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Supramolecular Heterodimer Peptides Assembly for

Nanoparticles Functionalization

Clélia Mathieu, Shayamita Ghosh, Julien Draussin, Adeline Gasser, Guillaume Jacquot,
Mainak Banerjee, Tanushree Gupta, Marc Schmutz, Céline Mirjolet, Olivier Tillement,
Frangois Lux, Andrey S. Klymchenko, Mariel Donzeau, Xavier Pivot, Sébastien Harlepp,

and Alexandre Detappe*

Nanoparticle (NP) surface functionalization with proteins, including
monoclonal antibodies (mAbs), mAb fragments, and various peptides, has
emerged as a promising strategy to enhance tumor targeting specificity and
immune cell interaction. However, these methods often rely on complex
chemistry and suffer from batch-dependent outcomes, primarily due to
limited control over the protein orientation and quantity on NP surfaces. To
address these challenges, a novel approach based on the supramolecular
assembly of two peptides is presented to create a heterotetramer displaying
V,Hs on NP surfaces. This approach effectively targets both
tumor-associated antigens (TAAs) and immune cell-associated antigens. In
vitro experiments showcase its versatility, as various NP types are
biofunctionalized, including liposomes, PLGA NPs, and ultrasmall
silica-based NPs, and the V,Hs targeting of known TAAs (HER2 for breast
cancer, CD38 for multiple myeloma), and an immune cell antigen (NKG2D for
natural killer (NK) cells) is evaluated. In in vivo studies using a HER2+ breast
cancer mouse model, the approach demonstrates enhanced tumor uptake,
retention, and penetration compared to the behavior of nontargeted analogs,

1. Introduction

The field of nanotechnology has made sig-
nificant advances in the design and syn-
thesis of functional nanoparticles (NPs) en-
abling precise control over their assembly
and properties.['?] Biofunctionalization of
these NPs is a well-established technique,
facilitating targeted interactions with spe-
cific cell types.’! In oncology, and more
specifically in immuno-oncology, this ap-
proach is broadly applied to enhance NPs
uptake by tumors or to direct them to-
ward specific immune cells.l**] However,
previously reported studies suggest that
the pharmacokinetics and biodistribution
of targeted nanoparticles (NPs) are primar-
ily influenced by the inherent physicochem-
ical properties of the NPs themselves rather
than the biofunctionalization process.[”?]
Existing methods of functionalizing NPs

affirming its potential for diverse applications.

with monoclonal antibodies (mAbs) face
challenges in achieving controlled NP-to-
mADb ratios and site-specific conjugation,
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which can induce risks associated with heterogeneous
batches.®"? As an alternative, antibody fragments such as
nanobodies derived from llamas, specifically the single variable
domain of heavy-chain-only antibodies (V;Hs), offer advantages
such as monovalency, hydrophilicity, and specificity toward the
targeted antigen.! These V;;Hs can be directly grafted onto
NPs.*15] This approach, however, does not allow to prepare
rapid-to-screen functionalized NP to target different tumor
associated antigens (TAAs) or immune cell antigens and may
suffer from batch-to-batch variation from the synthesis of the
NP itself.

Another approach to improve batch consistency is to take ad-
vantage of the ability of given peptides to self-assemble, such as
by using peptide sequences derived from the tetramerization do-
main of p53.1'%! These small peptides, p53tet-K351E (referred to
as E3) and p53tet-E343K/E346K (referred to as K3), have the abil-
ity to form stable heterotetramers in solution at a 1:1 ratio.!l'718]
Building on this knowledge, we engineered various types of
VyHs fused to the N-terminal end of the E3 peptide. Taking ad-
vantage of click chemistry, we also designed NPs such that the re-
action with K3 peptides is favored thermodynamically. Therefore,
our E3-K3 functionalization approach enables the generation of a
large batch of prefunctionalized NPs@X3 ready to undergo self-
assembly with various types of V;Hs through E3-K3 heterote-
tramerization (Figure 1A). This provides precise control over the
density of V;Hs on the NPs, while addressing the challenge of
synthesizing reproducible batches of NPs with different type of
VyHs at their surface for comparison studies. Furthermore, the
presence of abundant K3-E3@V;H complexes on the NP surface
is expected to enhance NP stealth as it has been demonstrated
with PEGylated NPs,['%] reducing opsonization and uptake by the
reticular endothelial system (RES) compared to that achieved by
conventional V,;H-functionalized NPs or by nonfunctionalized
NPs.[20]

Though this study, we aimed to validate, both in vitro and
in vivo, the self-assembled targeted-NP strategy, thereby creat-
ing novel versatile and supramolecular nanoplatforms that target
TAAs and immune cell antigens.

2. Results and Discussion

2.1. Synthesis, Characterization, and In Vitro Validation of the
Targeting Specificity of the E3@V,,H library

Expanding on E3-K3 heterotetramerization, we have developed
a proof-of-concept strategy for generating targeted NPs that are
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commonly employed in therapeutic and diagnostic applications.
Through bio-orthogonal click chemistry,*!) we constructed two
libraries: one consisting of NP@XK3, including a large panel of
NPs, such as ultrasmall lanthanide-based NPs!??! (silica-based
bismuth (Si-Bi), silica-based gadolinium (Si-Gd), silica-based
holmium (Si-Ho)), and NPs more commonly used in the field
of drug delivery, such as liposomes(?* and poly(lactic-co-glycolic
acid) (PLGA) NPs.[?* These NPs were all functionalized by using
dibenzocyclooctyne (DBCO) groups that can react with a K3-azide
(K3-N;) peptide.

