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A B S T R A C T

Purpose: Conventional chemotherapy is associated with therapy-limiting side effects, which might be alleviated
by targeted chemotherapeutics such as immunoliposomes. The targeting ligands of immunoliposomes are
commonly attached by unspecific chemical conjugation, bearing risk of structural heterogeneity and therewith
related biological consequences. Chemoenzymatic methods may mitigate such risks through site-specific con-
jugation.
Methods: The formulation parameters for pentaglycine–modified, doxorubicin–loaded liposomes and the reac-
tion conditions for a site–specific, Sortase–A mediated conjugation with monoclonal antibodies were thoroughly
evaluated. The cytotoxicity of such sortagged, epidermal growth factor receptor (EGFR)-specific immunolipo-
somes was tested on human breast cancer cells.
Results: Sortaggable liposomes with a defined size (140 nm, PDI < 0.25) and high encapsulation efficiency
(> 90%) were obtained after manufacturing optimization. A ratio of 1.0–2.5 µM mAb/100 µM pentaglycine
yielded stable dispersions and circumvented carrier precipitation during ligand grafting. The cytotoxicity on
EGFR+ MDA–MB–468 was up to threefold higher for EGFR–specific immunoliposomes than for the nontargeted
controls.
Conclusions: Sortase–A is suitable to generate immunoliposomes with a site–specific ligand–carrier linkage and
hence improves chemical homogeneity of targeted therapeutics. However, the sweet spot for manufacturability
utilizing mAbs with two Sortase–A recognition sites is narrow, making mono-reactive binders such as scFvs or
Fab’s preferable for a further development. Despite this, the immunoliposomes demonstrated a targeted delivery
of doxorubicin, indicating the potential to increase the therapeutic window during the treatment of EGFR+

tumors.

1. Introduction

The major drawback of conventional anticancer drugs are dose-
limiting adverse events that result in a narrowed therapeutic window.
One strategy to overcome serious side effects is a targeted drug de-
livery, which leads to an accumulation of the drug in the tumor while
omitting healthy tissues. Today, several concepts for targeted drug
delivery have already successfully been applied, e.g. antibody-drug
conjugates (ADCs) or drugs encapsulated in a targeted nanoparticulate
carrier system such as immunoliposomes [1]. The latter requires the
conjugation of a mostly proteinaceous ligand with an appropriate lipid
anchor. For that, various chemistry-based coupling techniques, in-
cluding maleimide–thiol conjugation with cysteines, amine condensa-
tion of lysines or N–hydroxysuccineimide-ester based coupling with

carboxylic acid groups have been developed and have recently been
extensively reviewed [2]. Although some immunoliposomal formula-
tions have been clinically investigated [3–5], manufacturing hurdles
and hence regulatory concerns remain high. Besides causing a tre-
mendous effort in manufacturing a nano-sized drug carrier within the
required specifications [6], chemistry-based conjugation methods ad-
ditionally increase product heterogeneity [7]. Furthermore, stability of
the linkers is a critical issue. Especially the widely used maleimide-
linker can undergo a retro-Michael addition and exchange with albumin
cysteine residues in vivo [8]. This includes cleavage between drug
carrier and ligand, and thereby a loss of the targeting functionality.
Site-specific, chemoenzymatic conjugation methods such as Sortase–A
mediated transpeptidation have gained increasing interest for the
synthesis of tailored antibody-drug conjugates (ADCs) [9]. The
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enzyme–catalyzed modification of large protein structures at defined
reaction sites leads to homogenous reaction products connected by a
stable amide bond [10]. These reaction sites can be introduced by ge-
netic engineering at uncritical parts of monoclonal antibodies such as
the C–termini of the Fc part or constant domains of light chains [11].
This avoids the conjugation dependent decrease of antigen recognition
in paratope regions observed after lysine-based conjugations [12], or a
destabilization of antibodies during or after the reaction, as observed
for cysteine conjugations [13,14]. Hence, deploying a chemoenzymatic
method for the site-specific anchoring of targeting ligands would sig-
nificantly improve the manufacturing process of immunoliposomes.

Doxorubicin (DXR) is a cytotoxic, DNA-intercalating anticancer agent
with a broad applicability against many tumors, however also with a
dose–limiting anthracycline induced cardiomyopathy as most severe
adverse event [6,15]. The cardiotoxicity was alleviated by encapsulation
of DXR into liposomal drug delivery systems [16]. This technology was
commercialized as the “first nano-drug” Doxil®, developed by Barenholz
and coworkers [6]. It is based on the efficient encapsulation of DXR by a
remote loading technique [17], the use of high melting lipids together
with cholesterol and finally a polyethylene glycol coating. Especially the
latter leads to a prolonged circulation time and reduced uptake by the
mononuclear phagocyte system (MPS) [6]. In addition to the reduced
cardiotoxicity, compared to free DXR PEGylated liposomal DXR was
found to accumulate to higher extents in human tumor effusions [18] or
in human bone metastases of breast carcinoma than in adjacent muscle
tissue [19]. This was interpreted as a passive drug targeting via the
enhanced permeation and retention effect [6]. However, off-site effects
such as mucositis or palmar-plantar erythrodysesthesia (skin toxicity) are
still dose-limiting toxicities with PEGylated liposomal DXR [20]. This led
to the approach of “active” targeting of liposomal DXR towards tumors
by conjugation of tumor-specific ligands on the liposomal bilayer [1]. An
established tumor target is the epidermal growth factor receptor (EGFR),
whose overexpression is correlated with the pathogenesis of many
tumors [21,22]. Treatments which utilize monoclonal antibodies (mAb)
inhibiting the EGFR are efficacious and well-tolerated therapies [21,23].
One example is cetuximab (C225, Erbitux®), which is currently approved
for the treatment of colorectal and head- and neck cancer. A sortaggable
variant of cetuximab, on both heavy chains C–terminally conjugated via
Sortase–A to the tubulin inhibitor monomethyl auristatin E (MMAE), was
recently demonstrated to exhibit specific cytotoxicity on EGFR
overexpressing cells [24]. This antibody was therefore regarded as
suitable model binder to explore the site–specific Sortase–A conjugation
technology on liposomes, with the aim to combine two established
concepts – DXR loaded, PEGylated liposomes and the EGFR-specific mAb
cetuximab. Therefore, we first thoroughly evaluated the manufacturing
of pentaglycine modified, PEGylated liposomes by a continuous solvent
injection process. We characterized the pentaglycine liposomes regarding
liposome stability, doxorubicin loading and particle shape. Engineered
monoclonal antibodies carrying a Sortase–A pentapeptide at their heavy
chain C–termini specific for EGFR (CH–LPETG–C225) or hen egg
lysozyme (CH–LPETG–aHEL) were conjugated to the pentaglycine
liposomes. The chemoenzymatic transpeptidation was evaluated for
reaction kinetics and physical stability of the reaction product. To
investigate the in vitro targeting ability, the EGFR-specific
immunoliposomes were tested for their toxicity on a human breast
cancer cell line (MDA-MB-468).

