heterogeneous binding 
assay with the homogeneous assay, it is obvious that more 
information can be gained from the latter. While the het-
erogeneous assay relies on an immobilized antibody to 
function well (e.g., clone RM105 adsorbed vs. secondary 
antibody), the homogeneous assay allows for natural bind-
ing events and simplifies the assay procedure. In addition, it 
provides information on the complement-triggering ability 
of the antibodies studied. For example, clone RM105 was 
found to trigger the complement system very well [48]. This 
aligns well with our results, as clone RM105 had an EC50 
value more than four times lower than that of clone 6.3 or 
the anti-biotin antibody (Fig. 3a–c), whereas it performed 
poorly in the heterogeneous binding assay compared to 
the other antibodies (Fig. S4). Thus, we postulate that our 
assay can provide such functional information in a simple 
assay format. The complement-triggering capability of anti-
bodies generally depends on clonality, isotype, subclass, 
hinge flexibility, and affinity toward the antigen [49, 50]. 
In particular, glycosylation of the antibody’s Fc region is 
essential for C1 complex binding and thus further comple-
ment activation [51]. This theoretically allows tuning of 
complement-triggering capabilities by glyco-engineering of 
the antibodies [52] and hence adaptation for specific thera-
peutic applications.

To demonstrate the capabilities of this assay, combina-
tions of antibodies (anti-biotin, anti-PEG clone 6.3 and 
clone RM105) were investigated using liposomes with both 
a biotin and methoxy-PEG moiety. Antibody concentra-
tions in the dynamic range were specifically selected for 
this purpose (Fig. 3d and Fig. S11). It was found that not 
only did the complement-triggering capabilities of the indi-
vidual antibodies add up, but that their joint use also led 
to an enhancing effect in complement-mediated lysis. This 
is well known in the complement field, where the use of 
two or more antibodies targeting either different antigens 
on the membrane surface or different epitopes of an antigen 
facilitates a synergistic effect and promotes complement 
activation [53]. Here, maximum liposome lysis (166%) was 
obtained when all three antibodies were applied. This obser-
vation also suggests that two or more antibodies, that do not 
trigger complement lysis on their own or are present at too 
low concentrations, might be able to trigger complement 
lysis when used in combination.

To obtain the traditional antigen-binding ability of an 
antibody in the homogeneous assay format, the readout must 
be decoupled from its complement-triggering activity. This 
was achieved by using a secondary antibody that binds to 
the antigen-specific antibody, thereby taking over the major 
role in complement activation. This was demonstrated for 

the goat anti-biotin antibody (Fig. S12) using a secondary 
donkey anti-goat antibody. Furthermore, by using saturat-
ing concentrations of the secondary antibody, complement 
activation and hence liposome lysis and signal readout can 
be maximized. Finally, this also demonstrates that the lipo-
some platform technology is applicable to analytes other 
than antibodies and can be used for competitive and sand-
wich assay strategies alike. This will be further explored in 
future studies.

Detection of naturally occurring anti‑PEG antibodies 
in human sera

PEG is widely used in various industrial products, particu-
larly in cosmetics and pharmaceutical drugs [54]. In cosmet-
ics, for instance, PEG is applied as a surfactant, cleansing 
agent, emulsifier, or skin conditioner [55], while PEGylation 
is a common and popular conjugation strategy in drug deliv-
ery, since it decreases renal, proteolytic, and phagocytotic 
clearance, resulting in higher circulation times and a reduc-
tion of adverse effects [54, 56, 57]. Therefore, numerous 
FDA-approved PEGylated drugs are currently on the market. 
Not surprisingly, frequent exposure to PEGylated materi-
als triggers the human immune system to produce anti-PEG 
antibodies. While free PEG has no or a weak immunogenic 
effect, it can trigger an immune response when conjugated to 
macromolecules or nanoparticles [54, 58, 59]. The induced 
antibodies are typically directed against specific motifs of 
PEG, such as the backbone or terminal groups [47].

