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Introduction

The conjugation strategy affects antibody
orientation and targeting properties of
nanocarriersy

Maximilian Brl’,’lcknrer,ia'b Johanna Simon,1*® Katharina Landfester ©° and
Volker Mailander (@ *&°

Antibody-modified drug delivery systems in the nano-range have the ability to overcome current chal-
lenges for treating diseases due to their high specificity towards the targeted body region. However, no
antibody-bound nanocarrier has been clinically approved to date. This missing clinical approval may be a
result of the conjugation strategy that influences the spatial orientation of the attached antibody on the
nanocarriers’ surface. What is not missing, however, is a diverse selection of antibody to nanocarrier con-
jugation strategies that determine the success of an antibody functionalized drug delivery system. In this
paper, two antibody conjugation strategies were compared by conjugating the surface of cross-linked
starch iron oxide nanocarriers with specifically modified CD11c monoclonal antibodies. The antibody
nanocarrier conjugates, synthesized either by the chemistry of thiol-maleimide coupling or copper-free
click chemistry, were analyzed by flow cytometry to determine their binding affinity towards a murine
dendritic cell line (DC2.4). In the cell uptake, different antibody amounts on the nanocarrier could induce
a dendritic cell uptake for both conjugation strategies. However, blocking experiments further highlighted
the importance of the orientation of the antibody on to the nanocarriers’ surface. While the antibodies
which were attached via the copper-free click chemistry were oriented, maleimide synthesized conju-
gates presented their antibodies randomly on the surface. Lastly, to evaluate the in vivo properties of the
antibody modified nanocarriers, targeting experiments with mouse plasma were performed, and it was
proven that the biomolecular corona does not diminish the targeting efficiency.

targeting of nanocarriers to Fc-receptor containing cells like
macrophages.” Therefore, it is essential that an appropriate

The attachment of an antibody to the surface of a nanocarrier
is the transfer of the specific and selective recognition ability
of the antibody towards a nanocarrier. In return, nanocarriers
offer a stable drug encapsulation, reduce toxicity, and control
drug release." Therefore, it is of great interest to maintain the
antibody’s targeting ability to recognize its antigen for a site-
and cell-directed delivery of a nanocarrier. Also, the non-
binding parts like the constant region (Fc) of the antibody
should not be exposed because Fc parts can enhance the mis-
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conjugation and orientation of the antibody on the nano-
carriers’ surface is ensured for a targeted drug delivery via
nanocarriers.’

Over the past decades, numerous strategies have been devel-
oped to attach antibodies to the surface of nanocarriers. These
strategies include the physical adsorption, covalent bonding,
adapter molecules, or the combination of these concepts.®
Despite the simplicity or straightforwardness of these conju-
gation concepts in theory, the implementation is challenging.’
For instance, the Fab regions of the antibody should remain
unaffected during the modification and immobilization
process, because this region mediates the antigen recognition.®

The major goal of the synthesized antibody nanocarrier
conjugates is the targeted transport of the cargo. As an
example, in the field of immunotherapy, the nanocarrier can
allow a co-delivery of different immunomodulators (e.g. adju-
vant and antigen). The targeted transport of both substances
to specific cells (e.g. antigen presenting cells, APCs) will
further innate all down-stream processes, e.g. an antigen-
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specific cytotoxic T-lymphocyte (CTL), which can eventually
enable a tumor regression”’®. In this process, dendritic cells,
which are APCs, play a crucial role because they initiate and
regulate these immune responses.’

The aim of this study was to compare two bioconjugation
methods for the attachment of an antibody on a nanocarriers’
surface. For this purpose, we used red-fluorescent nanocarriers
that are composed of a magnetite core because of their ease in
detection and magnetic separation. These nanocarriers are
further equipped with a shell of cross-linked hydroxyethyl
starch with amino groups on the surface. Anti-CD11c anti-
bodies were either attached via the chemistry of thiol-male-
imide coupling or via copper-free click chemistry on the
surface of magnetic nanocarriers to specifically target dendri-
tic cells. In our study, we found that both, the amount of func-
tionalized antibody on the nanocarriers’ surface and the con-
jugation chemistry, had a significant influence on the spatial
orientation of the covalently bound antibody and thus on the
targeting efficiency.

