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Abstract

Liposome-based bioassays take advantage of liposomes’ immense signaling power and easy surface modification. Photo-
metric, electrochemical, and fluorescent detection methods dominate their application in bioassays. Here, it is studied how
covalent modification of the liposome surface with proteins affects the functionality of entrapped enzymes. Horseradish per-
oxidase (HRP) was selected as a model for entrapment while streptavidin served as a model surface ligand. Several coupling
reagents negatively affected the functionality of entrapped HRP. In the case of EDC-sNHS chemistry, membrane-permeable
reagents inactivated HRP. Similarly, when applying copper-free click chemistry, in particular strain-promoted azide-alkyne
cycloaddition (SPAAC), azide-functionalized lipids caused enzyme inactivation probably through coordination with the
prosthetic heme iron of HRP. In contrast, the inverse approach employing DBCO-functionalized lipids fully preserved HRP
activity. Under optimized conditions with coupling times of only 24 h at room temperature, streptavidin coupling efficiencies
reached standard levels. Entrapped HRP was stabilized with 310 mM trehalose and 2 mg/mL HSA enabling storage for up
to 6 months after streptavidin modification. HRP-loaded liposomes were evaluated by adapting an assay for the detection
of SARS-CoV-2 neutralizing antibodies in serum. Therefore, the liposome surface was modified with the receptor binding
domain (RBD) of the SARS-CoV-2 spike protein. The RBD-modified liposomes with simple photometric detection dem-
onstrated a similar sensitivity as fluorescent sulforhodamine B (SRB) liposomes, with a strong correlation of both methods
(Pearson’s r=0.987). HRP liposomes are hence a reliable platform for visual or photometric bioassays providing similar
limits of detection as fluorescent approaches making them ideal for routine lab and point-of-care applications.
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Introduction cholesterol content, as well as the charge and functionaliza-

tion of the lipid head groups, influences the bilayer proper-

The amphiphilic character of phospholipids leads to their
spontaneous self-association into spherical bilayer vesicles
when they are hydrated or exposed to an aqueous phase [1].
These vesicles, so-called liposomes, were originally discov-
ered by Bangham and Horne in 1963 [2]. Due to entropic
driving forces, the hydrophobic, nonpolar fatty acyl chains
of the phospholipids are directed inwards, whereas the polar
head groups point outwards and are in contact with the outer
or inner aqueous phase [3]. The lipid composition, including
the fatty acyl chain length and the degree of saturation, the
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ties such as membrane fluidity, size, stability, rigidity, phase
behavior, and elasticity [4, 5]. The most commonly used
lipids for liposomes include cholesterol, phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylserine
(PS), and phosphatidylglycerol (PG) [6, 7]. Liposomes are
widely applied in biosensing due to their high surface area,
large inner volume, biocompatibility, biodegradability, and
the easy conjugation of various recognition elements to the
liposomal surface. Furthermore, many different signaling
agents can be encapsulated such as fluorescent dyes, electro-
chemical or chemiluminescent markers, enzymes, enzyme
substrates, metals, or radioactive isotopes allowing for dif-
ferent read-out strategies and thus a multitude of applica-
tions [7-9]. In addition to their use in bioanalytical chemis-
try, they are widely applied in biochemistry and biology [4],
cosmetics [10], food technology [11], drug delivery [12], or
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clinical applications [13]. One of the most commonly used
read-out strategies is fluorescence which is known for its
excellent sensitivity and reliability [9, 14]. Despite its high
sensitivity, fluorescence detection is associated with several
limitations such as the risk of false positives due to increased
background signals from endogenous fluorescent molecules
within the sample matrix and the requirement of expensive
instrumentation and hence limited availability in smaller
laboratories or point-of-care settings [15, 16]. In contrast,
colorimetric detection is a simpler, rapid, and typically more
cost-effective alternative to fluorescence-based methods [17]
albeit with lower sensitivity [14]. One strategy to overcome
this limitation is the use of liposomes, which can encap-
sulate several signaling molecules, thereby providing sub-
stantial signal amplification [18]. Further amplification can
be achieved by encapsulating enzymes, which catalytically
convert numerous substrate molecules. By choosing a gentle
synthesis route and lipids with low phase transition tem-
peratures, various examples have already been published for
liposomes entrapping enzymes including amyloglucosidase
[19], horseradish peroxidase (HRP) [20-22] glucose oxi-
dase [23], alkaline phosphatase [24], glucose-6-phosphate
dehydrogenase [25, 26], and acetylcholinesterase [27, 28].
For the use of liposomes in bioanalysis, their surface must
be modified with ligands, biorecognition elements or small
molecules. Design considerations typically include the cou-
pling efficiency, conditions maintaining liposome integrity
and stability, and effects on the functionality and stability
of the surface ligands. In the case of liposomes entrapping
enzyme molecules, their stability and functionality must also
be taken into account since coupling reagents may penetrate
the lipid bilayer and adversely affect enzyme activity. Hence,
for the here studied liposomes entrapping HRP, mild biocon-
jugation strategies need to be chosen to avoid denaturation
of the encapsulated enzyme while also ensuring biofunc-
tionality of the coupled protein on the liposomal surface. In
general, several coupling strategies for the post-functionali-
zation of the liposomal surface have been established to date,
including EDC-sNHS chemistry, Michael addition reactions,
thiol-maleimide conjugation, biotin-streptavidin binding,
and click chemistry [4, 29-31]. Among these, click reactions
comprise a class of highly selective and efficient reactions
that enable the reliable coupling of two molecules under
mild reaction conditions. These reactions are characterized
by stereospecificity, simplicity, and the formation of stable
reaction products, while generating minimal byproducts that
can be readily removed [32]. Several reaction classes fall
into this definition, including cycloadditions of unsaturated
species, nucleophilic substitution reactions, Michael addi-
tions, or the copper-catalyzed azide—alkyne cycloaddition
(CuAAC) [32, 33]. In particular, CuAAC has been exten-
sively studied, but the required metal catalyst restricts its
application in biological systems because of the cytotoxicity
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of copper ions [34]. Instead, C. R. Bertozzi developed a
method which employs a ring-strained alkyne circumvent-
ing the use of a metal catalyst relying on a strain-promoted
azide-alkyne cycloaddition (SPAAC) [35]. The ring strain
lowers the activation energy allowing a reaction under physi-
ological conditions without the need for copper and hence
shows no cellular toxicity [35, 36]. By modifying the ring-
strained alkyne with electron-withdrawing groups, the reac-
tion can be accelerated [36]. Prominent examples include
dibenzocyclooctyne (DBCO) and difluorinated cyclooc-
tyne (DIFO), which have an approximately 60-fold higher
reaction rate [34, 36]. Despite its higher reactivity, DBCO
is described to be sufficiently stable in aqueous solutions,
making it particularly attractive for bioconjugation reactions
[37]. In 2006, the group of F. Schuber was the first to use
the Cu(I)-catalyzed azide-alkyne reaction for the surface
modification of liposomes [38]. Subsequent studies revealed
that the use of azide-functionalized lipids is less efficient
than the inverse approach when employing CuAAC [8]. To
avoid the known toxicity problem, the SPAAC reaction for
lipid bilayers has also been extensively studied [30, 39-42].
Interestingly, while most reactions are slower on the liposo-
mal surface than in solution, the SPAAC reaction shows the
inverse trend for ligands with low solubility due to beneficial
interactions with the lipids, highlighting its use for modifica-
tion of liposomes [8]. Nevertheless, the SPAAC reaction on
liposome surfaces usually requires reaction times of several
days to achieve coupling yields exceeding 80% [8, 30, 39].
Here, we studied how the covalent modification of the
liposome surface with proteins may affect the activity of
entrapped enzyme molecules. Therefore, standard EDC-
sNHS coupling and the copper-free click chemistry SPAAC
were applied and compared (Fig. 1). For EDC-sNHS chem-
istry, carboxyl-functionalized liposomes were employed for
conjugation to proteins via their amine residues. In contrast,
two inverse approaches were studied using SPAAC: a cyclic
alkyne moiety is included in the liposomal bilayer while
the protein was functionalized with an azide moiety or vice
versa. For the entrapment into liposomes, HRP was chosen
as model enzyme due to its widespread use as a reporter in
immunoassays. Streptavidin was selected as a model protein
for surface modification because of the frequently applied
streptavidin-biotin interaction. The encapsulated enzyme
HRP enables the use of a simple photometric detection with
excellent sensitivity. Using enzymes in liposomes exploits
a double signal amplification, as the enzymes catalyze the
conversion of multiple substrate molecules, providing a
second signal amplification alongside the initial amplifica-
tion provided by the liposomes encapsulating several mol-
ecules. In addition to bioanalytical assays, a modification
technique for liposomes that ensures the correct folding and
activity of the encapsulated protein is required for various
applications, such as drug delivery. In this case, liposomes
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Fig. 1 Schematic representation of the two coupling methods (SPAAC click coupling chemistry and EDC-sNHS coupling chemistry) which

were used for the functionalization of HRP encapsulating liposomes

encapsulating therapeutic proteins are modified with anti-
bodies or other recognition elements for active targeting to a
specific destination. The functionality of HRP can easily be
tested via a simple TMB assay and is hence an ideal model
protein. Thus, these HRP liposomes are compared to fluo-
rescent SRB-encapsulating liposomes in a competitive assay
for the detection of SARS-CoV-2 neutralizing antibodies.
Beyond that, the simple surface modification of liposomes
through the incorporation of functionalized lipids, together
with the sensitive readout highlights the broad applicability
of HRP liposomes as a versatile platform technology for a
wide range of immunoassays.

