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Site-specific conjugation of single domain
antibodies to liposomes enhances photosensitizer
uptake and photodynamic therapy efficacy†
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P. M. P. van Bergen en Henegouwen,c R. J. Pieters,d T. M. Van Gulik,a E. Breukinkb

and M. Heger*a

Photodynamic therapy for therapy-resistant cancers will greatly

benefit from targeted delivery of tumor photosensitizing agents. In

this study, a strategy for the site-specific conjugation of single

domain antibodies onto liposomes containing the photosensitizer

zinc phthalocyanine was developed and tested.

Cancer is commonly treated with surgery, chemotherapy,
radiotherapy, or combinations thereof. However, in the
absence of a sufficient treatment response, patients rely on
alternative methods to attain curation or palliation. One of the
alternative treatments is photodynamic therapy (PDT), which
has yielded promising clinical results in the treatment of
various cancer types,1 including non-resectable pancreatico-
biliary cancers.2,3 The therapy entails the administration of a
photosensitizer that distributes throughout the body and
accumulates non-selectively in the tumor mass. Subsequent
irradiation of the tumor tissue with high-intensity light excites
the photosensitizer, which transfers its energy to molecular
oxygen to yield singlet oxygen in the process. Alternatively,
excited photosensitizers transfer their excited electrons to
oxygen to produce superoxide anion. Both types of reactive
oxygen species (ROS) are capable of oxidizing biomolecules
and, when produced excessively during PDT, induce lethal oxi-
dative stress in light-exposed tumor cells.4 Despite the notable
therapeutic efficacy of PDT, its clinical implementation is
restricted due to unfavorable pharmacokinetic properties of

conventional photosensitizers, which gives rise to non-specific
accumulation in the skin and associated adverse events such
as skin phototoxicity.

To increase the specific delivery of photosensitizers to
tumors, we have studied the feasibility of encapsulating the
2nd-generation photosensitizer zinc phthalocyanine (ZnPC)
into liposomes intended for passive but specific photosensiti-
zer delivery to tumor tissue via the tumor’s enhanced per-
meability and retention (EPR) effect.5 The experiments
demonstrated that ZnPC-containing liposomes were photo-
dynamically active and capable of inducing tumor cell death,
despite limited cellular uptake.6

As an alternative or in addition to these passively targeted
liposomes that localize extracellularly, immunotargeted lipo-
somes may hold significant potential as the photosensitizing
agents are delivered specifically to the target tissue and are
released intracellularly. A variety of immunotargeted liposomes
have been prepared for the selective delivery of doxorubicin to
various malignancies,7–9 and targeted modalities for PDT such
as immunoconjugates, polyacrylamide nanoparticles, and
polymeric micelles10–13 have been investigated. However, the
use of liposomes is advantageous over other drug delivery
modalities as it has the capacity to simultaneously encapsulate
hydrophobic and hydrophilic agents such as photosensitizers
and adjuvant therapeutics. The rationale for co-encapsulating
pharmacological adjuvants in photosensitizer-bearing lipo-
somes has been explained in1 and its utility proven in several
recent papers.14–16 Nevertheless, targeted liposomal drug deliv-
ery modalities have been sparsely investigated for application in
PDT, despite promising in vitro17–22 and in vivo findings.23,24

A major challenge for the immunotargeting of liposomes is
the use of full length- or partial antibodies (55–150 kDa), which
may be incompatible with liposomal preparation techniques,25

or negatively affect the biodistributive behavior of the lipo-
somes, which is largely governed by vesicle size.26 Therefore, the
use of highly (thermo)stable sdAbs derived from camelid immu-
noglobulins (also termed VHH, or nanobodies, 15 kDa) is an
interesting alternative.27
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The aim of this study was to develop sdAb-functionalized,
tumor-targeted liposomes (TTLs) by site-specifically conjugat-
ing EGa1 sdAbs against human epidermal growth factor recep-
tor (EGFR, a growth-promoting cell surface receptor
overexpressed by many tumor types28) onto ZnPC-containing
liposomes. The sdAb’s small size and relatively large surface
area involved in antigen binding makes random conjugation
to liposomal anchors potentially deleterious. Because the
ligand binding site has a high likelihood to become obstructed
during random conjugation, there is an urgent need for a
more site-specific conjugation strategy.29 To facilitate site-
specific conjugation, a fusion protein composed of an anti-
EGFR sdAb, an intein domain that can be cleaved with thiolat-
ing agents,30 and an elastin-like polypeptide (ELP) was
expressed in Escherichia coli BLR (DE3). The protein was puri-
fied by immobilized metal affinity chromatograpy and revers-
ible precipitation of the ELP domain.31 Subsequently, several
thiolating compounds were explored for expressed protein
ligation (ExPL) to yield a C-termin functionalized sdAb.

