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Abstract: Disulfide-containing IgG-, Fc-, or albumin-based
prodrugs that rely on FcRn-trafficking by endothelial cells for
prolonged circulation in the body might be hampered by
premature bio-reduction processes during FcRn-mediated
recycling events. A detailed bio-reduction analysis of redox-
sensitive albumin conjugates in two FcRn-expressing cell lines
has been performed. The obtained results indicate that the
FcRn-mediated recycling pathway is not (or is only poorly)
bio-reducing.

Serum albumin and proteins of the immunoglobulin G
(IgG) family have exceptionally long circulation times in
the body with a half-life of 19–23 days in humans.[1] This is due
to their effective recycling mediated by the major histocom-
patibility complex class I-related Fc receptor (FcRn)
expressed in endothelial cells and in organs such as the
kidneys, liver, and intestine.[1, 2] Albumin and IgG are taken up
by these cells by macropinocytosis and subsequently bind to
FcRn during endosomal acidification (< pH 6.5). FcRn then
protects these proteins from progression to lysosomes for
degradation by re-directing them to the extra-cellular space
where release is triggered by pH neutralization.[3] From
a biotechnological standpoint, this particularity enables IgG-
based prodrugs (that is, antibody-drug conjugates) to circulate
long enough to target specific locations in the body,[2b, 4] and
provides a means for increasing the circulation lifetime of

small-molecule drugs in the form of Fc-[5] or albumin-based
prodrugs.[6] The therapeutic potential of these prodrugs relies
on timely release of the drug by a cleavable linker. One highly
investigated strategy to reversibly conjugate drug molecules
to either full IgG, its constant Fc region, or to albumin, is to
use disulfide-containing linkers.[7] These prodrugs can
respond to the various local redox micro-environments they
encounter as they transit through the body and within sub-
cellular spaces. In an ideal drug-delivery approach, these
prodrugs should (for the most part) resist thiol–disulfide
exchange in the extra-cellular space owing to the low
abundance of thiol reducing agents.[8] At the targeted site,
cell-surface interactions and internalization may expose
prodrugs to significantly higher amounts of reducing agents
and redox enzymes, which should promote drug release.[7a,9]

Unfortunately, transit of intact long circulating prodrugs to
their destination could potentially be hampered by the
multiple FcRn-mediated recycling events it undergoes en
route.[10] Furthermore, should FcRn biology contribute
strongly to bio-reduction, prodrugs may also be predisposed
to release their therapeutic cargo within endothelial cells
(lining blood vessels), which may not necessarily be the
targeted cell population. The bio-reducing capacity of FcRn-
mediated trafficking pathways may have a decisive effect on
the rate and location of drug release for these important
classes of therapeutics. Unfortunately, to date, the extent of
bio-reduction (and consequent drug release) occurring during
FcRn-mediated trafficking has yet to be examined. Better
characterizing bio-reduction in this pathway may provide new
perspectives for understanding and optimizing the perfor-
mance of drug delivery systems that rely on FcRn-mediated
recycling for prolonged circulation in the body.

To shed some light on these questions, redox-responsive
probes designed to undergo FcRn-mediated trafficking were
prepared (Figure 1a). As FcRn binds both Fc and albumin in
a comparable pH-dependent manner, and despite the fact
that FcRn biology remains to be fully elucidated, it is
reasonable to expect that both molecules are trafficked in
a comparable manner.[11] Human serum albumin was selected
as scaffold for preparing the probes as it can be conveniently
and site-selectively modified at Cys34, which is a residue not
involved in albumin-FcRn interactions.[12] Two bio-reducible
probes consisting of peptide disulfide heterodimers with
different thiol–disulfide exchange kinetics (1 and 2) were
appended to Cys34 with full retention of the native folded
structure of albumin (Supporting Information, Figures S1–
S4). The probes were designed to be poorly fluorescent in
their intact state due to the presence of both a green boron
dipyrromethene fluorophore (BODIPY) and a quencher
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(Black Hole Quencher, BHQ1) in the peptide disulfide
system. (Bio-)reduction caused the departure of the peptide
bearing BHQ1, leading to a circa 7-fold increase of fluores-
cence intensity, which was used for quantification (Figure 1 b;
Supporting Information, Figure S5). A short spacer was used
to decouple disulfide exchange from any specific interactions
with albumin, thus making findings more generalizable.
Indeed, the observed rate constants for disulfide exchange
of 1 and 2 in model redox buffers were consistent with those
observed for comparable peptide disulfides not appended to
albumin (Figure 1b).[13] 1 contains a sensitive Cys–Cys
disulfide bond, while 2 possesses a Pen–Cys disulfide bond
which has a circa 17-fold slower exchange rate (Figure 1c).
These two types of disulfide bonds were selected to cover the
range of disulfide exchange kinetics typically examined in
prodrugs, thus permitting a more robust analysis of bio-
reduction in the intra- and extra-cellular spaces.[7a,b, 14] As
expected, acidification below pH 6.5 (required for binding to
FcRn)[11b] significantly slowed disulfide exchange (Supporting
Information, Figure S5). A non-bio-reducible probe (3) was
also prepared for comparison (Figure 1). Furthermore, the
fluorophores in 1–3 did not demonstrate pH-dependent
fluorescence output in the pH range 4–7.5 (Supporting
Information, Figure S6) and, being constructed from d-