Materials and methods

Chemicals and consumables

All chemicals and materials along with their suppliers
are listed in the following. All chemicals were of ana-
lytical grade. n-Octyl-B-p-glucopyranoside (OG), 4-(2-
hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES),
sodium chloride (NaCl), potassium chloride (KCl), p-(+)-
sucrose, sulfuric acid (H,SO,), and closure clips (Spec-
tra/Por®) were purchased from Carl Roth (Karlsruhe,
Germany); disodium hydrogen phosphate (Na,HPO,),

potassium dihydrogen phosphate (KH,PO,), sodium hydro-
gen carbonate (NaHCO3), sodium hydroxide (NaOH), hydro-
chloric acid (HCl), ethanol, dimethyl sulfoxide (DMSO),
3-(13-azido-5,8,11-trioxa-2-azatridecanoate) cholesterol
(cholesteryl-TEG-azide), and bovine serum albumin frac-
tion V (BSA) from Merck (Darmstadt, Germany); choles-
terol, Sephadex® G-50, Sephadex® G-100, TWEEN® 20,
biotinylated bovine serum albumin, tris(thydroxymethyl)-
aminomethane (TRIS), horseradish peroxidase (HRP),
3,3",5,5'-tetramethylbenzidine (TMB) liquid substrate,
human serum albumin (HSA), trehalose, and streptavidin
from Streptomyces avidinii from Sigma-Aldrich (Stein-
heim, Germany); methanol, chloroform, nitric acid (65%),
sulforhodamine B (SRB), Nunc MaxiSorp high-binding
microplates, black or clear (96-well, flat bottom), polyclonal
anti-RBD IgG antibody produced in rabbit (PAS5-114451),
and pierce protein concentrators (MWCO, 10 kDa) from
Thermo Fisher Scientific (Waltham, USA); 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
(DPPG), 1,2-dimyristoyl-sn-glycero-3-phosphoethanola-
mine (DMPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoeth-
anolamine-N-dibenzocyclooctyl (DPPE-DBCO), and the
extrusion kit from Avanti Polar Lipids (Alabaster, USA);
polycarbonate membranes with pore sizes of 0.2 pm, 0.4 pm,
and 1.0 pm (@ 19 mm) and filter supports (@ 10 mm) from
Whatman (Dassel, Germany); adhesive transparent foil for
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microtiter plates, microcentrifuge tubes, glass chromatogra-
phy columns, and falcon tubes from VWR Chemicals (Rad-
nor, USA); black microtiter plates (96-well, flat-bottom)
from Brand (Wertheim, Germany); Bio-One clear microtiter
plates (96-well, flat bottom) from Greiner (Frickenhausen,
Germany); flat bottom, 96-well microtiter plate coated with
polystreptavidin in black or white from Biomat snc (Rov-
ereto, Italy); the dialysis membrane (Spectra/Por® Biotech
CE with a MWCO of 1000 kDa or 12-14 kDa) from Spec-
trum Laboratories (Auckland, New Zealand); polymethyl
methacrylate (PMMA) semi-micro cuvettes, and folded
capillary zeta cells for DLS measurements from Malvern
Panalytical (Malvern, UK); phosphorus standard for ICP
measurements from Bernd Kraft (Den Haag, Netherlands);
protein LoBind® tubes from Eppendorf® (Hamburg, Ger-
many); pipette tips from Sarstedt (Nuembrecht, Germany);
2,3,5,6-tetrafluorophenyl 3-[2-[2-[2-(2-azidoethoxy)ethoxy]
ethoxy]ethoxy]propanoic acid (TFP-azide) from Quanta Bio-
Design (Newark, USA); the biotinylation kit from Avidity
(CO, USA); and pooled human serum samples (IRS41174,
IRS45270, IRS46827, IRS56525 and IRS57906) from
Innovative Research (Novi, USA). Human ACE2 receptor,
ACE2-biotin, and SARS-CoV-2 RBD (Alpha B1.1.7) were
provided by Microcoat Biotechnologie GmbH (Bernried,
Germany).

Liposome preparation

Liposomes encapsulating the enzyme HRP were prepared
using the thin-film hydration method. The lipid composi-
tion (approximately 60 pmol total lipids) usually contained
5 mol% cholesterol, 73 mol% DPPC, 18 mol% DPPG, and
4 mol% DMPE (non-clickable for HRP-content optimiza-
tion) or DPPE-DBCO (clickable lipid, for all other synthe-
sis). The lipid mixture was dissolved in 3 mL chloroform
and 0.5 mL methanol. Next, the lipid composition was
ultrasonicated for 1 min at 40 °C or 35 °C for non-clickable
liposomes. The organic solvents were removed by a stepwise
reduction of the pressure using a rotary evaporator (LAB-
OROTA 4001 from Heidolph, Kelheim, Germany; speed,
180-210 rpm; 800 mbar for 2 min, 700 mbar for 2 min,
600 mbar for 2 min, 550 mbar for 5 min, 500 mbar for 5 min,
450 mbar for 5 min, 400 mbar for 5 min, 300 mbar for 2 min,
250 mbar for 5 min, and 200 mbar for at least 2 min). After-
wards, the lipids were completely dried under a nitrogen
stream for 5—10 min until a thin and dry lipid film formed at
the bottom of the flask. The thin lipid film was hydrated by
addition of 1 mL of encapsulant (20-200 pM HRP, 310 mM
sucrose or 11-20 w% of trehalose, 0.2 w/v% HSA in TRIS-
HCI buffer, pH 7.2). The mixture was intensely vortexed
for at least 2 min and sonicated at 40 °C (or 35 °C for non-
clickable liposomes) until the lipid film detached from the
glass flask. After letting the mixture rotate at 60 rpm and
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800 mbar for 15 min, another 1 mL of encapsulant was
added. The solution was vortexed for at least 2 min and ultra-
sonicated at 40 °C (or 35 °C for non-clickable liposomes)
if the remaining lipids had not fully dissolved yet. The flask
was transferred back to the rotary evaporator and rotated
for 1 h to hydrate the lipid film (800 mbar and 60 rpm). The
liposomes were extruded by repeated pushing of the solution
through polycarbonate membranes with pore sizes of 1, 0.4,
and 0.2 pM at 40 °C (from largest to smallest, 21 repeti-
tions each). To separate free HRP from the liposomes, a size
exclusion chromatography (SEC) was performed. Columns
were filled with Sephadex G-100 in HS (column length of
20 cm and a diameter of 1.6 cm for liposomes 20 pM HRP
and a column length of 50 cm with a diameter of 2.5 cm for
liposomes encapsulating 50-200 pM HRP). The obtained
fractions were grouped into high and medium fractions by
turbidity. To separate remaining free HRP, a dialysis against
HS with repeated buffer exchanges was done at 4 °C (Spec-
tra/Por, MWCO, 1000 kDa). The liposomes were stored at
4 °C.

Liposomes encapsulating the fluorescent dye SRB were
prepared as previously described using the reverse-phase
evaporation method [43]. Briefly, lipids were dissolved
in 3 mL chloroform and 0.5 mL methanol and ultrasoni-
cated for 1 min at 60 °C. For the encapsulant (4.5 mL),
SRB and NaCl were dissolved in 20 mM HEPES, pH 7.5.
Two milliliters of the encapsulant was added to the lipid
mixture and sonicated for 4 min at 60 °C. The organic sol-
vents were evaporated by stepwise reduction of pressure at
60 °C (900 mbar for 10 min 850 mbar for 5 min, 800 mbar
for 5 min, 780 mbar for 20 min), with a rotary evaporator.
Before and after the second addition of 2 mL encapsulant,
the solution was vortexed for 1 min. The residual organic
solvent was removed at 60 °C by reduction of pressure
(750 mbar for 20 min, 600 mbar for 5 min, 500 mbar for
5 min, 400 mbar for 20 min). The liposomes were extruded
by repeated pushing of the solution through polycarbonate
membranes with pore sizes of 1, 0.4, and 0.2 pM at 60 °C
(from largest to smallest, 21 repetitions each). Size exclusion
chromatography with a column filled with Sephadex G-50
in HS (column length of 20 cm and a diameter of 1.6 cm)
was used for removal of the excess encapsulant, followed by
dialysis at room temperature (RT) in a dialysis membrane
Spectra/Por 4 IMWCO, 12-14 kDa) against HS buffer with
repeated buffer exchanges. The liposomes were stored at
4°C.

Liposome characterization

The total lipid concentration of liposomes was deter-
mined using ICP-OES measurements with a Spectroblue
inductively coupled plasma optical emission spectrom-
eter (SPECTRO Analytical Instruments GmbH, Kleve,



Development of a highly sensitive photometric readout platform technology using SPAAC-modified...