2. Materials

Di-myristyl modified, PEGylated pentaglycine lipid DMA-PEG-G5
(structure shown in [25]) was obtained from Merck & Cie, Schaff-
hausen, Switzerland. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), hydrogenated phosphatidylcholine from soybean (HSPC) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (DSPE-mPEG) were acquired from Lipoid GmbH
(Ludwigshafen, Germany). Dulbecco’s phosphate buffered saline (DPBS,

D1408), cholesterol, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) and Triton-X100 were obtained from Sigma-Aldrich (St.
Louis, Missouri, USA). Ammonium sulfate and ethanol were obtained
from Merck KGaA, Darmstadt, Germany. MilliQ water (Merck Milli-
pore, Billerica, Massachusetts, USA) was used for preparation and
analytical purposes. Doxorubicin was from Ark Pharma (Arlington
Heights, Illinois, USA). Ca2+–independent Sortase-A variant SortA7m
and a single–domain antibody of camelid heavy chain only antibodies
with one LPETG-motif (LPETG–VHH) were a kind gift of BioMed X
GmbH, Heidelberg, Germany and prepared as described elsewhere
[26].

3. Methods

3.1. Pentaglycine-liposome preparation

Liposomes were prepared by a continuous solvent injection process
described in detail in [27]. In brief, DPPC, cholesterol, DSPE-mPEG and
pentaglycine modified DMA-PEG-G5 (59.4:34.65:4.95:1, mol%) were
dissolved to 90mM in ethanol. The lipid solution was injected into
250mM ammonium sulfate buffer pH 5.4 utilizing a binary pumping
system combined with a custom–made T-piece at various flow rates. If
DPPC was replaced by HSPC (as indicated in results), lipids were dis-
solved to 100mM in ethanol and injected at 5mL/min into 250mM
ammonium sulfate heated to 65 °C (40mL/min). Buffer was exchanged
to DPBS pH 7.4 or 10mM HEPES pH 7.0 (as indicated in results) by
tangential flow filtration (MicroKros® hollow fiber module, 500 kDa
cut-off, 20 cm2 filter area, Spectrum Labs, Los Angeles, CA, USA) to
establish a pH and ammonium sulfate gradient over the liposomal
membrane [28].

3.2. Liposome characterization

The hydrodynamic diameter and polydispersity index (PDI) were
measured by dynamic light scattering (DLS) using a DynaPro Plate
Reader II (Wyatt, Santa Barbara, California, USA). The liposome dis-
persion was diluted to 3% (v/v) with surrounding buffer to achieve
measurable count rates. The zeta potential (zp) was assessed using a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) after a
dilution in 10mM NaCl to 3% (v/v). Content of each lipid component
was determined by a rp–HPLC method with an evaporative light scat-
tering detector as described earlier [25]. The lipid stability of penta-
glycine-modified liposomes was evaluated over an eight weeks storage
at 2–8 °C.

Differential scanning calorimetry (DSC1, Mettler Toledo, Columbus,
Ohio, USA) was used to determine the transition temperature of the
liposomal bilayer. Aqueous lipid slurries (100–200mg/mL) were pre-
pared by 30min hydration of preformed lipid films in an ultrasound
bath. 100 µL of slurry was transferred to 160 µL aluminum pans. Pans
were covered with a pierced lid. DSC measurement was performed with
a temperature profile of 5min equilibration at 5.0 °C; followed by a
heating step (5 K/min) to 75 °C, a plateau phase at 75 °C for 3 min and
return to 5 °C (-20 K/min). Two cycles were applied per sample, second
cycle was used to calculate the melting temperature.

3.3. Doxorubicin loading and quantification

To screen DXR loading into the liposomes, DXR (10mg/mL in
water) and liposomes were mixed to a lipid-to-DXR ratio of 5:1 (m/m).
In some cases, 10× DPBS stock was added to adjust salt concentration
to 1× DPBS as indicated in the results. The liposomes were incubated
for 30min – 24 h in 1.5 mL tubes in an Eppendorf Thermomixer
Comfort heating block (1000 rpm, 49 °C). Afterwards, the dispersion
was immediately transferred into dialysis bags (Slide-A-Lyzer, MWCO
10 kDa, Thermo Fisher, Waltham, Massachusetts, USA) and dialyzed for
at least 24 h with five buffer changes against DPBS pH 7.4 until the
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concentration of DXR in the dialysis buffer was<0.2 µg/mL. DXR
content was determined as follows: liposomal samples were diluted in
5% Triton X–100 (v/v) and incubated for 30min at 50 °C to ensure a
complete vesicle lysis with subsequent dequenching of the encapsulated
DXR. Fluorescence intensity (excitation: 485 nm, emission 595 nm) was
measured in a 96-well plate reader (M200, Tecan Group, Männedorf,
Switzerland) and DXR was quantified using a calibration row in lysis
medium (0.06–2 µg/mL). The method typically showed good linearity
(r2 > 0.999), accuracy (95–105% of individually prepared 1 µg/mL
samples) and specificity as lipid matrix had negligible influence on DXR
quantification.