amino acids, fluorescence de-quenching of 1 and 2 was
insensitive to various proteases as well as cell lysates (thiols
quenched; Supporting Information, Figures S7 and S8).

Two cell lines naturally expressing the FcRn receptor
(also verified by immunostaining, Supporting Information,
Figure S10) were examined herein: human epithelial color-
ectal adenocarcinoma cells (Caco-2) and human umbilical
vein endothelial cells (HUVEC).[15] For these cells, albumin
was internalized by macropinocytosis, which is consistent with
FcRn trafficking (Supporting Information, Figure S11).
Probes 1 and 2 were incubated with confluent cell monolayers
and total (intra- and extra-cellular) fluorescence was moni-
tored with time using a microplate reader (Figure 2b;

Supporting Information, Figure S12). Addition of dithiothrei-
tol, a cell-membrane permeable reducing agent, at the
conclusion of the experiment led to the full recovery of the
expected fluorescence. Thiol-insensitive 3 showed no change
of fluorescence intensity over time in the presence of cells and
lysosomal proteases were not involved in the recovery of
fluorescence (Supporting Information, Figures S13 and S14).
Thiols secreted by the cells into the extra-cellular space, thiols
from the cell surface, from all recycling/uptake pathways, and
from the cytosol can potentially contribute to bio-reduction.
To better distinguish the relative contribution of these
different thiols towards total bio-reduction, selective blocking
experiments were performed (Figure 2 a): a pulse-wash of the
membrane impermeant thiol blocker N-(3-maleimidopropio-
nyl)biocytin (MPB)[16] prior to addition of 1 or 2 selectively
capped thiols on the cell-surface; co-incubation of MPB

Figure 1. Albumin-based probes for monitoring bio-reduction.
a) Human serum albumin was site-selectively modified at Cys34

(domain I; DI) with two redox-probes (1 and 2) or a fluorophore (3).
This modification is away from the FcRn-binding domain III (DIII).
Abbreviations: G glycine, e d-glutamic acid, c d-cysteine, K l-lysine,
r d-arginine. b) In the presence of 1 mm glutathione (GSH, mimicking
cytoplasm), pH 7.5 and 37 8C, 1 (*), and 2 (&) (500 nm) exhibit a circa
7-fold increase of fluorescence while 3 (~) (500 nm) remains unaf-
fected. c) Plotting the data from (b) as% intact probe vs. time with
a 7-fold increase in fluorescence used as complete cleavage and using
pseudo-first order kinetics analysis yields the observed rate constants
for thiol–disulfide exchange with glutathione. Mean �S.D. (n = 3).

Figure 2. Location-specific bio-reduction. a) Selective inhibition of
thiol–disulfide exchange to deduce the relative contribution of thiols at
different locations towards total bio-reduction. b) Kinetics of de-
quenching of 1 and 2 (450 nm) in the presence of cells alone (&) or
with thiol capping agent MPB (1 mm) (~ pulse-wash; * co-incubation)
from which are extracted the observed de-quenching rate constants
(k1-3, pseudo first-order kinetic analysis). c) Observed (black: k1, blue:
k2, red: k3) and deduced (white: k1�k2, orange: k2�k3) rate constants
of exchange of the probes indicating extra-cellular bio-reduction. Mean
�S.D. (n = 6–9).
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blocked thiols in the extra-cellular space, on the cell surface,
and within the early stages of endocytosis. By comparing the
observed rate constants from these experiments (k1-3,
obtained by non-linear regression using a pseudo-first order
kinetic model), the relative bio-reducing capacity of these
different thiols can be distinguished (Figure 2a and c,
numerical values in the Supporting Information, Table S1).