Results and discussion

Two conjugation strategies were compared to covalently attach
a targeting antibody onto a nanocarriers’ surface (Fig. 1). First,
the amine groups on the nanocarriers’ surface were functiona-
lized with two different linkers via NHS chemistry (size and
charge of the nanocarrier and synthesized nanocarrier conju-
gates are listed in Table S1}). Each linker provides a specific
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Fig.1 The schematic workflow of generating antibody nanocarrier
conjugates based on two different chemical strategies. Magnetic nano-
carriers are shown in brown, targeting antibodies in black. Chemical for-
mulas are not fully represented. This illustration is not suited for scaling.
R = Sulfo-SMCC (Thermo, Cat. No.: 22122), R’ = DBCO-PEG4-NHS ester
(Jena Bioscience, Cat. No.: CLK-A134-10).
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reactive moiety, which is necessary for the antibody attach-
ment. The modification of the antibodies was carried out by
either the random thiolation through Traut’s reagent
(2-Iminothiolan) or by a site-directed enzymatic modification
at the Fc region. In a second step, the linker-functionalized
nanocarriers were conjugated to the modified antibodies by
using either the thiol-maleimide or the copper-free click
chemistry. The targeting efficiency of the resulting nanocarrier
conjugates was analyzed in a cell-based assay via flow cytome-
try and confocal laser scanning microscopy (cLSM).

The modification of monoclonal CD11c¢ antibodies

In the case of the thiol-maleimide chemistry, antibodies were
chemically modified by reacting the primary amines of lysine
residues with Traut’s reagent in the absence of a regiochemical
control, generating antibodies with free sulfhydryl groups. For
the copper-free click chemistry, antibodies were enzymatically
modified at their N-glycans, which are positioned at the Fc
region to generate antibodies with free azido groups.

The validation of the antibody modification was investi-
gated by SDS-PAGE and visualized by silver staining (Fig. 2).
For this concept, modified antibodies were reacted with a func-
tional linker (PEGspa-Malemide or PEGs,,-DBCO) and further
applied to SDS-PAGE under reducing conditions (A1 and B1).
This enabled a mass-based separation of the different antibody
linker species and a distinguishable observation between the
heavy and the light chain modification of the antibody. The
thiol-maleimide chemistry approach showed next to the
unconjugated heavy chain at 50 kDa up to three additional
heavy chain linker species ranging between 55, 60, and 65 kDa
(A2, black arrows). This modification was achieved at equal
molar ratios (1:1), carrying up to two linker moieties. At the
lower molecular weight region, the light chain was observed at
around 30 kDa. An additional band at around 40 kDa was
detected, representing a conjugation of two linker units to the
light chain (A2 black arrow). In contrast, via the use of the
copper-free click chemistry the antibody was only modified at
the heavy chain (B2 black arrows) and not the light chain. The
addition of the PEGs,,-DBCO linker molecule generated two
additional heavy chain linker species at 55 and 60 kDa for all
tested linker ratios. The linker attachment efficacy was also
demonstrated for the whole antibody molecules (150 kDa) and
for the isotype control antibodies under non-reducing and
reducing conditions (S1-S5).

The results therefore show that the antibody modification
via Traut’s reaction for the thiol-maleimide conjugation was
mainly unspecific and modified the heavy and light chain.
This broad modification can be explained by the high number
of lysine residues (~80) on an antibody with around 10 of
them being chemically accessible.’® This availability of lysine
residues indicates that a precise control of the conjugation site
cannot be guaranteed with the lysine amide coupling
approach. For instance, some of the lysine residues are posi-
tioned in the antigen recognition, and therefore, a modifi-
cation could potentially reduce the binding affinity of the anti-
body. Moreover, the abundance of lysine residues increases

Nanoscale, 2021, 13, 9816-9824 | 9817


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr08191d

Open Access Article. Published on 11 May 2021. Downloaded on 1/14/2026 1:56:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