The natural presence of these complement-active anti-
bodies in human serum samples makes them an ideal model 
analyte for further optimizing the homogenous liposome-
based complement assay and for demonstrating its appli-
cation potential. Initially, we focused on the overall detec-
tion of such antibodies to show the capability of this novel 
diagnostic platform. Here, the stealthiness of liposomes in 
dependency on the human serum concentration was inves-
tigated using biotinylated liposomes, as no natural anti-
biotin antibodies were present in human serum samples. 
Liposomes remained stealth over a broad range of serum 
to liposome ratios, whereas increasing serum concentra-
tions—and thus the amount of available complement pro-
teins—led to enhanced antibody-triggered lysis (Fig. S13). 
This shows that the liposome stealthiness or triggerability 
does not only depend on the amount of trigger but can also 
be tuned by the liposomes to serum ratio. Similar observa-
tions were made for PEGylated liposomes, which remained 
stealth when 1 µM total lipids were used in 1 vol% human 
serum but were lysed by naturally occurring anti-PEG anti-
bodies in 10 vol% serum (Fig. 4). Unlike the approach using 
biotinylated liposomes, where the trigger amount was kept 
constant, the quantity of trigger antibodies plays a major role 
in this case. Here, we also demonstrated that the liposomes 
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remained stealth when both the amount of serum (10 vol%) 
and liposomes (10 µM total lipids) were increased (Fig. S14) 
equally, maintaining a constant liposome to serum ratio. 
This further proves that the liposomes to serum ratio is key 
for successful complement activation. Eventually, the pres-
ence of naturally occurring anti-PEG antibodies in different 
human sera could be detected using PEGylated liposomes 
(Fig. 4). EC50 values were obtained for two of the pooled 
commercial sera (IRS35577, IRS31758), one had none pre-
sent (IRS41174) and one (IRS45270) would require more 
in-depth analysis due to a slight increase in lysis at high 
serum concentrations. The EC50 values provide insight into 
the amount of complement-active anti-PEG antibodies in 
the sera, with lower values indicating a higher presence of 
these antibodies. As expected, non-PEGylated liposomes 
were shown to be stealth in active serum under the same 
conditions, demonstrating that the observed complement 
lysis originated from naturally occurring anti-PEG antibod-
ies, which only bind to PEGylated liposomes (Fig. S15). 
Considering that in recent years the scientific community 
has intensively discussed the occurrence of anti-PEG anti-
bodies in the population as a result of the SARS-CoV- 2 
mRNA-based vaccinations, functional, simple assays such as 
the liposome platform technology are timely developments. 
Scientists have found that vaccinations with PEGylated 
lipid nanoparticles boosted the overall anti-PEG antibody 
levels in individuals. Ju et al. studied plasma from 130 adults 
vaccinated with either BNT162b2 (Pfizer-BioNTech) or 

mRNA- 1273 (Moderna) and found that anti-PEG IgG levels 
increased by a mean of 13.1-fold or 1.78-fold, respectively 
[60]. Anti-PEG IgM levels were boosted 68.5-fold or 2.64-
fold following mRNA- 1273 and BNT162b2 vaccination, 
respectively [60]. However, the clinical relevance of anti-
PEG antibodies has not yet been fully researched. We there-
fore suggest that the functionality of the liposome platform 
technology, which not only detects the presence but also the 
complement-triggering capability of the antibodies, will be 
very useful.

Translation of the high‑throughput assay to the POC

Considering that the readout result of the liposome plat-
form technology is solely based on the separation of intact 
from lysed liposomes, a simple detection system can easily 
be envisioned through a standard LFA. Here, we demon-
strate with a proof-of-principle assay that such separation 
can be accomplished with a visual readout of the SRB-
entrapping liposomes. Liposomes containing 44 mol% 
cholesterol were biotinylated. The high concentration of 
cholesterol ensured complement activation, whereas biotin 
enabled capture on a streptavidin test line. Using the same 
negative and positive controls as in the MTP assay, the 
expected results were obtained. Intact liposomes provided 
a strong positive test line signal, whereas lysed liposomes 
were not captured and hence showed no test line signal 
(Fig. S16) Such a simple readout strategy may be a valu-
able tool in the future for companion diagnostics in thera-
pies, e.g., for quick and simple monitoring of the occur-
rence of anti-PEG antibodies.

Long‑term storage stability

In a long-term storage stability study, the integrity and trig-
gerability or stealthiness of SRB-encapsulating liposomes 
was monitored at 4 °C, RT, and 37 °C for up to 40 months. 
The three most relevant types of liposomes were investi-
gated, including low-cholesterol (5 mol%) PEGylated 
liposomes at a liposome to serum ratio ensuring stealthi-
ness, i.e., 10 µM total lipid with 10 vol% serum, carboxyl-
functionalized liposomes, and high-cholesterol (44 mol%) 
liposomes. Low-cholesterol liposomes were expected to be 
stealthy, while high-cholesterol liposomes were expected to 
show lysis throughout the entire study.