Lipid and DXR content was used to calculate the encapsulation
efficiency (EE) according to Eq. (1).

=EE
after dialysis

during loading
[%] 100

( )

( )

c DXR
c Lipid

c DXR
c Lipid

( )
( )

( )
( ) (1)

3.4. Recombinant expression and purification of monoclonal antibodies

Antibodies for Sortase–A mediated conjugation (CH–LPETG–mAb)
were manufactured using established recombinant expression and
purification procedures. Briefly, mammalian expression vectors en-
coding for EGFR-specific C225 (cetuximab) and a hen egg lysozyme
(aHEL)-specific IgG1 fused to a Sortase–A recognition motif (LPETGS)
at their heavy chain C-termini were synthesized by GeneArt (Thermo
Fisher Scientific, Waltham, MA, USA). Antibodies were recombinantly
expressed in transiently transfected mammalian cells for five days using
Expi293 expression system (Thermo Fisher Scientific, Waltham, MA,
USA) and afterwards purified from the supernatant by protein A affinity
chromatography.

3.5. Ligand conjugation: Reaction conditions and kinetic monitoring

Chemoenzymatic Sortase-A transpeptidation was used to conjugate
CH–LPETG–mAbs to pentaglycine modified liposomes. The reaction
behavior was investigated by spiking different concentrations of
CH–LPETG–C225 to the DXR-LS (100 µM pentaglycine, from which
roughly 50 µM were expected to be accessible at the outer leaflet of the
bilayer). The mixture was equilibrated at 4 °C, and hydrodynamic dia-
meter, PDI and attenuation-corrected light scattering count rate were
determined using a Zetasizer Nano ZS. Detection angle was set to 173°
(back scatter), data was analyzed via cumulants fit. After addition of
25 µM Sortase-A, the colloidal stability was tracked during the trans-
peptidation reaction over 4 h to determine feasible reaction conditions.
To further evaluate reaction kinetics and endpoint, 1 µM
CH–LPETG–aHEL, DXR free liposomes (100 µM pentaglycine) and
25 µM Sortase–A were incubated at 4 °C. 5 µL of the mixture were
sampled in 30min intervals and analyzed by an rp-HPLC-DAD method
published earlier for the analysis of single-domain antibody conjugation
to pentaglycine-lipids [27]. The chromatographic conditions, namely
the column temperature (60 °C) and the flow rate (1mL/min) were
modified to achieve sharp protein elution. This led to separation of
Sortase-A, unmodified CH–LPETG–aHEL and with one ((DMA–-
PEG)–CH–LPETG–aHEL) or two ((DMA–PEG)2–CH–LPETG–aHEL) lipid
anchors modified mAb variants. The reaction progress was calculated as
the relative area of each species from the area of 1 µM unmodified
CH–LPETG–aHEL at 280 nm (Eq. (2), sn – species of interest; ti – actual
time point; A – peak area; A0 – area of 1 µM CH–LPETG–aHEL). At this
wavelength, the influence of amide bonds being introduced by the
pentaglycine-modified lipid was negligible. The total sum of the areas
of the different mAb species during the reaction did never deviate to
more than 6% from the mean area of a 1 µM CH–LPETG–aHEL standard
(n=3, each injected in triplicate). The double-banded peak of mono-
modified mAb was treated as single species.

=reaction progress of s
A t

A
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n

s i
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Liposome batches for in vitro cytotoxicity experiments were con-
jugated with 1 or 2.5 µM of CH–LPETG–aHEL or CH–LPETG–C225 for
4 h at 4 °C to DXR-loaded liposomes (DXR loading: 4 h at 49 °C, in-
cubation in DPBS buffer), followed by dialysis in Float-A-Lyzer devices
(MWCO 1000 kDa, G235037, Spectrum Labs, Los Angeles, California,
USA). In case of HSPC-based liposomes, DXR had been loaded for 1 h at
65 °C from 10mM HEPES buffer pH 7.0. Liposome-bound mAb con-
centration was calculated from the peak area of both
(DMA–PEG)–CH–LPETG–mAb and (DMA–PEG)2–CH–LPETG–mAb after
analysis with above described rp-HPLC method using a 2.5 µM sample
of non-lipidated CH–LPETG–mAb as reference.

3.6. Cryo transmission electron microscopy

Cryo transmission electron microscopy (cryo–TEM) studies were
done according to a method described by Klaiber and colleagues [29].
In brief, a thin sample film stretched over the lace holes of a hydro-
philized carbon grid was shock frozen by rapid immersion in liquid
ethane (97 K). Microscopic examinations utilized a Zeiss/LEO EM922
Omega EFTEM (Zeiss Microscopy GmbH, Jena, Germany) operated at
an acceleration voltage of 200 kV and a temperature of 95 K. Images
were taken and processed by a digital camera and software system
(Gatan, München, Germany).