To determine whether site-specific labeling is more
effective than random labeling in terms of binding affinity of
the sdAb to the target ligand, the sdAb was cleaved from the
fusion protein using either sodium 2-sulfanylethanesulfonate
(MESNA, leaving a non-functional sulfonate) or cysteamine
(CA, leaving a functional thiol). Following cleavage and purifi-
cation, sdAb-MESNA was randomly conjugated to N-hydroxy-
succinimide (NHS)-IRDye800 at primary amines (e.g.,
N-terminus and side chains of Lys), whereas the sdAb-CA was
more site-specifically conjugated to maleimide (Mal)-IRDye800
at the C-terminally introduced thiol (Fig. 1A). The ExPL rate

constants (k) and plateaus were not significantly different
between MESNA and CA (Fig. 1B and Table S1†). Both sdAbs
were efficiently conjugated to 4 molar equivalents of IRDye800
(Fig. S1†). Subsequently, the binding affinity of sdAb-dye com-
plexes was assessed on A431 cells under non-internalizing con-
ditions (4 °C). With an equilibrium binding constant (Kd) of
29 nM, the site-specific conjugation yielded significantly
tighter binding compared to random conjugation (Kd = 98 nM,
p = 0.008) (Fig. 1C and Table S2†). Consequently, site-specific
conjugation was employed in all subsequent experiments.

To assess whether site-specific conjugation of sdAbs to lipo-
somes would lead to increased photosensitizer delivery, lipo-
somes that were sterically stabilized with polyethylene glycol-
Mal were prepared (summarized in Table S3†). The sdAb-CA
was ligated to the lipid-anchored polyethylene glycol Mal on
the liposomal surface (Fig. S2†), after which the Mal moieties
on the liposome surface were blocked with β-mercaptoethanol
(BME). Subsequently, liposomal uptake was determined in
both EGFR-positive human epidermoid carcinoma (A431) cells
and EGFR-negative 3T3 2.2 murine fibroblasts. The TTLs were
selectively taken up by EGFR overexpressing cells as deter-
mined by fluorescence spectroscopy and confocal laser scan-
ning microscopy (Fig. 2). The liposomes exerted no toxicity to
either cell type (Fig. S3†).

The potential of TTLs to facilitate increased intracellular
ZnPC delivery compared to non-targeted liposomes (NTLs) was
investigated next. The TTLs were prepared with ZnPC in the
lipid bilayer at a final ZnPC : lipid ratio of 0.003. A431 cells
incubated with TTLs showed significantly higher ZnPC fluo-
rescence compared to cells exposed to NTLs under similar con-
ditions (Fig. 3A). Viability analysis showed that, despite

Fig. 1 (A) Schematic illustration of the thiol-mediated intein cleavage
by MESNA and CA, and the subsequent NHS-mediated random conju-
gation of IRDye800 to the sdAb and the Mal-mediated site-specific con-
jugation of IRDye800 to the sdAb. (B) One phase exponential decay
curves of the ExPL efficiency of CA, MESNA, and β-mercaptoethanol
(BME, positive control). Data represent mean ± SEM of N = 3. (C) One
site specific binding curves for nanobody-IRDye800 conjugate binding
to A431 cells. All conjugations were done at a dye : antibody ratio of 4 : 1.
The data were normalized to the highest IRDye800 fluorescence
intensity obtained with 100 nM sdAb-CA + Mal-IRDye. Data represent
mean ± SEM of N = 6.