\
.'{g

thiol-maleimide chemistry

+ Maleimide- o
mPEGg,, DIT
——
ul b o
-~ M

o

150 kDa S0kDa 25 kDa
+5 kDa for each
linker moiety

A2 a-CD11c-SH linker ratios
kba M | 11 110 150 1:100 1:150 |
98 — " <~
-
62 — -
49 —

38 —

-HHHH;

\_

View Article Online

Nanoscale

copper-free click chemistry \

+ DBCO-
mPEGs.,D, DTT
=¥ /
150 kDa 50 kDa 25 kDa
+5 kDa for each
linker moiety
B2 _ )
o-CD11c-N3 linker ratios
kDa M 11 110 150 1:100 1:150 |
98 =
<
<=
62 =
49 —
38 =
8= il b

L

Fig. 2 The detection of antibody modification. The antibody linker reaction scheme for the thiol-maleimide chemistry is shown in Al and for the
copper-free click chemistry in B1. Here, the previously modified antibodies (150 kDa) were conjugated to the respective 5 kDa linkers following the
reduction by Dithiothreitol (DTT), which enables the visualization of conjugation of the linkers to the heavy (50 kDa) or light (25 kDa) chain. For the
thiol-maleimide conjugation the antibodies were first modified with Traut’s reagent and then coupled to five different Maleimide-mPEGsp, linker
ratios overnight (A2). Antibodies were enzymatically modified and reacted to five different DBCO-mPEGsyp, linker ratios overnight (B2). All samples
were prepared according to reduced SDS-PAGE instructions and boiled for 10 min at 70 °C. The molecular weight marker (M) was applied with 5 pL
and each sample was loaded with 3 ug onto a 10% Bis—Tris Plus gel and run for 60 min at 120 V. The visualization was conducted by silver staining.

the number of conjugated antibody-nanocarrier configur-
ations, which might have an impact on pharmacokinetics,
pharmacodynamics, and cytotoxicity, as it has been observed
for antibody-drug conjugates."' Especially, antibodies
attached with the two Fab regions onto the surface of the
nanocarrier will exhibit the Fc part of the antibody and there-
fore, can promote a mistargeting.

On the contrary, the enzymatic antibody modification for
the copper-free click reaction was highly site-specific because
only the heavy chain was modified (B2, black arrows). In this
case, antibodies were selectively modified on the sugar resi-
dues present at the Fe-region. All immunoglobulin G (IgG) sub-
classes are N-glycosylated at a single, conserved region at the
Fc portion. This glycosylation site is positioned within the
heavy chains CH2 domain at the amino acid asparagine 297
(N297)."* The attached carbohydrate chain has a predomi-
nantly biantennary complex structure, which is usually com-
posed of N-acetylglucosamine (GlcNAc) and mannose, followed
by a variable addition of galactose (Gal), N-acetylneuraminic
acid (NeuNAc), fucose (Fuc), as well as bisecting GlcNAc resi-
dues."® In our case, using this site for the conjugation involved
the unmasking of the GlcNac residues by removing the term-
inal Gal residues with p-galactosidase, followed by the enzy-
matic p-galactosyl transferase reaction. The mutant bovine
enzyme (Y289L-Gal-T1) transfers N-azidoacetylglucosamine
(GalNAz) selectively to the unmasked GlcNAc residues of the

9818 | Nanoscale, 2021, 13, 9816-9824

N-linked IgG glycans.'"*"> The resulting azide-modified tags

can be used for the strain-promoted copper-free click reaction
between the alkyne-functionalized (DBCO) nanocarrier and the
azide-modified antibody. This strategy is of great advantage
because it can be applied for any IgG isotypes with various
N-glycosylation profiles."*

In summary, the enzymatic modification provides the
ability to attach a linker molecule to the antibody in a site-
specific manner under mild reaction conditions without alter-
ing the antigen binding sites. In contrast, conventional attach-
ment strategies, like the lysine approach, result in a non-
specific antibody functionalization.>""*°

The amount of antibodies on the nanocarrier is crucial for a
specific dendritic cell uptake

In a next step, different antibody amounts were attached onto
the nanocarriers’ surface in order to investigate the lowest
quantity that still evokes a specific cell response towards the
murine dendritic cell line DC2.4. For this purpose, the integrin
aX or CD11c was chosen as a target surface receptor because
of its wide use as a defining marker for dendritic cells’” and
its ability to mediate phagocytosis of, for example, antibody-
bound nanocarriers.'® The CD11c antibody-based targeting
was performed with an additional isotype control antibody,
which exhibits a similar composition to that of the CD11c anti-
body, however, it lacks in a specific target binding. This allows

This journal is © The Royal Society of Chemistry 2021
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to determine the contribution of non-specific binding via the
Fc region of the antibody contrary to a specific binding via the
Fab region.