3.7. In vitro cytotoxicity

Cytotoxicity of EGFR- and HEL-targeted liposomes (the latter used
as an isotype control) was tested on EGFR-positive cells (MDA-MB-468).
10,000 cells were seeded in 80 µL growth medium (RPMI supplemented
with 10% fetal calf serum, 2mM L-glutamine and 1mM Na–pyruvate)
in 96–well plates and incubated overnight at 5% CO2 and 37 °C in
a humidified atmosphere. Dilution series of antibody-modified
formulations or control groups were prepared in medium and added to
the cells, spanning a final DXR concentration from 100 µg/mL to
1.2×10−4 µg/mL (5.5fold dilution series, 9 concentrations tested).
Wells with cells but without test compound as well as without cells
were included as controls. Wells were incubated for 4 h at 37 °C, care-
fully washed three times with 125 µL fresh medium each and incubated
for another 3 days in 100 µL fresh medium. Finally, cell viability was
assessed by using CellTiterGlo® luminescent cell viability assay
(Promega, Madison, WI, USA) according to the manufacturer’s in-
structions. Data was normalized using wells with cells but without test
compound as 100% and those without cells as 0%. IC50 values and
statistics were determined by fitting to a 4-parameter regression model
with GraphPad Prism software (GraphPad Software, La Jolla, CA, USA).

4. Results and discussion

4.1. Liposomal formulation development

Sortaggable, pentaglycine modified liposomes were prepared by a
continuous and scalable solvent injection process utilizing a binary
pumping system and a T–shaped mixing element as described earlier
[27]. Buffer flow rate was screened for influence on hydrodynamic
diameter (dh) and PDI (Fig. 1). Mean size was reduced with increased
buffer flow due to increased shear forces at the injection site [30].

Compared to previously reported manufacturing processes, slightly
larger (20 nm) dh were obtained in ammonium sulfate buffer compared
to DPBS [27], although other manufacturing parameters (lipid com-
position and molarity; organic solvent, flow rates) were equal. This
indicates the influence of buffer type on the liposome formation me-
chanism or on the bilayer appearance. Here, lipid headgroups may in-
teract with salts or change their protonation status due to different pH,
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leading to a change of their headgroup volume. PDI was < 0.25 for all
settings, what indicates an acceptable polydispersity of the dispersion.
A buffer flow rate of 120mL/min was chosen for further experiments to
prepare liposomes with a mean size of ≈150 nm. This size was pre-
viously shown as suitable for effective targeting of myeloid immune
cells in vitro [27] and in vivo [31] with equally composed pentaglycine
liposomes. Tangential flow filtration was used to exchange the sur-
rounding buffer to DPBS and to concentrate the liposomal dispersion.
These pH and ammonium sulfate gradient pentaglycine liposomes were
stable at 2–8 °C for eight weeks regarding physical parameters (size,
PDI, zeta potential; Supplementary Fig. 1). Furthermore, the liposomes
were found to be chemically stable as the bilayer composition was
maintained during storage (Supplementary Fig. 2). Active loading of
drugs to liposomes via a pH and salt gradient typically requires heating
to the transition temperature (tm) of the bilayer [28]. tm of the lipid
blend including the pentaglycine lipids was therefore determined by
DSC (Supplementary Fig. 3). The measured tm of 43.7 ± 1.8 °C was
comparable to the tm of the major component DPPC (tm=41 °C [32]).
As expected, the tm was not altered by the integrated DMA–PEG–G5 in a
relevant manner compared to previous studies. Therefore loading ex-
periments were conducted at 49 °C [28]. DXR loading duration was

evaluated by dialyzing aliquots drawn from the loading bulk after dif-
ferent time points (Fig. 2) in a dialysis bag (10 kDa membrane cut–off).
This molecular weight cut–off was suitable to ensure sufficient per-
meability for the small molecule DXR (543.5 Da). Surprisingly, after
lipid and DXR content determination, low encapsulation efficiencies
(< 50%) were obtained for short loading times up to 4 h (Fig. 2).

This was an unexpected result, as typical encapsulation efficiencies
for doxorubicin via ammonium sulfate remote loading procedure
are> 90% [6]. We therefore further increased the loading time,
achieving encapsulation efficiencies of 89 ± 5% after 24 h, however
with significant impact on chemical and physical stability of the lipo-
somes. DMA-PEG-G5 bilayer fraction decreased upon long lasting in-
cubation at 49 °C, indicating a temperature sensitivity of this lipid
(Fig. 2). Furthermore, liposome size and PDI increased with continuing
incubation (Supplementary Fig. 4).

We hypothesized, that the loading buffer was the reason for initially
low encapsulation efficiencies. A phosphate buffer was used to obtain a
liposomal dispersion ready for Sortase–A conjugation, similar to a
previously described protocol for liposome modification [27]. Phos-
phate salts are known to form a gel-like, viscous dispersion with DXR
[33,34]. This may hinder an efficient and fast DXR diffusion through
the liposome membrane, thereby increasing the required time for an
exhaustive loading. This was supported by an inverse correlation of
loading efficiency and absolute phosphate concentration in the loading
mix (Supplementary Fig. 5), resulting from different mixing ratios of
the DPBS-surrounded liposome dispersion and the aqueous DXR stock
solution. Further increases of loading efficiency were observed when an
additional dialysis step was added after TFF, most likely by an en-
hancement of the salt and pH–gradient by a reduction of ammonium
sulfate residuals. These small solutes may underlie a quick reverse
diffusion over the TFF–membrane (molecular weight cut–off: 500 kDa)
[35], hampering an efficient ammonium sulfate gradient generation.
The additional dialysis step prior to DXR loading increased the en-
capsulation efficiency to 93% at a phosphate concentration of 0.58mM
(4 h incubation).