Germany). Therefore, the phosphorus concentration in the
sample was measured at a wavelength of 1=177.495 nm.
The spectrometer was calibrated using a phosphorus stand-
ard solution with concentrations between 0 and 100 pM
in 0.5 M HNO;. For every measurement, a recalibration
was done using the 0 pM and 100 pM phosphorus dilu-
tions. Liposome samples were diluted in 0.5 M HNO,
before measuring the phosphorus content. Thereafter, the
total lipid concentration (tL) was determined using the
phospholipid concentration previously determined via
ICP-OES, the liposome dilution, and the percentage of
phospholipids in the liposomes.

The hydrodynamic diameter and the {-potential of the
liposomes were determined with dynamic light scatter-
ing (DLS) measurements using the Malvern Zetasizer
Nano-ZS (Malvern Panalytical, Malvern, UK). There-
fore, liposomes were diluted to a concentration of 50
or 25 pM tL (unmodified or modified liposomes) in the
outer liposome buffer (HS buffer; dispersant refractive
index: nD20= 1.33; dielectric constant: e =78.5; viscosity:
n=0.9076 cP). The size measurement was performed in
PMMA semi-micro cuvettes (Brand, Wertheim, Germany)
at 25 °C. Three measurements with 13 single measure-
ments each were performed. The {-potential was meas-
ured in folded capillary zeta cells (Malvern Panalytical,
Malvern, UK) after equilibration at 25 °C for 60 s. Four
measurement runs were performed with each 30 single
measurements.

For the maximum and initial absorbance measurements
of HRP liposomes, they were diluted to different concen-
trations depending on their HRP content (between 0.1
and 2 pM tL, 0.2 uM tL for 100 uM HRP liposomes) in
HS with or without 30 mM OG. After waiting 10—-15 min
for the liposomes to be lysed by OG, 100 pL. TMB sub-
strate was added to samples. The reaction was stopped
after 5 min with 50 pL 1 M H,SO, and the absorbance
was measured at a wavelength of 450 nm (n=3) using
the BioTek SYNERGY neo2 multi-mode reader (Agilent
Technologies, Santa Clara, USA).

For the maximum and initial fluorescence determination
of SRB liposomes, they were diluted to 5 uM tL in HS with
(max fluorescence of lysed liposomes) or without 30 mM
OG (initial fluorescence of unlysed liposomes), each in trip-
licates. After waiting 20 min for the liposomes to be lysed
by OG, the fluorescence was measured using the BioTek
SYNERGY neo2 multi-mode reader (Agilent Technologies,
Santa Clara, USA) (4., =560 nm and 4., =585 nm, band-
width (BW) =10 nm, gain 100, n =3, measurement from
the top).

The so-called initial fluorescence/absorbance was calcu-
lated as the ratio of the fluorescence intensities or absorb-
ance of unlysed and lysed liposomes. The values were aver-
aged and the blank (buffer) signal was subtracted.

Surface modification via SPAAC

For the click reaction, liposomes with the clickable lipid
DBCO PE were prepared. The protein of choice was func-
tionalized with a corresponding azide moiety via an azido-
dPEG ®,-TFP ester. Therefore, the azido-dPEG ®,-TFP
ester was dissolved in 20 v% DMSO and 80 v% HS buffer.
Azide was added in excess to the respective protein (strepta-
vidin, 1:25; RBD, 1:50; protein to azide ratio). Samples were
incubated for 2 h at RT and 300 rpm. The modified protein
sample was purified using centrifuge filters at 12,000 RCF
for 5 min (MWCO, 10 kDa) with five subsequent washing
steps with 400 pL. HS buffer. Protein concentrations were
determined in quadruplets using the NanoPhotometer®
NP80 (Implen, Westlake Village, USA).

The azide-modified protein was added to liposomes
containing 4 mol% DBCO PE. The amount needed for the
specific surface coverage, e.g., 0.2 mol%, was calculated
using the total lipid concentration, which was previously
determined via ICP-OES, and the protein concentration. The
mixture was typically incubated for 24 h at RT and 300 rpm
although during the optimization, different temperatures
and times were tested. Uncoupled protein was removed via
dialysis in a dialysis membrane from Spectra/Por (MWCO,
1000 kDa) against HS buffer at 4 °C with repeated buffer
exchange. Protein-modified liposomes were stored at 4 °C.

Biotinylation of RBD

Biotinylation of RBD via its Avi-tag was performed using
the lyophilized BirA500RT biotinylation kit from Avidity
according to the manufacturer’s instruction. Briefly, super-
mix, RBD, BirA, and water were incubated for 4 h at RT and
300 rpm. Excess reagents were removed using centrifuge
filters at 12,000 RCF for 5 min (MWCO, 10 kDa) with five
subsequent washing steps with 400 uL HS buffer. Protein
concentrations were determined in quadruplets using a Nan-
oDrop (Thermo Fisher Scientific, Waltham, USA).

The biotinylated RBD was attached to HRP liposomes,
which were modified with 1 mol% streptavidin via SPAAC.

Determination of enzyme activity

To test the activity of enzyme samples, the solutions were
diluted in HS to a concentration of 30 or 40 pM HRP (30 pM
for HRP in different buffer solutions and 40 pM for HRP
combined with different amounts of HSA). The samples
were pipetted into a clear microtiter plate (100 uL, n=4).
One hundred microliters of TMB per well were added. The
reaction was stopped after 5 min with 1 M H,SO, (50 pL).
The absorbance was measured with the BioTek Synergy
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Neo2 Multimode Microplate Reader at 25 °C and a wave-
length of 1=450 nm three consecutive times. The values
were averaged, and the blank (buffer) signal was subtracted.

Heterogenous binding assay

BSA-biotin (2 pg/mL in phosphate-buffered saline (PBS)
consisting of 10 mM Na,HPO,, 1.8 mM KH,PO,, 137 mM
NaCl, and 2.7 mM KClI, pH 7.4; 100 pL) was immobilized
in a high-binding microtiter plate (Thermo Fisher) overnight
at 4 °C. The solution was removed and the plate was blocked
with 1 w/v% BSA in PBS-T (PBS with 1 w/v% TWEEN®
20, 150 uL) for 1 h at RT and 300 rpm. Afterwards, the
plate was washed twice with PBS-T (150 pL) and three times
with HS buffer (150 pL). Afterward, the liposomes (100
pL, 10 uM tL in HS for SRB liposomes and 5 uM tL in HS
for HRP liposomes) were added to the respective wells and
incubated for 3 h at RT (SRB liposomes) or at 4 °C (HRP
liposomes) and 300 rpm. The plate was washed three times
with HS (150 pL) at RT.

SRB liposomes: The plate was incubated for 20 min at
RT and 300 rpm with 30 mM OG in double-distilled water
(100 pL). The fluorescence was measured with the BioTek
Synergy Neo2 Multimode Microplate Reader at RT three
consecutive times (g, =560 nm and Ag,, =585 nm, band-
width 10, gain 100 and 150). The values were averaged, and
the blank (buffer) signal was subtracted.

HRP liposomes: After waiting for 10 min for the
liposomes to be lysed by OG (30 mM OG in double-distilled
water (100 puL)), 100 uL of TMB per well was added. The
reaction was stopped after 5 min with 1 M H,SO, (50 uL.
per well). The absorbance was measured with the BioTek
Synergy Neo2 Multimode Microplate Reader at 25 °C and
a wavelength of 1 =450 nm three consecutive times. The
values were averaged, and the blank (buffer) signal was
subtracted.

Neutralization assay and serum screening

A streptavidin microtiter plate was coated with ACE2-biotin
(1 pg/mL in PBS, 100 pL) for 1 h at RT and 300 rpm. Mean-
while, RBD liposomes were diluted to 1 or 2 uM tL, mixed
with antibody or serum dilutions in HS buffer, and incubated
for 1 h at 30 °C. The ACE2-biotin solution was removed and
the plate was washed twice with PBS-T (150 uL) and three
times with HS buffer (150 pL). Afterwards, the liposome-
antibody/serum mixtures were added to the plate (100 uL)
and incubated for 2 h at RT (SRB liposomes) or 3 h at 4 °C
(HRP liposomes). The plate was washed three times with
HS (150 pL) at RT to remove unbound liposomes. Immobi-
lized liposomes were lysed by incubation with 30 mM OG
in double-distilled water (100 uL, 10 min for HRP liposomes
or 20 min for SRB liposomes).
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SRB liposomes: The fluorescence was measured with the
BioTek Synergy Neo2 Multimode Microplate Reader at RT
three consecutive times (Ag, =560 nm and Ag,, =585 nm,
bandwidth 10, gain 100 and 150). The values were averaged,
and the blank (buffer) signal was subtracted.

HRP liposomes: After liposome lysis, 100 pL. of TMB per
well was added. The reaction was stopped after 5 min with
1 M H,SO, (50 pL per well). The absorbance was meas-
ured with the BioTek Synergy Neo2 Multimode Microplate
Reader at 25 °C and a wavelength of 1=450 nm three con-
secutive times. The values were averaged, and the blank
(buffer) signal was subtracted.