For this investigation, five different antibody quantities of
0.05 pg, 0.5 pg, 2.5 ug, 7.5 pg, and 12.5 pg were chosen to be
conjugated to 500 pg of nanocarriers (Fig. 3). In a first step, all
nanocarrier conjugates were tested for the presence of the anti-
body on the surface using a labeled secondary antibody and
analyzed by flow cytometry (Fig. 3A1 and B1). For the nano-
carrier conjugates using the thiol-maleimide or the copper-
free click chemistry, the CD11c and isotype antibodies were
detected in a concentration dependent manner (Fig. 3A1 and
B1).

The DC2.4 dendritic cell uptake was conducted with 1.5 x
10° cells per mL in a culture medium containing fetal bovine
serum (FBS, ThermoFisher, Germany) (Fig. 3A2 and B2).
Additional serum proteins in the medium lead to the for-
mation of a biomolecular corona around the surface of the
nanocarriers representing a more physiological environment."”
The lowest antibody quantity on the thiol-maleimide nano-
carrier conjugates showed no significant uptake by the dendri-
tic cells. Starting at an antibody amount of 0.5 pg, a significant
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cell uptake of the CD11c conjugate compared to the isotype
conjugate was observed (P < 0.001***). This specificity
increased for the 2.5 pg group to an even higher median fluo-
rescence intensity (MFI). However, for higher antibody quan-
tities of 7.5 and 12.5 pg, the unspecific cell uptake of the
isotype conjugates was also increased.

In case of the copper-free click chemistry, the lowest antibody
amount of 0.05 pg showed no significant cell uptake (Fig. 3B2).
Starting from the 0.5 pg CD11c conjugate group, a slightly
increased intensity was detected, compared to the corresponding
isotype conjugate (P < 0.05*). For the higher antibody amounts,
the cellular uptake was strongly increased with an amount of
2.5 pg and reached a maximum at 7.5 pg (P < 0.001***).

In a nutshell, different amounts of antibodies on the nano-
carrier’s surface showed that there is a certain antibody
amount acting as a threshold that leads to a specific cell tar-
geting. In fact, the actual amount of antibody molecules on a
nanocarrier, which are believed to initiate an intended cell-
based response, is an important value. However, reports about
the introduction of a precise and controllable number of anti-
bodies per nanocarrier are largely missing. Nevertheless, it is
possible to generate nanocarriers with exactly one or two con-
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Fig. 3 The amount of conjugated antibody on a nanocarrier is crucial for a precise dendritic cell targeting. For the secondary antibody test by flow
cytometry (Al and B1), 2 ug of sample were reacted with 1 pg secondary antibody in PBS in a total volume of 20 pl. Values are given as mean + SD (n
= 2). The linker-functionalized nanocarriers as well as the conjugates were synthesized according to the respective chemistry. For the conjugation,
500 pg were conjugated with 0.05, 0.5, 2.5, 7.5, and 12.5 pg of respective antibody. The dendritic cell uptake (A2 and B2) was conducted with a
sample concentration of 75 ug mL™* in 250 pL of IMDM with 5% FBS for 2 h at 37 °C and 5% CO,. Only viable cells are gated and analyzed by flow
cytometry. Values are given as mean + SD (n = 3). MFI [a.u.] = median fluorescence intensity [arbitrary units], n.s. = no significance, P < 0.001*** P <
0.05*.
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jugated antibodies. In this attempt, gold nanocarriers with
only one attached antibody suggested the best targeting
efficiency in mice bearing MCF-7 xenografts.>® Furthermore,
bioanalytical systems and biosensors have also demonstrated a
better antigen-capturing activity for lower antibody densities
on nanocarriers.>>*

Blocking dendritic targeting sides reveals a spatial orientation
of the antibody on the nanocarrier

To further investigate the specific targeting ability of the nano-
carrier conjugates additional blocking experiments were con-
ducted. This included the blocking of the targeted CD11c
ligands on dendritic cells.