Cryo–TEM was used to image the liposomes individually after sol-
vent injection, tangential flow filtration and doxorubicin loading
(Fig. 3). Mostly spherical, uni- to bilamellar vesicles were observed
after injection and tangential flow filtration. DXR loading had dramatic
effects on the liposome appearance: different from frequently reported
“coffee-bean” or “rugby” structures [17], many liposomes had a rod–-
like appearance, probably due to a subsequent growing doxorubicin
precipitate in the liposome interior. These rod-like, drug-loaded lipo-
somes had lengths of several hundred nanometers. Furthermore,
“donut”-like structures were observed. The precipitate inside the ve-
sicles had a fibrous appearance with a periodicity of about 3 nm,
comparable to previous descriptions of such liposomes being loaded via
the ammonium sulfate method [36]. Though partly present already
after solvent injection and TFF, plenty of disk-like micelle structures
were observed especially after doxorubicin-loading. Lasic et al. sug-
gested that the presence of DSPE–mPEG stabilized these flat structures
[36,37]. Subsequent processing such as tangential flow filtration and
DXR loading may enhance their formation by increased stress factors
like shearing during pumping and elevated temperature during loading.
Thus, we investigated whether loading time or loading medium may
influence the liposome appearance. While reduction of the incubation
to 1 h did not lead to a homogenous dispersion (Fig. 3E), exchanging
the loading medium from DPBS to HEPES buffer (as frequently de-
scribed by various groups [33,38–41]) had considerable influence on
the liposome appearance (Fig. 3F). Typical coffee-bean structures were
obtained by this method and less rod-like structures were observed.
Interestingly, though liposomes appeared quite different in cryo–TEM,
dynamic light scattering measurements did not indicate such distinct
differences (Supplementary Table 1). It remains unclear why the
loading medium has such a high impact on the precipitate dimension
inside the vesicles. There might be a co-diffusion of a doxorubicin-

Fig. 1. Liposomal size adjustment. The total flow rate was varied to optimize
the hydrodynamic diameter (dh) and polydispersity index (PDI) of the lipo-
somal dispersion obtained from lipid injection into 250mM ammonium sulfate
buffer. Mean size was adjustable between 200 and 130 nm, PDI was < 0.25
(reference line) for all settings.

Fig. 2. Doxorubicin loading to pentaglycine modified, PEGylated liposomes.
Encapsulation efficiency was low for short incubation times≤4 h and in-
creased up to 89% after a 24 h loading. The amount of DMA-PEG-G5 in the
bilayer concomitantly decreased with prolonged loading at elevated tempera-
ture (49 °C), indicating a thermodynamic lability of this amino acid lipid. Data
is shown as mean ± standard deviation of loading experiments with three li-
posome batches.
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phosphate salt inside the liposome interior during the loading at ele-
vated temperature, or slight phosphate “loading” during the shearing
caused by the peristaltic pump during TFF. Presence of different anions
in the liposome interior are known to have significant impact on the
appearance of the precipitate [42]. Low concentrations of phosphate
anions inside the liposomes may therefore influence DXR precipitate
morphology, thereby leading to the observed rod-like structures.

4.2. Ligand conjugation

Sortase-A was used to graft CH–LPETG–mAbs on the pentaglycine
modified liposomal surface (Scheme 1). This enzyme promotes a

transpeptidation between the threonine of the LPETG stretch and the N-
terminal amino group of the pentaglycine lipid anchor. Since the
LPETG-motif was C-terminally attached to both heavy chain C-termini
of the homodimeric antibody, two modifications per CH–LPETG–mAb
were distinguishable (mono–modification, termed as (DMA–-
PEG)–CH–LPETG–mAb, and a di–modification, termed as (DMA-PEG)2-
CH–LPETG–mAb).

Both expected conjugate species were observed as separate peaks in
a rp–HPLC analysis (Fig. 4). Liposomes equivalent to 100 µM penta-
glycine, from which roughly 50 µM were estimated to be accessible for
the reaction due to their presence on the outer leaflet of the bilayer
(assuming an even distribution in the layers), were incubated with

Fig. 3. Representative cryo–TEM pictures of pentaglycine liposomes prepared by solvent injection. A: after solvent injection in ammonium sulfate buffer; B: after
rebuffering to DPBS; C and D: after DXR loading (4 h incubation, from DPBS); E: after DXR loading (1 h incubation, from DPBS); F: after DXR loading (1 h incubation,
from HEPES buffer).

Scheme 1. Schematic conjugation of CH–LPETG–mAb onto a PEGylated, pentaglycine modified bilayer.
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various concentrations of CH–LPETG–C225. Since macroscopically
visible precipitation occurred with initially used high ratios of
CH–LPETG–C225 towards the liposomes (50 µM CH–LPETG–C225 to
100 µM total pentaglycine), we systematically screened reaction con-
ditions for a stable conjugation protocol (Fig. 5).

For that purpose, a cuvette-based dynamic light scattering mea-
surement was deployed and the laser light attenuation corrected (“de-
rived”) count rate was used as a parameter for colloidal stability. Here,
sedimentation of insoluble aggregates decreases the optical density of
the sample in the measurement zone of the cuvette. Monitoring of the
derived count rate clearly showed a correlation between the initial
CH–LPETG–C225 concentration and the colloidal stability. The count
rate decreased drastically for 25 and 5 µM initial CH–LPETG–C225
concentration. Only in case of very low CH–LPETG–mAb concentrations
(1 µM), a completely stable reaction was observed, indicated by an
unchanged count rate, dh and PDI. The dh increased especially for the
higher concentrations of 5 and 25 µM, followed by a decrease down to
≈100 nm due to aggregation and sedimentation. The PDI followed a
similar behavior for those two concentrations applied. Liposomes

modified with 2.5 µM CH–LPETG–C225 showed an intermediate beha-
vior. Although the derived count rate decreased significantly for this
group, no changes in mean size or PDI were observed. This indicates the
formation of a fraction of insoluble and sedimenting aggregates, which
are not suitable to be detected by DLS, since they are typically con-
sidered as dust by DLS algorithms. Hence, they do not contribute to
calculation of the dh or PDI. Control groups including pure liposomes, a
sample of liposomes and 25 µM CH–LPETG–C225 without Sortase–A as
well as a mixture of liposomes, 50 µM LPETG–VHH and Sortase–A did
not show aggregation (Supplementary Fig. 6). The mass ratio of protein
to lipid was similar for the reaction conditions of 50 µM VHH and 5 µM
CH–LPETG–C225. Potentially, the dual mAb modification results in a
cross linking of liposomes via Sortase–A and is thereby responsible for
the high aggregation propensity at increased antibody concentrations.