Results and discussion

The coupling of proteins to liposomes has been standardly
done applying EDC-sNHS chemistry when using fluorescent
liposomes [44—47]. Here, liposomes entrapping 10 uM HRP
were prepared using the thin-film hydration method, result-
ing in stable liposomes and providing a quantitative photo-
metric readout upon detergent-based lysis of the liposomes
(Table SI 1). However, the entrapped HRP was found to
rapidly lose its enzymatic activity upon streptavidin modi-
fication of the liposomal surface using EDC-sNHS chemis-
try (Figure SI 1). Enzyme activity measurements after each
reaction step, including addition of EDC-sNHS, streptavi-
din, lysine HCI, and dialysis, revealed a deactivation of the
enzyme after each single step. Thus, we hypothesize that
EDC or sulfo-NHS can penetrate the lipid bilayer and react
with encapsulated HRP molecules either by crosslinking
the HRP molecules themselves or by attaching the enzymes
to the carboxyl groups of the inner liposomal layer. Such
reactions could induce progressive changes in the enzyme’s
3D structure, crosslinking, or inadequate mobility during
the substrate conversion, as also suggested by Kazenwadel
et al. [48], ultimately leading to a loss of catalytic activity
over time. Further studies are necessary to determine the
exact cause of the deactivation but it was not focus of this
study since it could be circumvented by readily accessible
strategies. Therefore, a copper-free click chemistry strategy
was investigated as a promising alternative with the goal of
obtaining a general coupling protocol that is as efficient as
the established EDC-sNHS chemistry but without affecting
entrapped enzyme molecules.

Based on many reports in literature, SPAAC coupling was
chosen as an appropriate alternative to EDC-sNHS chemis-
try. In the case of liposomes, either the alkyne or the azide
moiety can be incorporated into the lipid bilayer through
respective phospholipids. The protein of interest can be read-
ily modified with the complementary click-reactive group,
allowing its covalent coupling to the liposome surface.
Both types of liposomes were hence prepared incorporating
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cholesteryl-TEG-azide or DBCO DPPE as clickable lipids,
respectively. The resulting liposomes were characterized
using ICP-OES, DLS, C-potential, and absorbance measure-
ments and all parameters were within the expected range
for liposomes prepared by standard synthesis procedures
(Fig. 2B). In the case of azide-functionalized liposomes, the
long-term storage exhibited a continuous and drastic loss of
activity of the entrapped HRP, where 93% of activity was
lost after 4 weeks storage (Fig. 2A). It is assumed that the
azide moieties of the lipids directed toward the inner volume
of the liposomes caused this deactivation [49, 50]. Azide
is known to coordinate to the prosthetic heme iron atom of
enzymes and thereby inhibits the HRP-TMB-H,O, reaction
by blocking the H,0, binding site and the following oxi-
dation of TMB; specifically, azidyl radicals may be added
to one of the meso positions of the prosthetic group [50].
Furthermore, the azide acts as an inhibitor of the HRP-TMB
reaction as it inhibits the hydrogen donor system between
HRP and hydrogen peroxide [49].

In the case of liposomes incorporating the clickable lipid
DBCO PE, the entrapped HRP remarkably retained its full
activity for 12 months (Fig. 2A). Furthermore, even under
prolonged incubation periods at RT for up to 96 h and vari-
ous buffer compositions, no HRP activity was lost providing
flexible coupling and assay conditions (Figure SI 2).

To enhance the assay sensitivity, the entrapped HRP
content was optimized by preparing liposomes containing
20, 50, and 100 uM HRP. Not surprisingly, higher HRP
concentrations led to better performing liposomes, i.e.,
steeper dose-response curves and LODs improved from 14
to 2.8 nM (Figure SI 3). Considering the HRP concentra-
tions recommended by suppliers, the highest encapsulant
concentration obtainable is 230 uM, suggesting that further

performance increases are feasible but were not studied
here. It is common practice that bulk proteins or sugars are
added for long-term storage of enzymes [51-54]; hence,
entrapped HRP was previously stabilized via 2 mg/mL HSA
and 310 mM sucrose in TRIS-HCI buffer (pH 7.2). Due to
insufficient stability after the coupling process (Fig. 3A),
the encapsulant composition was further optimized. The
combination of 100 uM HRP with various HSA concentra-
tions in TRIS-HCI buffer again indicated high stability of
the enzyme and HSA was therefore chosen as an encapsu-
lant additive to be entrapped in the liposomes alongside the
enzyme (Figure SI 4). It was found that higher HSA concen-
trations provided no further benefit beyond the stabilization
observed for the already used HSA content. Higher contents
may be of value when other enzymes are entrapped within
the liposomes that are overall less stable than HRP.

More importantly, the long-term stability of the liposomes
was also studied after coupling via SPAAC with 0.2 mol%
streptavidin-azide. The coupling solution of the control sam-
ple contained no streptavidin-azide but was treated like the
other samples to ensure that possible changes in the enzyme
activity were a result of the coupled protein but not of the
coupling procedure. This sample is referred to as 0 mol%
streptavidin sample. Successful coupling was confirmed by
DLS and -potential measurements as well as binding assays
where BSA-biotin was immobilized in a microtiter plate
(Figure SI 5, Table SI 2). Liposomes modified with 0 mol%
(control) or 0.2 mol% streptavidin were allowed to bind to
the immobilized BSA-biotin to prove successful modifi-
cation and correct orientation. After incubation, unbound
liposomes were washed away, and remaining liposomes were
quantified after lysis with a detergent. Liposomes entrap-
ping 100 uM HRP in TRIS-HCI buffer with HSA (2 mg/mL)

Lipid compostion i
140}~ 4 mol% DBCO PE (A 180 . . B,
< © 5 mol% cholesteryl- TEG-azide 140 = 25
3 120 F=4
Q 1204 6 >
G100} pc o oo cbemeee e E 2
5 5 100 L-s =
2 80 o S
© 3 S 80 F-10 §
el -
§ 601 % 604 L-12 &
£ N Jp
E 404 40 F-14
2 ¢ E I-16
201 20
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Fig.2 Characterization of liposomes containing clickable lipids. (A)
Normalized absorbance of 10 pM HRP liposomes (2 or 2.6 uM tL)
as a measure of enzyme activity, containing 4 mol% of DBCO PE
or 5 mol% cholesteryl-TEG-azide in their lipid bilayer and 310 mM
sucrose and 2 mg/mL HSA in their encapsulant in addition to the
encapsulated HRP. Maximum absorbance was achieved by lysis of
the liposomes with 30 mM OG in HS buffer (10 min), followed by

TMB/HRP reaction (5 min). The absorbance was measured in tripli-
cates at RT three consecutive times (1=450 nm, T=25 °C, n=3) and
adjusted for the buffer control. (B) Diameter (z-average) and surface
charge ({-potential) of the clickable 10 uM HRP liposomes DBCO
PE or cholesteryl-TEG-azide liposomes (c(tL) =50 or 77 uM tL in HS
buffer, T7=25 °C, n=3)
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Fig.3 Optimization of encapsulant composition to ensure enzyme
stability. Normalized absorbance of 100 uM HRP liposomes after
coupling to 0 or 0.2 mol% of streptavidin-azide and storage at 4 °C of
liposomes containing (A) 310 mM sucrose or trehalose or (B) 310 to
585 mM trehalose: Maximum absorbance was achieved by lysis with

and stabilized by the addition of either 310 mM sucrose or
trehalose were investigated. These sugars and their concen-
tration were chosen based on prior experience. Trehalose
was found to maintain HRP activity far better than sucrose
throughout the entire storage study which might be caused
by the larger hydrated volume generated by trehalose than by
sucrose (Fig. 3A) [53]. Furthermore, the difference between
coupled and control liposomes was insignificant. However,
storage for longer than 6 months was surprisingly not pos-
sible as the signal dropped to 40% activity. Even higher tre-
halose concentrations (up to 585 mM) would not improve
this drop in activity. Hence, the optimal buffer composition
to ensure stable liposomes after modification for up to six
months is 2 mg/mL HSA and 310 mM trehalose dissolved
in TRIS-HCI alongside the required HRP content. Further
studies are needed to better protect HRP activity if storage
for longer than 6 months is desired.

Optimization of coupling conditions was carried out
using liposomes that encapsulate the fluorescent dye SRB
to determine the most effective modification conditions
before applying those to HRP liposomes to understand
their influence on the entrapped enzyme. This allowed the
direct comparison to the established EDC-sNHS chem-
istry and avoided a convolution of possible entrapped
enzyme effects from mere coupling chemistry efficiency.
Thus SPAAC was applied to 10 mM SRB-encapsulating
liposomes and streptavidin as a model protein. Specifi-
cally, streptavidin was modified with an azide moiety
(ratio 1:25) and incubated with liposomes containing
DBCO PE. Parameters varied including coupling tem-
perature (4 °C, 15 °C, 22 °C), incubation time (from 18
to 96 h), and streptavidin content (0.2—1.5 mol%). Suc-
cessful modification with streptavidin was confirmed via
DLS and {-potential measurements (Figure SI 6). The
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30 mM OG and subsequent TMB/HRP reaction (5 min, stopped with
1 M sulfuric acid). The absorbance was measured in triplicates at RT
three consecutive times (A=450 nm, 7=25 °C, n=3) and adjusted
for the buffer control. Initial lysis was calculated by dividing the sig-
nal from unlysed liposomes by that from lysed liposomes