The observed rate constants for bio-reduction (k1)
decreased from 1 to 2 as expected due to the presence of
the geminal methyl groups of the Pen–Cys disulfide on 2.
However, within a given cell line similar trends were observed
with respect to the relative contribution of different locations
towards bio-reduction of 1 and 2. The major difference
observed was between the cell lines themselves. The data
indicate early uptake pathways and secreted thiols (k2�k3) as
the dominant locations of bio-reduction for HUVEC cells
(see below), while a more important contribution of the cell
surface was observed for Caco-2 (k1�k2) in accordance with
previous observations by our group made with a disulfide-
bearing cationic dendrimer.[17] The small divergence between
Caco-2 and HUVEC cells may result from the fact that, owing
to the specific spreading characteristics, the number of
HUVEC cells within the confluent monolayers examined
(50 000 per well) was significantly lower than for Caco-2
(270000 per well) and the other cell lines from the literature
(160000 per well).[17]

By comparing the rate corresponding to early uptake
pathways and secreted thiols (k2�k3), to the observed rates of
de-quenching obtained with 1 mm glutathione in Figure 1b,
the calculated average steady-state “GSH equivalent” con-
centration required to achieve comparable kinetics would be
9 mm and 11 mm for HUVEC and Caco-2, respectively
(Supporting Information, Table S2). Despite the simplifica-
tions and assumptions made for obtaining these values, they
nevertheless scale reasonable well with the actual measured
concentration of thiols in the medium (17 mm and 9 mm at the
4 h time point, for HUVEC and Caco-2 cells, respectively).
This suggests that, in this experimental setup for which the
volume of the extra- cellular space is significantly larger than
the intra-cellular one, the relative contribution of early
uptake pathways to bio-reduction is low. Thus, bio-reduction
(k1) in Figure 2b shows the de-quenching of 1 and 2 in the
extra-cellular space of the cells, with more-or-less propor-
tional contributions from secreted thiols (likely glutathione)
and thiols of the cell membrane (for example, protein
disulfide isomerase).[7a, 18] It is interesting to note that this
result contrasts with the observation made for bio-reducible
cationic dendrimers with Caco-2 cells: bio-reduction strongly
involved the cell surface.[17] Indeed, while cationic dendrimers
are expected to rapidly bind from solution to the negatively
charged cell membrane, the albumin probes evaluated herein
are likely to remain longer in solution, which may be at the
origin of this difference. This finding highlights once again
that extrapolation of conclusions drawn from bio-reduction
experiments to other types of bio-reducible drug carriers is
difficult. Overall, the observed rates of de-quenching of 1 and
2 for both cell lines suggest a strong involvement of the extra-
cellular space in bio-reduction, which highlights the necessity
of stabilizing disulfides to prevent premature drug release.

As 2 remained mostly intact over the 4 h period moni-
tored in Figure 2b, this probe was to use to examine bio-
reduction within the intra-cellular space by confocal fluores-
cence microscopy. Both Caco-2 and HUVEC cells were
exposed to a pulse-wash of 2 and fluorescence was monitored
with time over 3 h (Figure 3). Given that the fluorescence of 2
is quenched and thus invisible in its intact state, the cell
membrane-permeant reducing agent glutathione monoethyl

ester (GSHOEt) was added after 3 h to access what the
maximal possible cell signal at this time point would be. For
the Caco-2 model, no evolution of fluorescence intensity of
the image or number of fluorescent vesicles was observed
within the timeframe evaluated (Figure 3). In contrast, almost
full recovery of fluorescence of 2 was observed for HUVEC
cells over a 3 h period. In both cases, co-incubation of cells
(that have been exposed to 2) with the endosomal pH buffer
chloroquine over the 3 h period led to complete bio-reduction
(Figure 3). This is in agreement with the expected endo-
somolytic behavior of chloroquine, which exposes endocyti-
cally entrapped 2 to cytoplasmic reducing agents and almost
neutral pH. Indeed, the cytoplasm of both cell lines is shown
to be sufficiently reducing to promote exchange of the
sterically hindered Pen–Cys disulfide in 2. As a negative
control experiment, the thiol-insensitive 3 showed no evolu-
tion of fluorescence intensity in both cell lines as well as no
effect of chloroquine or GSHOEt on fluorescence intensity
(Supporting Information, Figure S15). Intra-cellular pro-
teases were not involved in the recovery of fluorescence
(Supporting Information, Figure S16).

