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Abstract: Conjugation of nanoparticles (NP) to the surface of living
cells is of interest in the context of exploiting the tissue homing
properties of ex vivo engineered T cells for tumor targeted delivery
of drugs loaded into NP. Cell surface conjugation requires either a
covalent or non-covalent reaction. Non-covalent conjugation with
ligand decorated NP is challenging and involves a dynamic
equilibrium between the bound and unbound state. Covalent NP
conjugation results in a permanently bound state of NP, but the
current routes for cell surface conjugation face slow reaction kinetics
and random conjugation to proteins in the glycocalyx. To address the
unmet need for alternative bio-orthogonal strategies that allow for
efficient covalent cell surface conjugation, we developed a 2-step
click conjugation sequence in which cells are first metabolically
labelled with azides followed by reaction with sulfo-6-methyl-
tetrazine-dibenzyl cyclooctyne (Tz-DBCO) by SPAAC, and
subsequent IEDDA with transcyclooctene (TCO) functionalized NP.
In contrast to using only metabolic azide labelling and subsequent
conjugation of DBCO-NP, our 2-step yields a highly specific cell
surface conjugation of LNP, with very low non-specific background
binding.

Introduction

Conjugating nanoparticles (NP) to the surface of live cells is an
attractive strategy to exploit the tissue-homing properties of
specific cell types for targeted delivery of drugs loaded into these
NP.[M Therapeutic examples are ex vivo engineering of tumor-
infiltrating T lymphocytes and CAR T cells P to carry with high
specificity pharmacologically active compounds into the tumor
microenvironment. Two major routes of cell surface conjugation
involve either covalent B or non-covalent (bio)chemical reaction
[, Non-covalent conjugation typically relies on ligand-decorated
NP that subsequently bind to a cell surface receptor. Whereas
this approach is conceptually sound, the reality is more daunting
as in most cases, suitable ligands are antibodies or antibody
fragments, which pose particular challenges with regard to site-
specific conjugation and orientation ®! to achieve high affinity

receptor binding. Moreover, protein-based ligand-decorated NP
involve major challenges with regard to controlled and
reproducible assembly as well as QA. Taking into account the
high cost of recombinant protein synthesis, it might be not
surprising that currently no protein-based ligand-decorated NP
are on the market. Covalent conjugation makes use of reactive
groups in the cellular glycocalyx to form a covalent bond with a
complimentary reaction partner on the NP surface. In this context,
mostly lysines and cysteines are targeted using respectively
activated esters and maleimides.[®! Also these routes face
important drawbacks: (a) Conjugation occurs randomly to
proteins of the glycocalyx, which can negatively affect the
biological activity of these proteins. (b) Amide and thioether bond
formation tend to be sluggish at low concentration and slow
diffusion of the reaction partners, which is the case when
conjugating large sterically hindered objects such as cells and
NP. (c) Maleimides and particularly activate esters are unstable
in agueous medium and can conjugate randomly to proteins in
the cell culture medium.®l"] (d) For maleimide-based conjugation,
an additional blocking step with a thiolated compound is required
after conjugation to block unreacted maleimides and prevent
these from unwanted protein binding later on. !

Hence, a clear need exists for simple strategies that allow for
covalent cell surface conjugation of NP with good efficiency and
selectivity. In this regard, bio-orthogonal click reactions are an
attractive alternative.l®® Moreover, the ease by which azides can
be introduced onto a cell surface through metabolic labelling with
azido sugars allows for introducing a high density of synthetic
low molecular weight cell surface receptors with a reported
minimal influence on the cellular functionality.**112l Azides
immediately prompt the combination with strained cycloalkynes
as complimentary reaction partners to form a stable triazole bond
through the efficient and highly bio-orthogonal strain-promoted
azide-alkyne cycloaddition (SPAAC) reaction.['® This was the
starting point of the present paper where we aimed to investigate
bio-orthogonal routes for cell surface conjugation of NP.
Scheme 1 schematically illustrates these strategies.
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Scheme 1| Overview of the strategies elaborated in this work for of bio-orthogonal for cell surface conjugation. (A->B) Cells are
metabolically labelled by addition of Ac4ManN3 to the culture medium, installing azides within the glycocalyx. (B->C) Metabolically
azide labelled cells can be conjugated with cyclooctyne-functionalized NP by SPAAC. (B->B*->C) To increase the conjugation
efficiency and intermediate pH-switch can be applied. At pH 5, NP containing an ionizable lipid with pKa between 6 and 8, bear a
positive charge, leading to adsorption of NP to the negatively charged phospholipid cell membrane by electrostatic interaction,
followed by SPAAC conjugation of NP to cell surface azides. (B->D) Cell surface azides are conjugated with a low molecular weight
cyclooctyne-tetrazine compound followed by (D->E) conjugation of cyclooctene-functionalized NP by IEDDA.