coupling efficiency of the click reaction was studied in a
heterogenous binding assay with BSA-biotin immobilized
in a microtiter plate. Here, higher signals indicate more
binding and therefore a presumably denser surface cov-
erage with streptavidin (Fig. 4). The temperature during
the coupling reaction was found to have no effect on the
click reaction, as all samples showed a similar binding effi-
ciency independent of the coupling temperature (Fig. 4A).
In contrast, the incubation time had a significant effect
at all temperatures tested (Fig. 4A), which was further
confirmed in a more in-depth analysis at RT (Fig. 4B).
These findings are in good accordance with previous find-
ings from Blenke et al. who found that the SPAAC cou-
pling of liposomes to 5'-TAMRA-azide, a commercially
available dye, is not completed within 24 h at liposome
concentrations similar to those used here [30]. Based
on their results, coupling times can be shortened in the
future with overall higher liposome concentrations. For
the comparison to EDC-sNHS-modified SRB liposomes
[56], an incubation of 24 h at RT was chosen for the
SPAAC reaction (Fig. 4C), and streptavidin concentra-
tions varied between 0.2 and 1.5 mol%. Previous stud-
ies have shown that streptavidin concentrations between
1 and 1.5 mol% provided similar and optimal results in
the binding assay, which is why no higher streptavidin
concentrations were investigated here [56]. Interestingly,
at the lowest protein concentration, the SPAAC reaction
produced signals which were twice as high as those of the
EDC-sNHS-coupled liposomes. In contrast, at the highest
concentration, SPAAC coupling reached only 67% of the
signal achieved with EDC-sNHS chemistry. This is most
likely a concentration effect which is well known to affect
the SPAAC reaction [30, 57]. Due to the dilution effect of
the added protein solution, the liposome concentration,
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Fig.4 Optimization of SPAAC conditions and comparison to EDC-
sNHS chemistry using binding assays. Streptavidin liposomes (10 uM
tL, 100 pL per well, liposome-encapsulant: 10 mM SRB) were immo-
bilized in a black high-binding microtiter plate coated with BSA-
biotin (2 pg/mL, 100 pL) and blocked with 1 w/v% BSA in PBS-T.
Before addition of liposomes for 3 h at RT and 300 rpm the plate was
washed with PBS-T (2x 150 pL) and HS (3x 150 pL). Liposomes
were lysed by addition of 30 mM OG in double-distilled water (100

and therefore also the DBCO concentration, is about twice
as high in the sample with 0.2 mol% streptavidin (3 mM
tL) as in the one with 1.5 mol% streptavidin (1.2 mM tL).
If desired, higher protein surface coverages via the SPAAC
reaction can be obtained by increasing the incubation time
from 24 to 96 h in the future. Overall, it can be concluded
that the SPAAC reaction can be an efficient way of protein
modification of liposomes performing similarly well as
the widely employed EDC-sNHS chemistry. Hence, other
click chemistry strategies, such as those with copper cata-
lysts, are not needed [39, 41, 58].

The optimized liposome synthesis and coupling protocols
were then applied toward the detection of neutralizing anti-
bodies against SARS-CoV-2 as demonstrated by Streif et al.
where the liposome surface is modified with the receptor
binding domain (RBD) of SARS-CoV-2 [59]. In this assay
format, neutralizing antibodies present in serum prevent
the binding of RBD-modified liposomes to immobilized
human ACE?2, the receptor responsible for SARS-CoV-2
entry into host cells. SRB-entrapping liposomes relying on

uL). The fluorescence was measured in triplicates using 4., =560(10)
nm and A,,=585(10) nm, gain 150. n=3. (A) Effect of different
incubation temperatures during coupling. (B) Coupling efficiency
after 18, 24, 48, or 96 h of incubation at RT. (C) Comparison of
coupling efficiencies between liposomes coupled via click chemistry
(SPAAC) or via EDC-sNHS chemistry. Data of liposomes coupled
via EDC-sNHS chemistry were previously published [55]

fluorescence detection to detect SARS-CoV-2 neutralizing
antibodies were shown to correlate very well with a pseu-
dovirus neutralization test with a Spearman r of 0.75 [59].
Since fluorescence detection is not available in many
routine labs and similarly does not lend itself well for point-
of-care, the adaptation to a photometric readout while main-
taining the simple assay format and its high sensitivity is
highly desirable, making it an ideal application for the HRP-
entrapping liposomes developed here. Therefore, liposomes
entrapping 100 uM HRP were coupled using SPAAC to
varying concentrations of azide-modified RBD (0-1 mol%)
and evaluated through their binding to immobilized ACE2
(Fig. 5A). As expected, increasing RBD concentrations
between 0.05 and 0.5 mol% lead to higher signals and thus
more efficient binding. However, further increases led to a
drop in binding ability, which is assumed to be caused by
a crowding of protein molecules on the liposome surface
resulting in steric hindrance in their binding to ACE2, as
RBD is coupled in a non-directed manner to the liposomal
surface. It should be noted that absorbance values above 1
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Fig.5 (A) Optimization of liposome surface coverage with RBD:
Liposomes were modified with 0.05-1 mol% RBD-azide via SPAAC
and afterward tested in a binding assay. Absorbance values above 1
were only considered qualitatively. (B) Comparison of liposomes
which were either first modified with streptavidin-azide via SPAAC
and afterwards further modified with RBD-biotin via streptavidin-
biotin interaction or directly modified with RBD-azide via SPAAC.
For the respective binding assays, liposomes (10 upM tL, 100 uL per
well, liposome-encapsulant: 100 uM HRP, 2 mg/mL HSA, 310 mM

were only considered qualitatively. Still, among the concen-
trations tested, 0.5 mol% RBD provided the best results. To
avoid the modification of RBD with azide, it was also inves-
tigated to couple biotinylated RBD to streptavidin-modified
liposomes (Fig. 5B). Therefore, liposomes were first modi-
fied with 1 mol% of streptavidin via the optimized SPAAC
reaction and then incubated with 0.5 mol% of biotinylated
RBD. RBD was biotinylated through its C-terminal Avi-tag
using a commercial BirA biotin-protein ligase kit. Their
performance in an ACE2 binding assay was compared to
liposomes coupled directly to RBD-azide. Interestingly, the
direct coupling approach resulted in 54% higher signals than
the approach using streptavidin liposomes along with the
biotinylated RBD. We assume that fewer biotinylated RBD
molecules were bound to the liposomes due to the favorable
presence of 4 mol% DBCO PE vs. only 1 mol% streptavidin
per liposome. However, since many proteins are available
with biotin tags, this latter approach is of high value and can
be further optimized in the future, in particular for the site-
directed immobilization of proteins on the liposome surface.

To further increase the sensitivity, 200 uM HRP
liposomes were prepared. Subsequently, 100 and 200 uM
HRP-entrapping liposomes modified via SPAAC with
0.5 mol% RBD-azide were compared to the 10 mM SRB-
entrapping liposomes. First, the lowest concentration of total
lipid detectable of all liposomes was determined and found to
be 6.9 nM for the SRB liposomes, and 1.1 nM and 0.48 nM
for the 100 uM and 200 uM HRP liposomes, respectively
(Fig. 6A). This demonstrates that HRP liposomes relying on
photometric detection can outperform SRB liposomes with
fluorescence detection. Secondly, binding of the liposomes
to immobilized ACE2 was investigated (Fig. 6B). Also here,
the LODs obtained were very similar with 67 nM for the

@ Springer

trehalose in TRIS-HCI) were immobilized in a clear high-binding
microtiter plate coated with ACE2 (2 ug/mL, 100 uL) and blocked
with 1 w/v% BSA in PBS-T. Before adding liposomes for 3 h at 4 °C
and 300 rpm the plate was washed with PBS-T (2x 150 pL) and HS
(3% 150 pL). Liposomes were lysed by addition of 30 mM OG in
double-distilled water (100 pL). The absorbance (4=450 nm, buffer-
adjusted) of TMB/H,0, oxidation product (5 min, 100 mL TMB, 50
uL sulfuric acid) was measured in triplicates using A=450 nm. (n=3)

SRB liposomes, and 51 nM or 22 nM for the 100 pM or
200 uM HRP liposomes, respectively, verifying that HRP
liposomes deliver the same sensitivity as fluorescent SRB
liposomes. It should be noted that, as expected, 200 pM
HRP liposomes further lowered the LOD by a factor of 2 in
comparison to the liposomes entrapping 100 pM HRP, sug-
gesting that even higher entrapped HRP concentrations and
lower LODs are feasible as discussed above.

The different HRP and SRB liposomes were then used
for the detection of a commercially available neutralizing
antibody (PA5-114451) as proof of principle. The poly-
clonal PA5-114451 antibody was previously found to fully
block binding of SRB liposomes modified with RBD via
EDC-sNHS to the immobilized ACE2 receptor. Its binding
site is within the receptor binding motif and it can therefore
outcompete RBD’s binding to ACE2 (class 1 and 2 anti-
bodies) [59, 60]. Thus, higher antibody concentrations will
lead to less liposome binding and hence lower signals in
the binding assay. This signal-off strategy was already opti-
mized for SRB-encapsulating liposomes and applied here
for all liposomes [59]. A schematic representation of the
assay principle can be seen in Figure SI 7. Indeed, HRP
liposomes showed a similar ability to detect the neutraliz-
ing antibody (Fig. 7), with an ECs;, of 0.042 +0.008 ug/mL
for SRB liposomes and an ECs;, of 0.196 +0.008 ng/mL for
HRP liposomes when using 2 uM tL. To lower the ECy,
value obtained by HRP liposomes, their concentration was
dropped, and hence also the amount of RBD that needs to
be neutralized, while increasing the TMB reaction time to
compensate for otherwise lower signals. Indeed, reducing
the liposome concentration from 2 uM to 1 uM tL and pro-
longing the reaction time from 10 to 30 min, led to an ECy,
0f 0.043 +0.004 ug/mL just as the one obtained by the SRB
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Fig. 7 Neutralization curves of 0.5 mol% RBD liposomes encapsulat-
ing 100 or 200 uM HRP (A) or 10 mM SRB (B). 0.5 mol% RBD
liposomes were incubated with neutralizing antibody PAS5-114451
(0-1 pg/mL) for 1 h at 30 °C and 300 rpm. Afterwards, the mixture
was added to an ACE2-biotin-polystreptavidin coated plate (1 pug/mL

liposomes. It is important to note that liposomes entrapping
higher HRP concentrations (e.g., 200 uM) may give higher
overall signals, but obviously do not provide different ECs,
values (0.048 +£0.0096 pg/mL), as these are a characteristic
of the antibodies tested and also depend on the total RBD
content that needs to be neutralized, confirming the validity
of the liposomal approach.