Fig. 4. rp–HPLC analysis of Sortase-A mediated CH–LPETG–aHEL conjugation
to pentaglycine-modified liposomes. Reaction conditions: Sortase-A (25 µM),
CH–LPETG–aHEL (1 µM) and liposomes (100 µM based on pentaglycine con-
tent); incubated for 2 h at 4 °C.

Fig. 5. Colloidal stability of the liposomal dispersion during sortagging. CH–LPETG–C225 was spiked in different concentrations to 100 µM pentaglycine of DXR
loaded liposomes and 25 µM Sortase-A. The reaction progress was monitored by dynamic light scattering for the derived count rate, hydrodynamic diameter and
polydispersity index. Strong losses of light scattering intensity indicates aggregation and sedimentation during the reaction.

Fig. 6. Kinetics of Sortase–A (25 µM) mediated conjugation of CH–LPETG–aHEL
(1 µM) to pentaglycine-modified, PEGylated liposomes. The mono-modified
(DMA-PEG)–CH–LPETG–aHEL is the major product for up to 1.5 h incubation,
after which the di-modified (DMA-PEG)2-CH–LPETG–aHEL is the dominant
fraction. A significant reverse reaction can be observed between 4 h and 14 h,
indicated by an increase of the non-lipidated CH–LPETG–aHEL fraction in the
terminal reaction phase. The maximum amount of aHEL conjugated to the li-
posomes (sum of mono- and di-modified mAb) was observed after 4 h (78.4mol
%).
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To gain deeper insights into the conjugation kinetic of
CH–LPETG–mAbs towards the pentaglycine modified surface of the
PEGylated liposomes, the reaction of 1 µM CH–LPETG–aHEL
towards DXR–free liposomes was monitored over 14 h by rp–HPLC.
Interestingly, the conversion followed a disproportionation profile
(Fig. 6). Since the Sortase–A recognition motif LPETG is reformed
during the reaction and, hence, also existing in the mAb-liposome
product (Scheme 1), the latter can serve as a substrate for another
reaction cycle. This reaction can either be the reverse reaction,
which would result in deconjugation, or hydrolysis as a general side
reaction of sortagging. For up to 4 h, the lipidation of
CH–LPETG–aHEL is the predominant reaction. After 4 h,
most CH–LPETG–aHEL was converted into (DMA-PEG)2-
CH–LPETG–aHEL (56.3 ± 1.0 mol%), with a minor increase after a
prolonged incubation to 14 h (61.8 ± 1.5 mol%). Compared to
that, the (DMA-PEG)–CH–LPETG–aHEL fraction reduced from
22.1 ± 3.2 mol% to 6.7 ± 0.5 mol% in the terminal reaction
phase. Interestingly, unconjugated CH–LPETG–aHEL fraction
showed an increase from 21.0 ± 0.5 mol% to 30.5 ± 2.6 mol%
between 4 h and 14 h. CH–LPET-aHEL lacking the hydrolyzed
terminal glycine is expected to elute with intact CH–LPETG–aHEL in
the rp–HPLC analysis (Fig. 4). Thus, the reaction kinetic indicated
that not the di-modification, but a hydrolytic cleavage of (DMA-
PEG)–CH–LPETG–aHEL towards CH-LPET-aHEL was predominant in
the terminal phase of the reaction. The prolonged incubation
therefore especially impacts the fraction of mono-modified mAb
and reduces the total amount of ligand conjugated to the liposomes.
On the other hand, a prolonged sortagging reaction improves che-
mical homogeneity of the obtained immunoliposomes, since the
intermediate (DMA-PEG)–CH–LPETG–aHEL fraction is reduced
compared to the final product (DMA-PEG)2–CH–LPETG–aHEL.

Summarizing the investigations on reaction conditions and kinetics,
it can be concluded that the initial concentration of CH–LPETG–aHEL
should not exceed 2.5 µM to prevent extensive aggregation of the li-
posomal dispersion at the investigated conditions (4 °C incubation
temperature, 25 µM Sortase–A, 100 µM pentaglycine). The kinetic in-
vestigations identified that the maximal amount (78.4 mol% of 1 µM)
was conjugated to the PEGylated liposomes after 4 h, either as mono- or
di-modified variant. Hence, these conditions were chosen to prepare
DXR-loaded immunoliposomes for in vitro cytotoxicity tests.

4.3. In vitro cytotoxicity of targeted DXR-liposomes on breast cancer cells

In order to evaluate if doxorubicin encapsulation in functionalized
liposomes simultaneously mediated decreased unspecific toxicity but
increased targeted activity against EGFR+ cells, we performed in vitro
cytotoxicity assays. DPPC based, DXR loaded liposomes were modified
with 1.0 or 2.5 µM CH–LPETG–aHEL or CH–LPETG–C225, respectively,
and purified by dialysis. For that purpose, a dialysis device with a
membrane molecular weight cut–off of 1000 kDa was chosen, which
should ensure a sufficient permeability for Sortase–A (20.9 kDa) as well
as monoclonal antibodies (CH–LPETG–aHEL: 146.1 kDa,

CH–LPETG–C225: 146.7 kDa). Furthermore, these devices were pre-
viously reported to retain the nanoparticulate liposome dispersion in a
sufficient manner (lipid recovery > 88%, [31]). DPPC-based liposomes
modified with 1.0 or 2.5 µM CH–LPETG–C225 or CH–LPETG–aHEL
showed neither changes in the hydrodynamic diameter nor in PDI
(Table 1) after the final liposome processing compared to the non-
conjugated control. No macroscopically visible precipitation or lipid
loss (data not shown) was observed.