metabollic
labeling

AcsManN;

MFI (a.u)

B azide labeled cells

E=3 control cells control cells

azide labeled cells

Figure 1 | Flow cytometry analysis (n=3; t-test **** p<0,0001)
(A) and confocal microscopy (B) of metabolic labelled cells and
control cells incubated with DBCO-EG4-Fluor545 (red
fluorescence). Cell nuclei were stained with Hoechst (cyan). Scale
bar represents 5 micron.

Results and Discussion

First, to set benchmark conditions, we verified whether, in our
chosen experimental framework, cells can become successfully
metabolically azide labelled and subsequently covalently
conjugated by SPAAC with a dibenzocyclooctyne (DBCO)-
functionalized fluorophore. Hereto, Jurkat T cells, a model
immortalized human T cell line, were incubated for 48h with 25
pM of N-azidoacetylmannosamine-tetraacetylated (AcsManNs),

followed by treatment for 1 h with a 10 uM solution of DBCO-
EG.-Fluor545. Flow cytometry analysis provided clear proof of
successful metabolic labelling and SPAAC conjugation with low
non-specific background staining of cells that were not
metabolically azide labelled (Figure 1A). Confocal microscopy
imaging revealed that DBCO-EG,-Fluor545 conjugation
predominantly yielded staining of the cell surface (Figure 1B).
Taken together, these findings are fully in line with previous
reports by us and others,[*0IR2I3]

Having confirmed that under the specified conditions, Jurkat T
cells can be successfully metabolically labelled and SPAAC
conjugated, we endeavored into exploring the possibility to
conjugate NP to the cell surface. For this purpose, we selected
lipid nanoparticles (LNP) formed by electrostatic complexation of
an ionizable cationic lipid and polyinosinic:polycytidylic acid
(polyIC). PolyIC is a synthetic analogue of double stranded RNA
and a potent agonist of Toll-like receptor 3 (TLR3) and thereby
provokes innate immune activation which is of interest to achieve
within the tumor microenvironment and in sentinel lymph
nodes.I151 Hence, we reasoned that polylC, as would also be
the case for other TLR agonists including CpG as TLR9 and
single stranded RNA or imidazoquinolines as TLR7/8 agonists
(1611711281 would be well suited for T cell mediated tumor targeted



delivery. Owing to its macromolecular polyanionic nature, polylC
does not efficiently enters cells by endocytosis
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Table 1| LNP characteristics: mean particle size, PDI and zeta potential measured in acetate buffer (5 mM) pH 5 and HEPES buffer (5 mM) pH 7.4 (mean + SD)

Zeta potential

LNP formulation (Z[;;‘;irg%e PDI + SD gy +>%

pH 5 pH 7.4
DSPE-PEG-DBCO (DBCO LNP) 158 £ 0.5 0.26 £0.01 12+ 4 -19+5
DSG-PEG (control LNP) 133+1.2 0.15+0.01 17+ 6 -8+5
DSPE-PEG-TCO 1.5% (TCO LNP 1.5%) 142 +1.8 0.16 £ 0.02 21+4 -26+5
DSPE-PEG-TCO 1.0% (TCO LNP 1.0%) 128 £0.3 0.16 £ 0.01 25+3 -13+5
DSPE-PEG-TCO 0.5% (TCO LNP 0.5%) 96+0.3 0.14£0.01 25+8 -3%5
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Figure 2| Flow cytometry analysis (n=3; t-test * p<0,05; **
p<0,01) (A) and confocal microscopy (B) of metabolic labelled
cells (B1) and control cells incubated (B2) with DBCO LNP and
control LNP. Cell nuclei were stained with Hoechst (cyan). Scale
bar represents 5 micron.

due to electrostatic repulsion by the also anionic phospholipid
cell membrane, and also faces degradation by nucleases.d
Hence, formulation into a carrier that favours delivery into
endosomal vesicles where TLR3 is located should be a viable
strategy to improve the therapeutic activity of polylC. In this
context, we reasoned that LNP containing also helper lipids (i.e.
cholesterol to aid in LNP stabilization) and PEGylated lipids
(require for colloidal stabilization), a concept borrowed from the
RNA delivery field 9, would be well suited to promote uptake by
innate immune cells such as dendritic cells (DCs) and
macrophages once release from the T cell surface in the tumor
microenvironment.