Finally, HRP liposomes were tested in the actual serum
matrix, using five different pooled human neutralizing sera,
and compared to the fluorescent SRB liposomes using previ-
ously optimized assay conditions [59]. The obtained ECy,
values for the 200 uM HRP (Fig. 8A) and the 10 mM SRB
liposomes (Fig. 8B) correlated strongly and yielded a Pear-
son’s r of 0.987. These results show that absorbance-based
enzyme encapsulating liposomes represent a reliable alterna-
tive to liposomes which encapsulate fluorescent dyes.

ACE2-biotin) and incubated for 3 h at 4 °C (HRP liposomes) or 2 h at
RT (SRB liposomes) and 300 rpm. After washing and lysis of immo-
bilized liposomes, the absorbance or fluorescence was measured in
triplicates. Curves were fitted using Origin’s logistic function

Conclusion

Conjugation of proteins and other biomolecules to the
liposomal surface is well established. In the field of bio-
analysis, most research is done using liposomes entrapping
fluorescent dyes to take advantage of the highly sensitive
detection strategy and the ease of separation between intact
and lysed liposomes. However, routine labs and point-of-
care diagnostics are generally not equipped with fluores-
cence detectors. Hence, the overall aim of this study was the
development of liposomes with an absorbance-based read-
out that would achieve a similar sensitivity as those entrap-
ping fluorescent dyes. While entrapment of enzymes such
as HRP into liposomes is not new, it was quickly determined
that their liposomal surface modification using standard
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Fig.8 Serum screening using (A) 200 uM HRP encapsulating
liposomes or (B) 10 mM SRB-encapsulating liposomes modified with
0.5 mol% RBD via SPAAC: 0.5 mol% RBD liposomes were mixed
with different serum dilutions (0.0001 to 1 v% of serum) and incu-
bated for 1 h at 30 °C and 300 rpm. Afterwards, the mixture was

EDC-sulfo-NHS chemistry led to an inactivation of the
entrapped HRP molecules. Therefore, the copper-free click
reaction was studied and optimized using streptavidin as
a model protein. The resulting HRP-entrapping liposomes
modified with streptavidin at their outer surface performed
as well as fluorescent liposomes. This was further con-
firmed in an actual bioassay for the detection of SARS-
CoV-2 neutralizing antibodies using the SRB-encapsulating
liposomes. Testing different neutralizing human sera, the
results of HRP and SRB-encapsulating liposomes were
found to be very similar (Pearson’s r of 0.987).

The double signal amplification through the encapsu-
lation of several enzymes and through the conversion of
numerous substrate molecules suggests that liposome bio-
assays with an absorbance-based readout strategies can
replace fluorescence-based ones in the future without a
decrease in sensitivity. This facilitates the implementa-
tion of various bioassays for high-throughput screening
and point-of-care technology, thereby simplifying both
assay workflows and detection procedures. SPAAC-based
modification offers a flexible and easily adaptable platform
technology that can be tailored to the detection of various
analytes of interest. SPAAC is particularly attractive for
site-directed coupling strategies but requires the incorpo-
ration of suitable clickable reactive groups into the protein
structure, for instance by using non-canonical amino acids.
Altogether, this demonstrates the multitude of possible
applications in the future.
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2 h at RT (SRB liposomes) and 300 rpm. After washing and lysis of
immobilized liposomes, the absorbance or fluorescence was meas-
ured in triplicates. Curves were fitted using Origin’s logistic function

Author contribution Conceptualization: AJB, KH, and CD; performed
experiments: CD; performed coupling of liposomes with streptavidin
via EDC-sNHS: KH; writing (original draft): CD; writing (review and
editing): AJB and KH. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. This work was funded by the Bundesministerium fiir
Forschung, Technologie und Raumfahrt (BMFTR) (Project NanoN-
eutVir, No. 13GW0604C).

Data availability The data that support the findings of this study are
available from the authors upon reasonable request.

Declarations

Conflict of interest The authors declare no competing financial inter-
est. Antje J. Baeumner is editor of Analytical and Bioanalytical Chem-
istry but was not involved in the peer review of this manuscript. The
remaining authors declare no competing interests.

Open access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution, and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder.
To view a copy of this license, visit http://creativecommons.org/licen
ses/by/4.0/.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated


https://doi.org/10.1007/s00216-026-06865-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Development of a highly sensitive photometric readout platform technology using SPAAC-modified...

otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

Bozzuto G, Molinari A. Liposomes as nanomedical devices. Int
J Nanomedicine. 2015;10:975-99. https://doi.org/10.2147/1JN.
S68861.

Bangham AD, Horne RW. Negative staining of phospholipids and
their structural modification by surface-active agents as observed
in the electron microscope. J Mol Biol. 1964;8:660-8. https://doi.
org/10.1016/s0022-2836(64)80115-7.

Jesorka A, Orwar O. Liposomes: technologies and analytical appli-
cations. Annu Rev Anal Chem (Palo Alto Calif). 2008;1:801-32.
https://doi.org/10.1146/annurev.anchem.1.031207.112747.
Sforzi J, Palagi L, Aime S. Liposome-based bioassays. Biology
(Basel). 2020. https://doi.org/10.3390/biology9080202.

Nisairat H, Khater D, Sayed U, Odeh F, Al Bawab A, Alshaer W.
Liposomes: structure, composition, types, and clinical applica-
tions. Heliyon. 2022;8:€09394. https://doi.org/10.1016/j.heliyon.
2022.e09394.

Rideau E, Dimova R, Schwille P, Wurm FR, Landfester K.
Liposomes and polymersomes: a comparative review towards cell
mimicking. Chem Soc Rev. 2018;47:8572—-610. https://doi.org/10.
1039/c8cs00162f.

Edwards KA, Baeumner AJ. Liposomes in analyses. Talanta.
2006;68:1421-31. https://doi.org/10.1016/j.talanta.2005.08.044.
Feldborg LN, Jglck RI, Andresen TL. Quantitative evaluation of
bioorthogonal chemistries for surface functionalization of nano-
particles. Bioconjug Chem. 2012;23:2444-50. https://doi.org/10.
1021/bc3005057.

Rongen HA, Bult A, van Bennekom WP. Liposomes and immu-
noassays. J Immunol Methods. 1997;204:105-33. https://doi.org/
10.1016/50022-1759(97)00041-0.

Huang Z, Meng H, Xu L, Pei X, Xiong J, Wang Y, et al.
Liposomes in the cosmetics: present and outlook. J Liposome
Res. 2024;34:715-27. https://doi.org/10.1080/08982104.2024.
2341139.

Shukla S, Haldorai Y, Hwang SK, Bajpai VK, Huh YS, Han Y-K.
Current demands for food-approved liposome nanoparticles in
food and safety sector. Front Microbiol. 2017;8:2398. https://doi.
org/10.3389/fmicb.2017.02398.

Sharma A, Sharma US. Liposomes in drug delivery: progress
and limitations. Int J Pharm. 1997;154:123—-40. https://doi.org/
10.1016/S0378-5173(97)00135-X.

Ahmed KS, Hussein SA, Ali AH, Korma SA, Lipeng Q, Jin-
ghua C. Liposome: composition, characterisation, preparation,
and recent innovation in clinical applications. J Drug Target.
2019;27:742-61. https://doi.org/10.1080/1061186X.2018.15273
37.

Pashchenko O, Shelby T, Banerjee T, Santra S. A comparison of
optical, electrochemical, magnetic, and colorimetric point-of-care
biosensors for infectious disease diagnosis. ACS infectious dis-
eases. 2018;4:1162-78. https://doi.org/10.1021/acsinfecdis.8b000
23.

Andreotti PE, Ludwig GV, Peruski AH, Tuite JJ, Morse SS,
Peruski LF. Immunoassay of infectious agents. Biotechniques.
2003;35:850-9. https://doi.org/10.2144/03354ss02.

Banala S, Arts R, Aper SJA, Merkx M. No washing, less wait-
ing: engineering biomolecular reporters for single-step antibody

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

detection in solution. Org Biomol Chem. 2013;11:7642-9. https://
doi.org/10.1039/C30B41315B.

Burgess IB, Loncar M, Aizenberg J. Structural colour in colouri-
metric sensors and indicators. J] Mater Chem C. 2013;1:6075.
https://doi.org/10.1039/c3tc30919c.