To better understand the different intra-cellular bio-
reduction behavior of Caco-2 versus HUVEC cells, co-
localization of 2 with Rab7, a marker for late endosomes,
over a 3 h period was performed. As seen in Figure 4a, in
Caco-2 no co-localization between 2 and Rab7 was observed.
Caco-2 had only a weak green background signal that did also
not co-localize with Rab7. In contrast, substantial co-local-
ization between 2 and Rab7 was observed for the HUVEC
cells (Figure 4b). Nevertheless, HUVEC cells intrinsically

Figure 3. Intra-cellular bio-reduction. Representative confocal fluores-
cence images of cells exposed to a 30 min pulse of 2 (1.35 mm),
followed by a wash. Evolution of fluorescence was observed with time.
To determine complete bio-reduction GSHOEt (38 mm) was added
after the 3 h period. Co-incubation of cells, which have been exposed
to 2, with chloroquine (150 mm) was performed to disrupt endosomes.
Scale bar: 10 mm.
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displayed a strong green background, with many green dots,
which also co-localized with Rab7. Therefore, this result was
confirmed by performing the analogous experiment using 3,
which fluoresces far-red rather than green (Figure 4b).

To further characterize intracellular trafficking, exocytosis
was examined by flow cytometry on Caco-2 and HUVEC cells

treated with a pulse-wash of 3. The intensity of intra-cellular
fluorescence of Caco-2 decreased progressively over 3 h,
suggesting exocytosis of 3 in support for an FcRn-mediated
recycling pathway (Supporting Information, Figure S17).
Conversely, HUVEC cells displayed no change in cell
fluorescence intensity over time, which is indicative of
albumin processing in the lysosomal compartment. These
combined results suggest that FcRn-mediated trafficking
pathways are poorly bio-reducing, while intra-cellular bio-
reduction of 2 in HUVEC cells is due to (at least) partial
progression of albumin to lysosomes. Such a reducing capacity
of degradative compartments could stem, for example, from
the gamma-interferon-inducible lysosomal thiol reductase
(GILT), which is found in late endosomes/lysosomes.[7a,19]

Although FcRn expression in HUVEC was observed, the
level of expression was significantly lower than for Caco-2
(Supporting Information, Figure S10). This decreased expres-
sion of the receptor could explain why albumin was less
protected by FcRn from a degradative pathway in HUVEC
cells (that is, owing to the saturation of the smaller receptor
population) and, with that, from bio-reduction. It should be
noted that non-polarized HUVEC cells were used in the
experimental setup. Polarized cells, as are present in vivo,
could have different FcRn expression/regulation. Thus, direct
extrapolations of the findings in this study, beyond conceptual
ones, to the in vivo environment should be made with great
care owing to expected differences of FcRn recycling kinetics
in the body.

In summary, results from this study corroborate findings
from the literature that cell-secreted thiols and the cell
surface are strongly involved in bio-reduction processes.[17,20]

Bio-reduction in these areas will lead to non-specific release
of the drug into the extra-cellular space. The results also
suggest that the FcRn-mediated recycling pathway itself is not
(or is poorly) bio-reducing. Thus, cells with an efficient, non-
saturated FcRn recycling mechanism (that is, vascular FcRn
system)[10,21] might be less susceptible to off-target effects
from bio-reducible IgG-, Fc-, or albumin-prodrugs. However,
should the FcRn-binding domain of these prodrugs be altered
by for example, excessive grafting of drug molecules,[6a, 22]

behavior similar to that observed in the HUVEC cells may
be observed (that is, impaired recycling leading to degradative
pathways).[23] Overall, FcRn-mediated recycling increases the
circulation lifetime of FcRn-binding prodrugs and protects
from off-target bio-reduction resulting from macropinocyto-
sis. These observations should be especially considered when
the affinity between FcRn and the prodrug are manipulated
to alter the pharmacokinetic profile of the latter.[12, 24]

Reduced affinity may not only result in shorter circulation
times, but to higher proportionate release of drug in
endothelial cells.
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Figure 4. Co-localization of albumin probes with Rab7. Representative
live cell confocal images of: a) Caco-2 (expressing RFP-tagged Rab7)
exposed to a 30 min pulse of 2 (1.35 mm), followed by a wash. Addition
of GSHOEt (38 mm, 0.5 h), followed by a wash, reduced intra-cellular
2. Cells were monitored with time and little or no co-localization
between 2 and Rab7 was observed; b) HUVEC (expressing RFP-tagged
Rab7) exposed to 2 and GSHOEt as described in (a) and HUVEC
exposed to a 30 min pulse of 3 (5 mm), followed by a wash. Substantial
co-localization between probes and Rab7 was observed suggesting
a lysosomal pathway for albumin in HUVEC. Scale bar: 5 mm.
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