For the blocking experiment, a CD11c antibody concen-
tration of 7.5 ug mL™" with an incubation time of 30 min at
4 °C prior to the cell uptake has been proven to be sufficient
(S6). All tested conjugates were synthesized with an antibody
amount of 7.5 pg (Fig. 4 and Fig. S77).

Blocking CD11c had virtually no effect on the thiol-male-
imide generated nanocarriers, because there was no difference
between the unblocked condition (Medium ™™ white bar)
and the blocked condition (grey bar). According to our data,
which showed that the CD11c thiol-maleimide conjugates
were taken up to a significant higher amount compared to the
isotype conjugate, it can be assumed that an alternative uptake
mechanism is addressed. This difference highlights that
CD11c thiol-maleimide conjugates have a heterogeneous anti-
body arrangement on their surface. As soon as the CD11c
integrin is blocked and targeting through the Fab region of the
antibody is no longer possible, the misplaced antibodies
pointing their Fc region to the outside will cause the cell
uptake by Fc receptors. Therefore, thiol-maleimide generated
antibody nanocarriers compensate the uptake mechanism by a
different arrangement of the antibody molecules on their
surface. Moreover, copper-free click generated CD11c conju-
gates are effectively blocked to a comparable level of the un-
specific isotype conjugate (4B). In addition, the visualization
of the blocking experiment by confocal laser scanning
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microscopy revealed the same outcome (Fig. S71). Blocking
had no influence on the thiol-maleimide generated conjugates
(high uptake for both CD11c conjugate and IgG conjugate),
whereas the copper-free click generated conjugates showed
almost no uptake (low uptake for both CD11c conjugate and
IgG conjugate).

Further, we investigated the detection of unbound anti-
bodies in the supernatant and washes (Fig. S81) to attribute
the Fab-mediated targeting efficiency of the copper-free click
generated CD11c conjugates to their spatial orientation. This
investigation should highlight that there is no difference in
the number of conjugated antibodies between the two conju-
gation chemistries. As a result, we demonstrated that in each
magnetically separated wash fraction, the level of unbound
antibodies were on a comparable detection level for each con-
jugation chemistry (Fig. S8At) and that a certain amount of
nanocarriers was lost during the washing process (Fig. S8Bt).

Therefore, the conjugation strategy of linking an antibody
on to the nanocarrier had a significant influence on the
spatial orientation of the antibody molecule. In case of the
copper-free click attached antibodies, this spatial orientation
is referring to the conjugation of the antibody via its azido-
modified N-glycans of the Fc region with the DBCO-functiona-
lized nanocarrier surface. Given this spatial orientation, the
unspecific Fe-region is hidden from any cell surface inter-
actions, while the specific Fab region is pointing away from
the surface being accessible to target the CD11c surface
receptors.

Mouse plasma incubation influences the targeting ability of
CD11c nanocarriers

To investigate the targeting efficiency of the antibody nano-
carrier conjugates in a more physiological context, cellular
experiments using mouse plasma (GeneTex, USA) were per-
formed. In the biological environment, e.g. in blood, proteins
are in constant interactions with the surface of the nano-
carrier, forming the biomolecular corona.'® Therefore, it is of
great importance to examine the binding affinity of the anti-
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Fig. 4 A proper conjugation influences site-directed targeting of dendritic cells. All linker-functionalized nanocarriers as well as the conjugates
were synthesized according to the respective chemistry, either thiol-maleimide chemistry (A) or copper-free click chemistry (B). Blocking was con-
ducted with a CD11c concentration of 7.5 ug ml™ in 250 pl IMDM medium without FBS for 30 min at 4 °C, followed by the cell uptake experiment
with a sample concentration of 75 ug mL~* in 250 ul IMDM medium without FBS per well for 30 minutes at 4 °C. Only viable cells are gated and ana-
lyzed by flow cytometry. Values are given as mean + SD (n = 3). MFI [a.u.] = median fluorescence intensity [arbitrary units].
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body nanocarrier conjugates in the presence of the bio-
molecular corona.