Fig. 2 Association of rhodamine (Rho)-labeled TTLs and Rho-NTLs
with A431 cells (A) and 3T3 2.2 cells (B), plotted as a function of final
lipid concentration. All data represent the mean ± SD of N = 6. Statistical
analyses were performed with a one-way ANOVA and a Tukey’s post-
hoc test. (C) Confocal laser scanning microscopy of A431 and 3T3 2.2
cells after incubation with fluorescently (NBD)-labeled TTLs or NTLs.
NBD (liposomes) is shown in green, MTR (mitochondria) is shown in red,
and DAPI (nuclei) is shown in blue. Scale bar = 25 μm.
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exposure to the anti-EGFR sdAbs and increased ZnPC concen-
trations, there was no notable toxicity associated with TTLs in
the absence of light irradiation (Fig. 3B). Although ZnPC is a
relatively weak fluorophore, the increased ZnPC delivery into
A431 cells following incubation with TTLs was confirmed by
confocal laser scanning microscopy (Fig. 3C and D and
Fig. S4†). Microscopy revealed a distinct localization pattern
for ZnPC compared to NBD-labeled phospholipids (Fig. 2C),
suggesting that ZnPC escapes the liposomes and distributes to
organellar membranes following liposome internalization.

To determine whether the observed increased delivery of
ZnPC to EGFR-positive cells by the TTLs would result in
enhanced PDT, the PDT efficacy of TTLs was tested in A431
and 3T3 2.2 cells. Cells were incubated with 125 µM TTLs
(final lipid concentration) for 10 min to allow binding,
washed, incubated for 2 h to facilitate TTL uptake, and
subsequently irradiated at a radiant exposure of 10 J cm−2.
Viability was assessed after 24 h. There was a dose-dependent
relationship between the TTLs and PDT efficacy in A431 cells
(Fig. 4A), which is in agreement with the uptake data (Fig. 2A
and 3A). NTLs also exerted some PDT-induced cytotoxicity in
A431 cells, albeit at substantially higher concentrations. Both
NTLs and TTLs had no significant effect on 3T3 2.2 cells.
Finally, we determined the effect of increasing drug-light inter-
vals on PDT efficacy (125 µM TTLs) in pulse-chase experi-
ments. A drug-light interval of 0.5 h increased the efficacy of
PDT with TTLs, and this effect prevailed up to a drug-light

interval of 4 h (Fig. 4B). At longer drug-light intervals, the
efficacy of PDT decreased. This may have been caused by
excretion of ZnPC from the cells, biotransformation of ZnPC,
and/or time-dependent redistribution of ZnPC to organelles
that trigger less extensive cell death signaling after PDT.32

The NTLs exhibited increased PDT efficacy at longer drug-
light intervals, implying that these liposomes did interact
with the tumor cells during the 10 min incubation period but
were internalized at a slower rate compared to TTLs. In
summary, the ZnPC-loaded TTLs greatly enhanced the efficacy
of PDT of EGFR-overexpressing cells compared to ZnPC-
containing NTLs.

This study produced several important findings regarding
immunotargeted liposomes. It was shown that site-specific
conjugation of nanobodies to anchor molecules is beneficial
over random NHS-based conjugation in terms of receptor
binding efficacy. Moreover, sdAb-grafted liposomes exerted
favorable and selective uptake characteristics and markedly
increased PDT efficacy compared to NTLs. The latter is in
agreement with prevailing literature on the uptake and
therapeutic efficacy of immunotargeted liposomes as a drug
delivery system.32 Another interesting observation was that the
liposomal ZnPC was not retained in the liposomes following
cellular uptake, but distributed to different intracellular loci
following uptake.

By fully utilizing the EPR effect to deliver TTLs to the tumor
site, TTLs can subsequently be internalized by the tumor cells.
This imparts a significant advantage over NTLs, which gener-
ally refrain from interacting with the tumor cells.33 In this
study, an sdAb against human EGFR receptor was utilized to
bestow specific targeting properties upon the liposomes. EGFR
is a tyrosine kinase receptor that is activated when EGF binds
to its extracellular domain, resulting in a signaling cascade
that stimulates proliferation and survival.28 As such, EGFR is
often overexpressed by tumors of varying origins, including