EGFR+ MDA–MB–468 cells were exposed to the dialyzed formula-
tions for 4 h and, after careful medium exchange, incubated for another
3 days in pure growth medium. It should be tested whether the drug
encapsulation could first decrease the unspecific toxicity of pure dox-
orubicin, and second, whether a selective targeting via the
EGF-receptor was able to re-increase the cytotoxicity in vitro (Fig. 7).
Pure doxorubicin had an IC50 of 0.3 ± 1.2 µg/mL (Fig. 8), which is in
line with previously reported IC50 values on this cell line (Mamot et al:
0.8 µg/mL [40]). Encapsulation of DXR in the pentaglycine modified,
PEGylated liposomes (DPPC–LS) led to an 18fold decrease of toxicity as
indicated by an appropriate increase in IC50 (Fig. 8A). Similar values
were obtained for the isotype-control CH–LPETG–aHEL carrying
immunoliposomes (19fold and 21fold increase for 1.5 µM-aHEL-DPPC-
LS and 2.5 µM-aHEL-DPPC-LS, respectively; not significantly different
from mAb–free DPPC-LS). Drug-free (empty) liposomes were not toxic
(tested up to 1.3mM total lipid, Fig. 7). Conjugation of
CH–LPETG–C225 mediated an increased cytotoxicity of the liposomes to
an IC50 of 3.2 µg/mL for 1.0 µM-C225-DPPC-LS and 2.2 µg/mL for
2.5 µM-C225-DPPC-LS, latter significantly different from
DPPC–LS (p < 0.05, Fig. 8A). This indicates a targeted cytotoxicity,
that is further amplified at higher ligand densities. Cellular specificity,
meaning selective toxicity of C225-targeted liposomes on EGFR-over-
expressing cells, but equal toxicity of targeted and non-targeted
liposomes on EGFR− cells has been demonstrated several times with
comparable liposomal constructs [40,43] or C225-based ADCs [24].
The here presented targeted cytotoxicity was also not due to synergistic
effects of CH–LPETG–C225 and liposomal doxorubicin, as a physical
mixture (CH–LPETG–C225: DXR ratio equal to 2.5 µM-C225-DPPC-LS)
showed cytotoxicity comparable to the isotype- or unconjugated
liposomes. This underlines the requirement of a stable (covalent)
anchoring of the ligand onto the targeted drug delivery system.

Previous reports suggested a density of 0.3–1.2 nM ligand/µM
phospholipid for C225 Fab’ targeted DXR liposomes, reaching IC50 va-
lues of 1.1 µg/mL on the same cell line [38,40]. The ligand density of
the presented liposomes ranged from 0.05–0.15 nM ligand/µM phos-
pholipid (Table 1). For direct comparison it should be considered, that
monoclonal antibodies provide two ligand binding sites compared to a
Fab’ fragment. Interestingly, we found only slightly higher IC50 values
for the 2.5 µM-C225-DPPC-LS constructs (1.1 µg/mL described by
Mamot et al. versus 2.2 µg/mL described here). However, more drastic
differences were observed for untargeted DPPC–LS (32 µg/mL versus
5.8 µg/mL).

The higher unspecific toxicity of the presented system led to the
question whether the particle shape or usage of DPPC (instead of the

Table 1
Physico-chemical parameters of EGFR targeted DXR-liposomes and control groups (standard deviation shown for triplicate analyses).

Formulation dh [nm] PDI zp [mV] DXR:mAb ratio nM mAB/µM PL

DPPC-LS 142+1 0.19+ 0.03 −9.3+ 0.5 – –
1.0 µM-aHEL-DPPC-LS 143+1 0.19+ 0.01 −7.5+ 0.4 5982 0.057
2.5 µM-aHEL-DPPC-LS 144+0 0.20+ 0.00 −5.3+ 0.8 2418 0.138
1.0 µM-C225-DPPC-LS 143+1 0.20+ 0.01 −8.0+ 0.3 6334 0.053
2.5 µM-C225-DPPC-LS 145+1 0.19+ 0.02 −7.2+ 0.2 2327 0.147

HSPC-LS 120+1 0.22+ 0.00 −14.8+0.6 – –
1.0 µM-aHEL-HSPC-LS 101+2 0.23+ 0.01 −12.6+0.3 4911 0.072
1.0 µM-C225-HSPC-LS 121+1 0.22+ 0.01 −10.7+0.2 5732 0.062
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higher melting HSPC) was the reason for this observation. We therefore
prepared HPSC-based liposomes (HSPC-LS) which were loaded with
DXR from HEPES buffer to achieve a predominant “coffee–bean” shape
based on our morphological investigations (Fig. 3) and previously re-
ported cryo-TEM analysis of comparably prepared liposomes [42]. An
overview of the different liposomal preparation conditions, the corre-
sponding morphological analyses and link to cytotoxicity read–out is
given in Supplementary Table 1. The HSPC-LS were then conjugated
with either 1.0 or 2.5 µM CH–LPETG–aHEL or CH–LPETG–C225. The
reaction behavior was found to be less stable in HEPES compared to
DPBS, as strong precipitation was observed for the 2.5 µM group, which
was therefore not considered for in vitro analyses. Minor aggregates in
the 1.0 µM group were removed by centrifugation (5min at 800× g),
leading to a lipid loss of 10–25% (data not shown). Interestingly, neg-
ligible impact on IC50 values compared to DPPC-LS was observed
(5.3 ± 1.1, 6.4 ± 1.1 and 2.1 ± 1.2 µg/mL for ligand free,
CH–LPETG–aHEL and CH–LPETG–C225-modifed liposomes, respec-
tively; Fig. 8B). This suggests a minor influence of DPPC or HSPC usage
and also DXR-loading procedure on the in vitro performance. The non-
targeted DPPC- and HSPC–based formulations showed no significant
differences of unspecific toxicity that could have been caused by the
different morphology or bilayer rigidity. The unspecific toxicity was