In Fig. 5, the cellular uptake experiments were performed
using three different cell culture conditions. There was no sig-
nificant difference for the conditions with and without FBS.
The pre-coating of the nanocarrier conjugates with mouse
plasma slightly reduced the cellular uptake, however, it did
not diminish the targeting efficiency.

In literature, it is shown that different protein sources alter
the physicochemical properties of nanocarriers,*** which can
affect the antigen-antibody interaction, cellular targeting, and
uptake behavior.>>*” Furthermore, it is important to consider
a possible loss of antigen binding ability or a complete change
of antibody nanocarrier functionality due to the corona.
Indeed, our group already showed this effect for coupled and
adsorbed antibodies on polystyrene nanocarriers. We demon-
strated that pre-adsorbed CD63 antibodies keep their targeting
ability and are not covered by the biomolecular corona com-
pared to conjugated antibodies.*®

To additionally verify the intracellular localization of the
nanocarrier-conjugates, confocal laser scanning microscopy
images were taken (Fig. 6). Two cell culture conditions, one
being a medium with 5% FBS and the other being pre-incu-
bated with mouse plasma were analyzed. Because there were
no visual differences between these conditions, only mouse
plasma incubated samples are representatively shown in the
Fig. 6. Additional images are summarized in Fig. S9.f The
images clearly indicate the difference between the targeting
specificity of the CD11c conjugates in contrast to the isotype
control or the DBCO linker-attached nanocarrier. No uptake
was detected in the case of linker-functionalized nanocarriers
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Fig. 5 The influence of mouse plasma on the dendritic cell uptake. The
dendritic cell uptake with a sample concentration of 75 pug mL™ in
250 pL of IMDM with and without FBS for 2 h at 37 °C and 5% CO, is
shown. The mouse plasma samples are pre-incubated in the protein
source for 1 h at 37 °C. After a magnetic separation from the mouse
plasma, the samples are diluted in IMDM without FBS for the cell uptake.
Only viable cells are gated and analyzed by flow cytometry. Values are
given as mean + SD (n = 6). MFI [a.u.] = median fluorescence intensity
[arbitrary units] (P < 0.001***).
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Fig. 6 Site-directed targeting of dendritic cells by antibody nanocarrier
conjugates. For the image acquisition, 5 x 10* cells per well were treated
with 75 pg mL™? pre-incubated mouse plasma samples in 200 ul IMDM
without FBS. After the two-hour incubation, the wells were washed with
PBS and the cells fixed for 15 min with 4% paraformaldehyde (PFA).
Nanocarriers were excited with the laser 561 (emission filter
570-599 nm) and the cell membrane was excited with the laser 633
(emission filter 660-700 nm). All scale bars represent 20 um.

(first row). The CD11c conjugates are mostly internalized in
dendritic cells, with some of them being randomly attached to
the surface of the cells (second row, enlarged image). The
isotype conjugates are only taken up by a few dendritic cells or
form clusters outside of the cells (third row, enlarged image).
We additionally visualized the nanocarriers by TEM to confirm
their colloidal stability in cell culture media under the same
sample concentration (Fig. S107). According to our data, we
observed that the pristine and antibody-modified nanocarriers
formed small clusters that approx. matched in size to the
values obtained by multi angle DLS (Table S17).

Studies have shown that the cell uptake significantly
increases during the first minutes and gradually slows down
until reaching a plateau within two to three hours.>*™"
Therefore, in the first phase, antibody nanocarrier conjugates
might directly adsorb onto the cell membrane, while at a later
state, internalization through an endocytic pathway is
initiated. CD11c conjugates which have been incubated for
two hours show this behavior as some are still attached to the
cell membrane, while others are already internalized (Fig. 6).