Fig. 4 (A) Relative viability of A431 and 3T3 2.2 cells after photosensiti-
zation with increasing concentrations of TTLs or NTLs and subsequent
irradiation (10 J cm−2). Data represent the mean ± SD of N = 6. Statistical
testing was performed using a Kruskal–Wallis test and Dunn’s multiple
comparison analysis. Asterisks indicate differences between A431 cells
incubated with TTLs and NTLs, pound signs indicate differences
between the two cell lines undergoing similar treatment. (B) Relative via-
bility of A431 cells after PDT after a 10 min exposure (pulse) to 125 μM
TTLs or NTLs as a function of the drug-light interval (chase). Viability
was assessed at 24 h post-PDT. All data represent the mean ± SD of N =
6. Statistical analysis was performed using a one-way ANOVA and Sidak’s
post-hoc test for multiple comparisons between the TTLs and NTLs.Fig. 3 (A) Extent of intracellular ZnPC delivery by TTLs and NTLs in

A431 cells, plotted as a function of final lipid concentration. (B) Viability
of A431 cells exposed to increasing concentrations of ZnPC-containing
TTLs and NTLs in the absence of light irradiation (dark toxicity). All data
represent the mean ± SD of N = 6. Statistical analyses were performed
with a one-way ANOVA and a Tukey’s post-hoc test. (C and D) Confocal
laser scanning microscopy images of A431 cells incubated with TTLs (C)
and NTLs (D). Cells were stained with DAPI (nuclei, blue) and MitoTracker
(mitochondria, green). ZnPC as delivered by NTLs (C) and TTLs (D) is
shown in red. Scale bar = 10 μm.
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tumor types that are eligible for, but typically respond poorly
to PDT. These include bladder tumors,34 nasopharyngeal carci-
noma,35 and pancreaticobiliary cancers.36,37 Inhibition of
EGFR has also been shown to work in synergy with PDT to
improve therapeutic efficacy,38 thereby signifying the
importance of a PDT regimen that targets EGFR-overexpressing
cells.

Although immunotargeting to EGFR is clinically relevant, it
should be emphasized that the nanobody used in this study
can be exchanged to target different antigens and accommo-
date different cellular phenotypes. Additionally, the co-encap-
sulation and selective delivery of different hydrophobic and
hydrophilic drugs is possible,14–16,25 enabling a variety of
potential applications for the liposome–nanobody conjugates
described in this study.

Given the novelty of using sdAbs in combination with lipo-
somal drug delivery, only few reports have appeared on the
in vivo application of this modality. Although sdAb–liposome
conjugates have therapeutic potential in vivo,39,40 a compre-
hensive analysis of drug delivery efficacy in relation to non-tar-
geted or mAb-functionalized liposomes has not been
undertaken. With respect to conventional mAb-immunotar-
geted liposomes compared to non-targeted liposomes, both
types of liposomes are typically equally effective with respect to
tumor-specific accumulation in vivo, yet the immunotargeted
liposomes generally display higher therapeutic efficacy.8 It is
believed that this enhanced therapeutic efficacy stems from
the passive EPR-mediated leakage of liposomes followed by
enhanced and specific uptake that is mediated by the sub-
sequent interaction with surface receptors of the target cells.
Although speculative, it is expected that sdAb–liposome con-
jugates display a similar biodistributive and therapeutic behavior
in vivo.27

Overall, the use of targeted nanoparticulate drug delivery
systems to achieve site-specific drug delivery has shown signifi-
cant promise in the treatment of human disease such as
cancer41 and inflammatory disorders.42 For instance, recent
animal studies have demonstrated the potential of A7RC-
targeted liposomes containing paclitaxel for the treatment of
mammary tumors,43 anti-cardiac troponin I-functionalized
liposomes for the delivery of anti-miR-1 antisense oligonucleo-
tides for the treatment of myocardial ischemia,44 and p-amino-
phenyl-α-D-mannopyroside-modified liposomes for crossing
the blood–brain barrier.45 Additionally, targeted nanocarriers
are gaining increased attention as multifunctional modalities
used for theranostic applications.46 As such, efficient means to
obtain targeted nanocarriers to achieve spatially controlled
delivery of therapeutic/diagnostic agents as described in the
current study are of great value to the expanding field of nano-
particulate drug delivery.

Conclusions

With the aim to improve the selectivity of PDT, an efficient and
feasible method was established to site-specifically conjugate

sdAb’s onto photosensitizer-containing liposomes for appli-
cation in PDT. Following further in vitro and in vivo investi-
gations, these liposomes may hold significant potential to
enhance the efficacy of PDT of treatment-resistant solid
cancers and ameliorate phototoxicity issues.
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