unexpectedly high, expressed in a ratio of 2.5 between the IC50 value of
non-targeted HSPC–LS and 1.0 µM–C225–HSPC–LS. Mamot et al. re-
ported a ratio of 29 between comparably composed targeted or non-
targeted liposomes on the same cell line [40]. This difference may be
explained by different cytotoxicity experiment settings. Especially the
longer exposition of cells (2 h in literature compared to 4 h in the
presented report) to the liposomes prior the wash-out may have led to a
drug release and hence higher unspecific toxicity. Comparable ob-
servations were previously reported for CD19-targeted, DXR loaded li-
posomes [44]. Although the authors obtained only low ratios of 4.6 (for
1 h incubation of cells with the liposomes) or 1.8 (for 24 h incubation)
in vitro, the targeted liposomes were able to significantly enhance the
mean survival time of B–lymphoma model mice. Comparably, Zalba
et al. reported a low ratio of 1.5 between the IC50 of EGFR-targeted
(26 µM) or non-targeted (39 µM), oxaliplatin loaded liposomes on SW-
480 cells (colorectal cancer cells) after 4 h incubation. Nevertheless, the
targeted liposomes clearly improved tumor growth inhibition of
SW–480 derived xenografts in mice compared to non–targeted ones
[43]. These results underline that low ratios in IC50 values between
targeted and non-targeted liposomes observed in vitro are not ne-
cessarily predictive for the in vivo performance of the drug delivery
system.

Fig. 7. Viability curves of targeted, DXR-loaded DPPC-LS, HSPC-LS and controls. MDA-MB-468 cells were incubated with the liposomal formulations at different DXR
concentrations (or equivalent lipid concentrations, according to the DXR:lipid ratio of drug loaded LS). After 4 h, medium containing unbound liposomes was
exchanged, followed by a further incubation of the cells for 3 days, until viability was assessed. Free DXR showed highest cytotoxicity, what could be alleviated by
drug encapsulation. EGFR targeting led to a re-increase of cytotoxicity.

Fig. 8. IC50 values of EGFR targeted, DXR
loaded liposomes and controls on MDA-MB-
468 cells (data is shown as mean ±
standard deviation of two biological ex-
periments; * indicates significant differences
(p < 0.05) to the ligand free control). A:
DPPC–based liposomes, loaded with DXR
from DPBS buffer and showing significant
rod-like morphology. B: HSPC-based lipo-
somes, loaded with DXR from HEPES buffer
and assumed to have a predominant “coffee-
bean” structure. Targeted formulations in-
creased cytotoxicity over non-targeted ones.
No relevant differences were observed be-
tween the DPPC and HSPC based formula-
tions.
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5. Conclusion and outlook

In the presented work, we thoroughly investigated the loading of
doxorubicin into pentaglycine modified liposomes which were prepared
in a controllable and scalable manufacturing process. The pentaglycine
lipid anchor was used to conjugate CH–LPETG–mAbs as targeting li-
gands on the drug delivery system by sortagging. The conjugation re-
quired detailed analyses of reaction conditions and kinetics, as a strong
aggregation and precipitation propensity was observed. This was at-
tributed to the presence of two LPETG-motifs per mAb that may lead to
cross–linking between liposomes. Precipitation was circumvented by a
drastic reduction of the CH–LPETG–mAb: lipid ratio during reaction.
This decrease consequently led to decreased ligand
densities < 0.3 nM/µM PL on the liposomal system. Although the li-
gand density was low, the liposomal drug delivery system could in-
crease the specificity of doxorubicin toxicity in vitro in a targeted
manner. This was firstly indicated by an 18fold increase of the IC50 by
drug encapsulation in the carrier. Secondly, grafting of cetuximab on
the liposomal surface led to a re-decrease of the IC50 on breast cancer
cells carrying the targeted structure. This drug targeting effect was li-
gand specific since it was not shown by liposomes functionalized with
an isotype control antibody. Increased ligand density may further im-
prove binding efficacy and internalization of the liposomal system [40],
which is known to be more effective if multivalent (binding of several
receptors) systems are used [45]. Therefore, the use of alternative
sortaggable ligands such as Fab’s, single-chain fragment variables
(scFv) or single–domain antibodies employed with a single
LPxTG–motif should be considered for optimization. This would firstly
reduce the mass per ligand conjugated to the carrier and secondly avoid
liposome cross–linking during conjugation. Furthermore, usage of li-
gands lacking a Fc-domain would also circumvent pharmacokinetic
disadvantages known from full length mAbs used as targeting ligands
for immunoliposomes [43,46–49].

Whether such EGFR-targeted, DXR loaded drug carriers may im-
prove the treatment of solid tumors in humans was recently in-
vestigated in a phase I trial [3]. Interestingly, the authors reported a
remarkably low skin cytotoxicity, an issue which is a major concern in
the development of EGFR-targeted ADCs [24]. This observation may
strengthen the consideration of particulate targeting systems, such as
the described nano–sized liposomal system as an alternative to anti-
body-drug conjugates.
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