For a quantitative analysis of the murine biomolecular
corona, the label-free mass spectrometry was applied to ident-
ify and characterize the biological identity of the antibody tar-
geted nanocarriers. In Fig. 7, all identified proteins were
divided into nine groups, and the respective values were
plotted as a percentage. The comparison of the individual
groups illustrated almost no difference between the identified
proteins of the nanocarrier and the antibody conjugated nano-
carrier groups. Only for the DBCO linker-functionalized nano-
carrier conjugate without the antibody, lower amounts of
serum albumin and higher amounts of coagulation proteins
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Fig. 7 The antibody-functionalization of nanocarriers has almost no
influence on the protein surface adsorption. The percentage based on
all identified proteins analyzed by LC-MS is shown. n = 2 with each
technical triplicates.

were observed. Serum albumin is not only the most abundant
murine corona protein found on our antibody nanocarrier con-
jugates, but moreover, it is the most abundant serum protein
for many species, including mouse and human.’*?* Dai et al.
have examined the targeting ability of antibody-mimetic
ligand-functionalized nanocarriers under different conditions
using human serum or human serum albumin alone. They
showed that the mixture of different proteins in the human
serum corona inhibited cell association, while human serum
albumin alone enhanced the targeting ability of the nano-
carriers.>® In comparison to their findings, we detected a
general enrichment of murine serum albumin on our targeted
nanocarriers, which could potentially support an uptake by
dendritic cells. However, having a complex mixture of murine
plasma proteins acting as a corona, the balance between the
targeting ability of the conjugated antibody in cooperation
with serum albumin or other candidates, either facilitates or
impedes a precise cell targeting.

For a more detailed analysis, the top 20 most abundant pro-
teins are highlighted in a heat map (Fig. 8). As already shown
in the identified protein groups, serum albumin is the most
abundant protein detected in the corona of the antibody nano-
carrier conjugates. Linker-functionalized nanocarrier conju-
gates (DBCO conjugate) highly adsorbed platelet factor 4.
Additional abundant mouse plasma proteins included cerulo-
plasmin, complement C3 and complement C4-B, histidine-
rich glycoprotein, kininogen-1, serine protease inhibitor A3K,
as well as vitronectin. Other murine biomolecular corona
studies on differently composed nanocarriers have also identi-
fied these proteins to be commonly adsorbed.**?*

In general, the findings of the murine biomolecular corona
suggest that the targeting ability of CD11c antibody conjugated
nanocarriers is not induced by corona proteins, although they
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View Article Online

Nanoscale

J

/ copper-free click

chemistry

Nanocarrier
DBCO conjugate
CD11c conjugate
Isotype conjugate

20
Alpha-2-antiplasmin

Alpha-2-HS-glycoprotein
Antithrombin-lll

Apolipoprotein A-l

CCMm2L

Ceruloplasmin

Complement C3

Complement C4-B

Haptoglobin

Hemopexin

Histidine-rich glycoprotein

Ilg gamma-2A chain C region, A allele
lg gamma-2B chain C region
Immunoglobulin heavy constant mu
Kininogen-1

Platelet factor 4

Proteoglycan 4

Serine protease inhibitor A3K
Serum albumin

Vitronectin

115

110

% 3
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influence the targeting process. Therefore, antibody targeted
nanocarrier conjugates must be examined in the in vivo mouse
model.

Conclusion

In this study, it was demonstrated that copper-free click chem-
istry generated nanocarrier conjugates surpass the efficacy of
thiol-maleimide chemistry produced conjugates. We proved
that the enzymatic modification of CD11lc antibodies is
specific with modified antibodies carrying up to four azide
groups. In contrast, the Traut’s modification is highly unspeci-
fic and modifies unwanted antibody regions, such as the light
chain or N-terminus. Evaluating the targeting specificity of
nanocarriers with different amounts of conjugated CD11c anti-
bodies in vitro have highlighted a limit up to which a specific
uptake by dendritic cells is evoked. Especially, blocking experi-
ments have emphasized the importance of a site-directed con-
jugation chemistry, which considers the spatial orientation of
the attached antibody on the nanocarriers’ surface.
Additionally, targeting experiments with mouse plasma proved
that the biomolecular corona does not impair the binding
efficiency of antibody modified nanocarriers towards dendritic
cells. This underlines the great potential of the here presented

This journal is © The Royal Society of Chemistry 2021
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copper-free click generated antibody nanocarriers, which can
be used in immunotherapy and nanomedicine.
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