LNP encapsulating polylC were prepared by solvent
displacement by mixing an ethanolic solution containing all lipids
and an aqueous solution containing polylC, followed by removal
of the ethanol by dialysis. As PEGylated lipids we used 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-
(dibenzocyclooctyl(polyethylene glycol)) (DSPE-PEG-DBCO)
and 1,2-distearoyl-rac-glycero-3-methylpolyethylene  glycol
(DSG-PEG), both with a PEG length of 2 kDa. LNP size and
electrophoretic mobility were measured (Table 1), thereby
revealing similar characteristics for both LNPs, with a mean
diameter of 145 nm and a negative zeta potential of -14 mV at
physiological pH of 7.4 and a positive value of 15 mV at a pH of
5. The latter is due to the pKa of the isopropylamino group of the
ionizable lipid and which has a pKa situated around 6 (Figure
S1). hence leading to a low extent of ionization at neutral pH and
a high extent of ionization at acidic pH.

Subsequently we tested whether DBCO LNP can be selectively
SPAAC-conjugated to metabolically azide labelled cells. Flow
cytometry analysis showed a modest although significant
increase in cellular fluorescence, relative to non-metabolically
labelled control cells, and control LNP that did not contain DBCO.
Presence of LNP on the cell surface was confirmed by confocal
microscopy (Figure 2). However, it was also clear that a
significant background staining occurred by LNP that were
associated to cells, irrespective of the presence of azides or
DBCO on either cells or LNP. When attempting to increase the
extent of LNP conjugation by prolonging the incubation time of
cells and LNP (Figure S2), we noticed that one could indeed
increase the cellular fluorescence, but unfortunately, also the
non-specific LNP background adsorption increased. A similar
situation was encountered when e.g. increase the concentration
of LNP.

Fostered by the pH-dependent degree of ionization of the
cationic lipid in the LNP, with resulting positive zeta potential at
pH 5, we reasoned that incubation of cells and LNP at such mild
acidic pH, could potentially enhance the efficiency of DBCO LNP
conjugation to azides in the cellular glycocalyx. By promoting
electrostatic interaction between positively charged LNP and the
negatively charged phospholipid cell membrane, one addresses
the issue of the low local concentration of slowly diffusing
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Figure 3 | Flow cytometry analysis of metabolic labelled cells and control cells incubated 15 min (A) with DBCO LNP at pH 5 or pH 7.4
and washed thrice with pH 7.4, (B) with DBCO LNP and control LNP at pH5 or pH 7.4 and washed thrice with pH 7.4. (n=3; t-test **

p<0,01; *** p<0,001)

reaction partners. Indeed, azides are connected to cells and
hence rather immobile, whereas the DBCO moieties are
connected to LNP which have diffusion coefficient which is
several orders of magnitude ?% lower that e.g. the low molecular
weight DBCO-EG4-Fluor545 that performed so well in the initial
conjugation experiments described earlier in this paper.
Electrostatic interaction between LNP and the cell surface
automatically increases the local DBCO concentration in the
vicinity of the azide-labelled glycocalyx, thereby increasing the
likeliness that both reaction partners react, which, in a broader
sense, could be seen as a kind of proximity-driven ligation.

Flow cytometry analysis showed that a short 15 min co-
incubation of LNP and cells was sufficient to achieve a massive
extent of cell surface adsorption (Figure 3), whereas in a parallel
experiment performed at a pH of 7.4, only a very low degree of
cellular fluorescence was measured. To alleviate the
electrostatic interaction between the LNP and the cell surface,
cells were subjected to triple washing with neutral buffer which
led to a decrease in fluorescence of cells that were not
metabolically azide labelled. By contrast, the cellular
fluorescence of metabolically azide labelled cells incubated with
DBCO LNP remained constant during repeated washing cycles
with buffer at neutral pH. Taken together, these observations hint
at a selective SPAAC conjugation of DBCO LNP to metabolically
azide labelled cells. Tempering the enthusiasm on the use of this
strategy, however, is the vast non-specific background
adsorption of control LNP to control cells. Indeed, from the data
in Figure 3, itis clear that despite multiple washing steps, control
cells still exhibit a high fluorescence. To address this issue of
high non-specific background binding, we reasoned that working
at neutral pH is crucial to avoid electrostatic interaction between
LNP and cells and to avoid the concomitant degree of
irreversible association. We also reasoned that increasing the
reactivity between the respective reaction partners on the LNP
and cell surface could be of great benefit to improve upon the
sluggish reaction between DBCO and azides under the present
challenging conditions. To address these considerations, we
explored the ultra-fast inverse electron demand Diels—
Alder (IEDDA) reaction between tetrazines and trans-
cyclooctene (TCO)PUR2 which is amongst the fastest bio-
orthogonal reactions that can occur within a complex and diluted

physiological environment. The simplest solution would be to
metabolically label cells with either tetrazine or TCO in
combination with LNP that bear the complimentary reaction
partner. However, despite recent progress in the field, including
the use of sialic acid derivatives %! for which the metabolic
machinery is more tolerant towards bulky substituents, metabolic
glycocalyx labelling with more bulky unnatural motifs is still by far
outperformed by azido sugars.