Geng R, Murphy D, Fragoso A, Ortiz M, O’Sullivan CK. Signal-
enhancing thermosensitive liposomes for highly sensitive immu-
nosensor development. Anal Chem. 2011;83:563-70. https://doi.
org/10.1021/ac1023765.

Gregoriadis G, Leathwood PD, Ryman BE. Enzyme entrapment
in liposomes. FEBS Lett. 1971;14:95-9. https://doi.org/10.1016/
0014-5793(71)80109-6.

Kumada Y, Maehara M, Tomioka K, Katoh S. Liposome immuno-
blotting assay using a substrate-forming precipitate inside immu-
noliposomes. Biotechnol Bioeng. 2002;80:414-8. https://doi.org/
10.1002/bit.10385.

Liu G, Li S, Jiang Z, Li J. A versatile and ultrasensitive molecu-
larly imprinted electrochemiluminescence sensor with HRP-
encapsulated liposome labeled by light-triggered click reaction
for pesticide residues. Mikrochim Acta. 2021;189:33. https://doi.
org/10.1007/s00604-021-05133-0.

Zhang Y, Schmid YRF, Luginbiihl S, Wang Q, Dittrich PS,
Walde P. Spectrophotometric quantification of peroxidase with
p-phenylene-diamine for analyzing peroxidase-encapsulating lipid
vesicles. Anal Chem. 2017;89:5484-93. https://doi.org/10.1021/
acs.analchem.7b00423.

Hill KJ, Kaszuba M, Creeth JE, Jones MN. Reactive liposomes
encapsulating a glucose oxidase-peroxidase system with antibac-
terial activity. Biochim Biophys Acta. 1997;1326:37—-46. https://
doi.org/10.1016/S0005-2736(97)00007-2.

Braman JC, Broeze RJ, Bowden DW, Myles A, Fulton TR,
Rising M, et al. Enzyme membrane immunoassay (EMIA).
Nat Biotechnol. 1984;2:349-55. https://doi.org/10.1038/nbt04
84-349.

Canova-Davis E, Redemann CT, Vollmer YP, Kung VT. Use of
a reversed-phase evaporation vesicle formulation for a homoge-
neous liposome immunoassay. Clin Chem. 1986;32:1687-91.
https://doi.org/10.1093/clinchem/32.9.1687.

Ullman EF, Tarnowski T, Felgner P, Gibbons I. Use of liposome
encapsulation in a combined single-liquid reagent for homogene-
ous enzyme immunoassay. Clin Chem. 1987;33:1579-84. https://
doi.org/10.1093/clinchem/33.9.1579.

Chaize B, Fournier D. Sorting out molecules reacting with ace-
tylcholinesterase by enzyme encapsulation in liposome. Biosens
Bioelectron. 2004;20:628-32. https://doi.org/10.1016/j.bios.2004.
03.015.

Nasseau M, Boublik Y, Meier W, Winterhalter M, Fournier D.
Substrate-permeable encapsulation of enzymes maintains effec-
tive activity, stabilizes against denaturation, and protects against
proteolytic degradation. Biotechnol Bioeng. 2001;75:615-8.
https://doi.org/10.1002/bit.10074.

Damm D, Suleiman E, Theobald H, Wagner JT, Batzoni M, Ahl-
feld Née Kohlhauser B, et al. Design and functional characteri-
zation of HIV-1 envelope protein-coupled T helper liposomes.
Pharmaceutics. 2022;14:1385. https://doi.org/10.3390/pharmaceut
ics14071385.

Blenke EO, Klaasse G, Merten H, Pliickthun A, Mastrobattista E,
Martin NI. Liposome functionalization with copper-free “click
chemistry.” J Control Release. 2015;202:14-20. https://doi.org/
10.1016/j.jconrel.2015.01.027.

Lallana E, Sousa-Herves A, Fernandez-Trillo F, Riguera R,
Fernandez-Megia E. Click chemistry for drug delivery nano-
systems. Pharm Res. 2012;29:1-34. https://doi.org/10.1007/
s11095-011-0568-5.

Kolb HC, Finn MG, Sharpless KB. Click chemistry: diverse
chemical function from a few good reactions. Angew Chem Int

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2147/IJN.S68861
https://doi.org/10.2147/IJN.S68861
https://doi.org/10.1016/s0022-2836(64)80115-7
https://doi.org/10.1016/s0022-2836(64)80115-7
https://doi.org/10.1146/annurev.anchem.1.031207.112747
https://doi.org/10.3390/biology9080202
https://doi.org/10.1016/j.heliyon.2022.e09394
https://doi.org/10.1016/j.heliyon.2022.e09394
https://doi.org/10.1039/c8cs00162f
https://doi.org/10.1039/c8cs00162f
https://doi.org/10.1016/j.talanta.2005.08.044
https://doi.org/10.1021/bc3005057
https://doi.org/10.1021/bc3005057
https://doi.org/10.1016/s0022-1759(97)00041-0
https://doi.org/10.1016/s0022-1759(97)00041-0
https://doi.org/10.1080/08982104.2024.2341139
https://doi.org/10.1080/08982104.2024.2341139
https://doi.org/10.3389/fmicb.2017.02398
https://doi.org/10.3389/fmicb.2017.02398
https://doi.org/10.1016/S0378-5173(97)00135-X
https://doi.org/10.1016/S0378-5173(97)00135-X
https://doi.org/10.1080/1061186X.2018.1527337
https://doi.org/10.1080/1061186X.2018.1527337
https://doi.org/10.1021/acsinfecdis.8b00023
https://doi.org/10.1021/acsinfecdis.8b00023
https://doi.org/10.2144/03354ss02
https://doi.org/10.1039/C3OB41315B
https://doi.org/10.1039/C3OB41315B
https://doi.org/10.1039/c3tc30919c
https://doi.org/10.1021/ac1023765
https://doi.org/10.1021/ac1023765
https://doi.org/10.1016/0014-5793(71)80109-6
https://doi.org/10.1016/0014-5793(71)80109-6
https://doi.org/10.1002/bit.10385
https://doi.org/10.1002/bit.10385
https://doi.org/10.1007/s00604-021-05133-0
https://doi.org/10.1007/s00604-021-05133-0
https://doi.org/10.1021/acs.analchem.7b00423
https://doi.org/10.1021/acs.analchem.7b00423
https://doi.org/10.1016/S0005-2736(97)00007-2
https://doi.org/10.1016/S0005-2736(97)00007-2
https://doi.org/10.1038/nbt0484-349
https://doi.org/10.1038/nbt0484-349
https://doi.org/10.1093/clinchem/32.9.1687
https://doi.org/10.1093/clinchem/33.9.1579
https://doi.org/10.1093/clinchem/33.9.1579
https://doi.org/10.1016/j.bios.2004.03.015
https://doi.org/10.1016/j.bios.2004.03.015
https://doi.org/10.1002/bit.10074
https://doi.org/10.3390/pharmaceutics14071385
https://doi.org/10.3390/pharmaceutics14071385
https://doi.org/10.1016/j.jconrel.2015.01.027
https://doi.org/10.1016/j.jconrel.2015.01.027
https://doi.org/10.1007/s11095-011-0568-5
https://doi.org/10.1007/s11095-011-0568-5

C. Dobner et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ed. 2001;40:2004-21. https://doi.org/10.1002/1521-3773(20010
601)40:11%3c2004::AID-ANIE2004%3e3.0.CO;2-5.

Jewett JC, Bertozzi CR. Cu-free click cycloaddition reactions in
chemical biology. Chem Soc Rev. 2010. https://doi.org/10.1039/
b901970g.

Fantoni NZ, El-Sagheer AH, Brown T. A hitchhiker’s guide to
click-chemistry with nucleic acids. Chem Rev. 2021;121:7122-54.
https://doi.org/10.1021/acs.chemrev.0c00928.

Agard NJ, Prescher JA, Bertozzi CR. A strain-promoted 3 + 2
azide-alkyne cycloaddition for covalent modification of biomol-
ecules in living systems. J Am Chem Soc. 2004;126:15046-7.
https://doi.org/10.1021/ja044996f.

Baskin JM, Prescher JA, Laughlin ST, Agard NJ, Chang PV,
Miller 1A, Lo A, et al. Copper-free click chemistry for dynamic
in vivo imaging. PNAS. 2007;104:16793-7. https://doi.org/10.
1073/pnas.0707090104.

Marks IS, Kang JS, Jones BT, Landmark KJ, Cleland AJ, Taton
TA. Strain-promoted “click” chemistry for terminal labeling of
DNA. Bioconjug Chem. 2011;22:1259-63. https://doi.org/10.
1021/bc1003668.

Said Hassane F, Frisch B, Schuber F. Targeted liposomes: con-
venient coupling of ligands to preformed vesicles using “click
chemistry.” Bioconjug Chem. 2006;17:849-54. https://doi.org/10.
1021/bc0503081.

Bak M, Jglck RI, Eliasen R, Andresen TL. Affinity induced sur-
face functionalization of liposomes using Cu-free click chemistry.
Bioconjug Chem. 2016;27:1673-80. https://doi.org/10.1021/acs.
bioconjchem.6b00221.