It could be shown that storage in buffer at 4 °C ensured 
colloidal stability and lipid bilayer integrity over the 
entire study period of 40 months (Fig. 5 and Fig. S17). 
Interestingly, the last data point (40 months) stands out 
due to the use of a different pooled serum that probably 
contained higher concentrations of complement proteins. 
This may have led to non-stealth behavior of low-cho-
lesterol carboxyl-liposomes and enhanced complement 

Fig. 4   Screening of anti-PEG antibodies in human sera. Corrected 
lysis values of PEGylated 10 mM SRB-liposomes (1 µM total lipids; 
batch S1) in a homogeneous complement assay performing a serum 
titration of different commercial sera (IRS batches 31,758, 35,577, 
41,174, and 45,270). 0.1–10 vol% of human sera were used. Fluores-
cence intensities were adjusted by the iaS signal and normalized to 
the endpoint fluorescence of the positive control. λEx = 565(8) nm and 
λEm = 585(8) nm; gain 150. T = 37 °C. n = 3
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lysis in the case of high-cholesterol liposomes. The latter 
also showed an increased background signal in inactive 
serum, which was most likely caused by agglomeration of 
the liposomes with serum proteins and hence scattering. 
This suggests that the ratio between total lipids and serum 
concentration has to be adjusted to avoid non-specific 
complement lysis, which can also be seen at the high-
est serum concentration used for biotinylated liposomes 
(Fig. S13) and newly synthesized carboxyl-liposomes 
(Fig. S18), ruling out the possibility that it is due to an 
aging effect of the investigated liposomes, but rather an 
effect of the serum source.

Liposomes stored at RT were stable for at least 10 months 
(Figs. S19 and S20). After 15 months, all liposomes revealed 
substantial lysis in the negative controls. Interestingly, the 
liposomes showed an amazing stability when stored at 37 °C 

(Figs. S21 and S22). High-cholesterol liposomes were stable 
for up to 4 weeks, while low-cholesterol carboxyl-liposomes 
were stable for 2 weeks. Surprisingly, however, PEGylated 
liposomes showed unintentional lysis already after 1 week 
of storage at 37 °C. These data demonstrate not only excel-
lent long-term storage capability of the liposomes, but also a 
suitability for long-duration assays considering their excep-
tional stability at 37 °C.

Conclusion

The developed liposome-based technology provides a 
novel and versatile homogeneous immunoassay platform 
for the detection of various analytes in human serum using 
fluorescent, chemiluminescent, or electrochemical readout 

Fig. 5   Long-term storage stability study of 10 mM SRB-liposomes. 
Normalized fluorescence intensities of SRB-liposomes (10 µM total 
lipids) with different lipid compositions: a low-cholesterol, carboxy-
lated (batch S13); b low-cholesterol, PEGylated (batch S1); and c 
high-cholesterol, biotinylated (batch S6) in LCB, aS, or iaS through-
out the long-term storage stability study up to 40 months at 4 °C. 10 

vol% human serum was used as a complement source (PHS for 0–10 
months and IRS45270 for the 40 months datapoint). Fluorescence 
intensities were normalized to the endpoint fluorescence of the posi-
tive control. λEx = 565(5) nm and λEm = 585(5) nm; gain 150. T = 37 
°C. n = 3. d Summary of the liposome storage stability at 4 °C, RT, 
and 37 °C
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strategies. While it was designed for use in an MTP-based 
HTS, its application in an LFA-based POC format is also 
feasible. It was found that the serum stability (stealthiness) 
of the liposomes can be tuned by variation of the cholesterol 
content. The concept of antibody-triggered complement-
induced liposome lysis was shown for selected trigger moie-
ties (PEG, biotin and ARMS peptide) and liposomes with 
different marker molecules. The main factors influencing the 
stealthiness and triggerability of liposomes in serum were 
identified to be the ratio and number of liposomes, trigger 
molecules, and complement proteins, i.e., the serum con-
tent, as well as the total complement activity of the serum. 
We were able to demonstrate control over these parameters 
and used them to tune the system toward performance. This 
platform technology was then successfully applied to detect 
anti-PEG antibodies using PEGylated liposomes in human 
sera. This model application suggests that the liposome 
strategy can be developed into a screening tool for patient 
and commercial sera to quantify and characterize antibod-
ies in diagnostics and therapeutics, but also to identify spe-
cific antibodies that may interfere with certain immunoassay 
detection strategies. Furthermore, a particularly promising 
application will be the study of the complement system, 
especially the interactions of complement proteins and thus 
the mechanisms of complement activation and regulation. 
The complement system plays a major role in several dis-
eases, such as systemic lupus erythematosus [61], age-related 
macular degeneration [62], and atypical hemolytic uremic 
syndrome [63], but many questions remain. Understanding 
the underlying mechanisms requires standardizable, routine, 
and simple assay formats, which the liposome platform can 
provide. More research is needed, especially to enable control 
over the separation between patient serum content and inher-
ent complement activity, but commercially available pooled 
sera will provide a solution. Since the development of such 
homogeneous platform technologies as presented here will 
simplify and speed up immunoassay procedures, they are of 
great importance and form the basis for improving future 
research and diagnostic methods.
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