Hence, we opted to apply a 2-step conjugation sequence in
which metabolically azide labelled cells are first reacted with
sulfo-6-methyl-tetrazine-DBCO (DBCO-Tz), followed by co-
incubation with TCO LNP. This route was fostered by our
observation on SPAAC conjugation of DBCO-EGs-Fluor545
(Figure 1) to metabolically azide labelled cells, proving that
conjugation of low molecular weight compounds, in contrast to
objects that are several orders of magnitude larger in size, can
still be considered as very efficient. As a confirmation, we treated
DBCO-Tz pulsed metabolically azide labelled cells with TCO-
Cy5, followed by flow cytometry and confocal microscopy.
(Figure 4A) From these data is clear that selective IEDDA
occurs, with minimal cellular fluorescence the controls that lack
metabolic azide labelling or that were not pulsed with DBCO-Tz.
We then copied this experimental setting and pulsed
metabolically azide labelled cells with DBCO-Tz followed by co-
incubation with TCO LNP for 1 hour and analysis by flow
cytometry and confocal microscopy. TCO LNP were assembled
in a similar fashion as DBCO LNP by replacing DSPE-PEG-
DBCO with DSPE-PEG-TCO. We also prepared TCO LNP with
varying TCO density by dilution with DSG-PEG, Table 1 lists the
characteristics of these LNP too. Figure 4 clearly demonstrates
that the 2-step SPAAC/IEDDA conjugation strategy allows for a
highly specific cell surface conjugation of LNP, with very low non-
specific background fluorescence for controls cells lacking
azides in their glycocalyx and when omitting the DBCO-Tz step.
Furthermore, an increased density of TCO on the LNP surface
affords a higher cellular association of LNP (Figure 4C). The
high density of LNP on the cell surface is further illustrated in
Figure S5 in the Supporting Information section which shows
maximum intensity and 3D projections of LNP bound cells.
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Figure 4 | Flow cytometry analysis of metabolic labelled cells and control cells: (A) pre-treated with DBCO-Tz followed by incubation with
TCO-Cy5, (B) pre-treated with DBCO-Tz followed by incubation with TCO LNP, (C) pre-treated or untreated with DBCO-Tz followed by
incubation with TCO LNP 1.5%, 1.0% and 0.5%. n=3; t-test ** p<0,01; *** p<0,001; ****p<0,0001)(D) confocal microscopy of metabolic
labelled cells (D1) and control cells (D2) pre-treated with DBCO-Tz followed by incubation with TCO LNP (red fluorescence). Cell nuclei

were stained with Hoechst (cyan). Scale bar represents 5 micron.

Conclusion

In conclusion, we have reported on a simple, yet efficient,
methodology to covalently conjugate NP to the surface of living
cells, using 2 consecutives click reactions. Whereas the SPAAC
reaction between cell surface introduced azides (by virtue of
metabolic labelling with azido sugars) and low molecular weight
cycloalkynes is sufficiently fast to take place under common cell
culture conditions, it was found to be sluggish to allow for
conjugation of cycloalkynes-functionalized nanoparticles. By
contrast, a two-step reaction, involving in a first step SPAAC
reaction of cell surface azides with a low molecular weight
cycloalkyne-tetrazine compound and in a second step reaction of
cell surface tetrazines with transcycoalkene-functionalized NP by
ultrafast IEDDA, allowed for highly specific covalent cell surface
conjugation of NP. Importantly, this methodology lead to very low
non-specific background binding of NP to cells, which was not be
the case when relying on SPAAC only. We exemplify our case of
lipid-based NP, but we believe it is generally applicable to a broad
range of nanoparticles that can be functionalized on their surface
with transcycoalkene moieties. Moreover, either the linkage
between the transcycoalkene and the NP as well as the NP itself
can be engineered in response to specific stimuli in the tumor
microenvironment, topics which are under currently investigation
in our labs. Shown here for the example of T cells, we envision
the use of this methodology for adoptive cell therapy for multiple
cell types and believe that and chemical conditioning (i.e.
metabolic labelling) and conjugation steps are compatible with the
common practice in the field.
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