Bostic HE, Smith MD, Poloukhtine AA, Popik VV, Best MD.
Membrane labeling and immobilization via copper-free click
chemistry. Chem Commun (Camb). 2012;48:1431-3. https://doi.
org/10.1039/clcc14415d.

Gai M, Simon J, Lieberwirth I, Maildnder V, Morsbach S, Land-
fester K. A bio-orthogonal functionalization strategy for site-
specific coupling of antibodies on vesicle surfaces after self-
assembly. Polym Chem. 2020;11:527—40. https://doi.org/10.1039/
COPYO1136F.

Jumeaux C, Spicer CD, Charchar P, Howes PD, Holme MN, Ma L,
et al. Strain-promoted cycloadditions in lipid bilayers triggered by
liposome fusion. Angew Chem Int Ed Engl. 2024;63:¢202314786.
https://doi.org/10.1002/anie.202314786.

Edwards KA, Curtis KL, Sailor JL, Bacumner AJ. Universal
liposomes: preparation and usage for the detection of mRNA.
Anal Bioanal Chem. 2008;391:1689—702. https://doi.org/10.1007/
$00216-008-1992-1.

Hoecherl K, Streif S, Spitzenberg C, Rink S, Behrent A,
Holzhausen F, et al. A homogeneous immunoassay technology
based on liposomes and the complement system enables one-step,
no-wash, rapid diagnostics directly in serum. Anal Bioanal Chem.
2025;417:3257-73. https://doi.org/10.1007/s00216-025-05882-4.
Reiner C, Hoecherl K, Einhauser S, Streif S, Spitzenberg C, Kon-
rad J, et al. Development of a novel homogeneous liposome-based
one-step assay for SARS-CoV-2 antibody detection in human serum
based on fluorescent liposomes and complement activity. Anal Chem.
2025;97:24543-55. https://doi.org/10.1021/acs.analchem.5c04506.
Rink S, Kaiser B, Steiner M-S, Duerkop A, Baeumner Al.
Highly sensitive interleukin 6 detection by employing commer-
cially ready liposomes in an LFA format. Anal Bioanal Chem.
2022;414:3231-41. https://doi.org/10.1007/s00216-021-03750-5.
Streif S, Neckermann P, Hoecherl K, Reiner C, Einhauser S, Kon-
rad J, Breunig M, Wagner R, Baeumner AJ. Development of a
liposome-based serological assay for SARS-CoV-2 variants with
special emphasis on coupling chemistries required to maintain

@ Springer

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

protein antigenicity. Anal Chem. 2025;97(36):19532—43. https://
doi.org/10.1021/acs.analchem.5c02526.

Kazenwadel F, Wagner H, Rapp BE, Franzreb M. Optimization of
enzyme immobilization on magnetic microparticles using 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) as a crosslinking
agent. Anal Methods. 2015;7:10291-8. https://doi.org/10.1039/
c5ay02670a.

Brill AS, Weinryb 1. Reactions of horseradish peroxidase with azide.
Evidence for a methionine residue at the active site. Biochemistry.
1967;6(11):3528-35. https://doi.org/10.1021/bi008632026

Ortiz de Montellano PR, David SK, Ator MA, Tew D. Mech-
anism-based inactivation of horseradish peroxidase by sodium
azide. Formation of meso-azidoprotoporphyrin IX. Biochemistry.
1988;27:5470-6. https://doi.org/10.1021/bi00415a013

Eremin AN, Budnikova LP, Sviridov OV, Metelitsa DI. Stabiliza-
tion of diluted aqueous solutions of horseradish peroxidase. Appl
Biochem Microbiol. 2001;38:151-8. https://doi.org/10.1023/A:
1014389907153.

Combes D, Yoovidhya T, Girbal E, Willemot RM, Monsan P. Mech-
anism of enzyme stabilization. Ann N'Y Acad Sci. 1987;501:59-62.
https://doi.org/10.1111/j.1749-6632.1987.tb45684.x.

Sola-Penna M, Meyer-Fernandes JR. Stabilization against ther-
mal inactivation promoted by sugars on enzyme structure and
function: why is trehalose more effective than other sugars? Arch
Biochem Biophys. 1998;360(1):10—4. https://doi.org/10.1006/
abbi.1998.0906.

Chang BS, Mahoney RR. Enzyme thermostabilization by bovine
serum albumin and other proteins: evidence for hydrophobic inter-
actions. Biotech and App Biochem. 1995;22:203-14. https://doi.
org/10.1111/j.1470-8744.1995.tb00346.x.

Hoecherl K, Konrad J, Reiner C, Streif S, Spitzenberg C, Som-
mer C, et al. Engineering liposomes and polymer conjugates: a
platform for mechanistic complement activation studies and con-
trolled release applications. ACS Appl Mater Interfaces. 2026.
https://doi.org/10.1021/acsami.6c02923.

Hoecherl K, Konrad J, Reiner C, Streif S, Spitzenberg C, Som-
mer C, et al. Engineering liposomes and polymer conjugates:
a platform for mechanistic complement activation studies and
controlled release applications. ACS Appl Mater Interfaces.
2026;18:24178-92. https://doi.org/10.1021/acsami.6c02923.
Orski SV, Sheppard GR, Arumugam S, Arnold RM, Popik VV,
Locklin J. Rate determination of azide click reactions onto alkyne
polymer brush scaffolds: a comparison of conventional and cata-
lyst-free cycloadditions for tunable surface modification. Lang-
muir. 2012;28:14693-702. https://doi.org/10.1021/1a3032418.
Fritz T, Voigt M, Worm M, Negwer I, Miiller SS, Kettenbach
K, et al. Orthogonal click conjugation to the liposomal surface
reveals the stability of the lipid anchorage as crucial for target-
ing. Chemistry. 2016;22:11578-82. https://doi.org/10.1002/chem.
201602758.

Streif S, Neckermann P, Spitzenberg C, Weiss K, Hoecherl K,
Kulikowski K, et al. Liposome-based high-throughput and point-
of-care assays toward the quick, simple, and sensitive detection
of neutralizing antibodies against SARS-CoV-2 in patient sera.
Anal Bioanal Chem. 2023;415:1421-35. https://doi.org/10.1007/
$00216-023-04548-3.

Barnes CO, Jette CA, Abernathy ME, Dam K-MA, Esswein SR,
Gristick HB, et al. SARS-CoV-2 neutralizing antibody structures
inform therapeutic strategies. Nature. 2020;588:682-7. https://doi.
org/10.1038/s41586-020-2852-1.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1002/1521-3773(20010601)40:11%3c2004::AID-ANIE2004%3e3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010601)40:11%3c2004::AID-ANIE2004%3e3.0.CO;2-5
https://doi.org/10.1039/b901970g
https://doi.org/10.1039/b901970g
https://doi.org/10.1021/acs.chemrev.0c00928
https://doi.org/10.1021/ja044996f
https://doi.org/10.1073/pnas.0707090104
https://doi.org/10.1073/pnas.0707090104
https://doi.org/10.1021/bc1003668
https://doi.org/10.1021/bc1003668
https://doi.org/10.1021/bc050308l
https://doi.org/10.1021/bc050308l
https://doi.org/10.1021/acs.bioconjchem.6b00221
https://doi.org/10.1021/acs.bioconjchem.6b00221
https://doi.org/10.1039/c1cc14415d
https://doi.org/10.1039/c1cc14415d
https://doi.org/10.1039/C9PY01136F
https://doi.org/10.1039/C9PY01136F
https://doi.org/10.1002/anie.202314786
https://doi.org/10.1007/s00216-008-1992-1
https://doi.org/10.1007/s00216-008-1992-1
https://doi.org/10.1007/s00216-025-05882-4
https://doi.org/10.1021/acs.analchem.5c04506
https://doi.org/10.1007/s00216-021-03750-5
https://doi.org/10.1021/acs.analchem.5c02526
https://doi.org/10.1021/acs.analchem.5c02526
https://doi.org/10.1039/c5ay02670a
https://doi.org/10.1039/c5ay02670a
https://doi.org/10.1021/bi00863a026
https://doi.org/10.1021/bi00415a013
https://doi.org/10.1023/A:1014389907153
https://doi.org/10.1023/A:1014389907153
https://doi.org/10.1111/j.1749-6632.1987.tb45684.x
https://doi.org/10.1006/abbi.1998.0906
https://doi.org/10.1006/abbi.1998.0906
https://doi.org/10.1111/j.1470-8744.1995.tb00346.x
https://doi.org/10.1111/j.1470-8744.1995.tb00346.x
https://doi.org/10.1021/acsami.6c02923
https://doi.org/10.1021/acsami.6c02923
https://doi.org/10.1021/la3032418
https://doi.org/10.1002/chem.201602758
https://doi.org/10.1002/chem.201602758
https://doi.org/10.1007/s00216-023-04548-3
https://doi.org/10.1007/s00216-023-04548-3
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1038/s41586-020-2852-1

	Development of a highly sensitive photometric readout platform technology using SPAAC-modified HRP liposomes
	Abstract
	Introduction
	Materials and methods
	Chemicals and consumables
	Liposome preparation
	Liposome characterization
	Surface modification via SPAAC​
	Biotinylation of RBD
	Determination of enzyme activity
	Heterogenous binding assay
	Neutralization assay and serum screening

	Results and discussion
	Conclusion
	Acknowledgements 
	References