In parallel, we also developed E3@VHs targeting multiple
cell-surface receptors, including ErBb2 (HER2+ breast cancer
cells), CD38 (plasma cells), NKG2D ligands (NK cells), and eGFP
(control) (Figure 1A; and Figure S1, Supporting Information).
E3@V,H targeting ErbB2 domain 3 (E3@HER2), as well as
the other V;Hs, was overexpressed in E. coli. with the fusion
of a cysteine residue at the N-terminal extremity for the further
conjugation of a fluorescent dye (FD) by thiol-maleimide chem-
istry. The purification of these E3@V,H was based on immo-
bilized metal affinity chromatography (IMAC) followed by size
exclusion chromatography (SEC). Furthermore, the purification
was validated by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Figure 1B; and Figure S2, Supporting
Information). The final yields of all the purified recombinant pro-
teins were >0.1 mg mL™.

To confirm that the functionalization of the V;Hs on the
NP surface does not impact the recognition specificity of each
VyH, we tested whether the different parts of the building block
process altered the binding affinity of the V;Hs (Figure 1C,D).
Hence, the apparent affinity constant (Kp) of each E3-VH was
determined by flow cytometry using E3@eGFP for normal-
ization. The apparent K, was 15.1 + 1.7 nm for E3@HER2
in the HCC-1954 cell line (HER2+ cell line), 22.8 + 3.6 nm
for E3@NKG2D in the NK-92 cell line, and 73.1 + 2.3 nm
for E3@CD38 in the KMS18 cell line (CD38+ myeloma cells)
(Figure 1C). These results confirmed that the binding specificity
of these V;Hs is not affected by fusion to the E3 peptide.

Then, we conducted thermal shift assays (T'SAs) to investi-
gate the self-assembly of the various E3@V; Hs with the K3 pep-
tide. The alterations in melting temperature provided insight
into the dynamic interplay between the E3 fusion V,;Hs and K3
peptide, ultimately yielding self-assembly dissociation constant
(Kp) values. All K, values were very similar: 12.5 + 0.1 n™ in
the case of K3-E3@HER2, 27.3 + 0.1 nm for K3-E3@NKG2D
and 83.8 + 0.1 pm for K3-E3@CD38 with no statistical differ-
ences among the groups (P-value>0.05, Mann-Whitney test)
(Figure 1D). These results demonstrate that the binding constant
of E3-K3 is not altered by the fusion of V;;H to E3.

Finally, we verified whether the apparent K previously
determined with E3@V,Hs alone remained consistent af-
ter heterotetramerization with K3 conjugated to a FD. We
first confirmed qualitatively the binding specificity of these
FD@K3-E3@V,Hs through confocal imaging (Figure 1E).
Next, we determined Kp values of 13.0 + 1.6, 23.5 + 2.1, and
75.3 + 2.4 nM for FD@K3-E3@HER2, FD@K3-E3@NKG2D,
and FD@K3-E3@CD38, respectively, using the same cell
lines as abovementioned (Figure 1F). The K values displayed
no statistically significant deviation from their E3@VyH
counterparts (P-values > 0.05 for all comparison groups,
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Figure 1. Development of the nanoparticle@K3-E3@V,Hs library. A) Schematic representation of the strategy used to develop the different targeted
nanoparticles. B) SDS-PAGE qualitative analysis of purified E3@V Hs. C) Flow cytometry study determining the apparent binding affinity of the different
E3@VyHs, E3B@HER2 on HCC1954, E3@CD38 on KMS18, and E3@NKG2D on NK-92 cell lines. D) Thermal shift assays validating the auto-assembly
of the different E3@V4Hs to K3 peptide. E) Fluorescent imaging of the fluorescent dye (FD) Bodipy 493/503@K3-E3@HER2 on HER2+ (HCC1954)
and HER2- (MDA-MB-231) cell lines. Nucleus is represented in DAPI (blue) and fluorescent dye (FD) in green. Scale bar = 20 um. F) Flow cytometry
study determining the apparent binding affinity of the different FD@K3-E3@VyHs; FD@K3-E3@HER2 on HCC1954, FD@K3-E3@CD38 on KMS18,

and FD@K3-E3@NKG2D on NK-92 cell lines. Data are presented as mean = standard deviation and all experiments were performed in triplicates.

Mann-Whitney tests), confirming that coassociation with FD-
K3 does not modify the apparent binding efficiency of the
VyHs. Altogether, these results confirmed the suitability of
our approach for the prospective development of a targeting
strategy.

2.2. Generation of a Self-Assembled Targeted Nanoplatform
Library Directed Toward Various Cell Membrane Targets

To assess the adaptability and versatility of this functionalization
approach, we embarked on a subsequent investigation aimed at
replacing the FD with various types of NPs from our library. In
a comprehensive in vitro proof-of-concept analysis, we initially
employed liposomes functionalized with HER2 VHs. Subse-
quently, we validated the applicability of these outcomes to other
Vi Hs and NP types by systematically modulating the experimen-
tal conditions (Figure 2).

Adv. Healthcare Mater. 2024, 13, 2304250 2304250 (3 of 9)

To produce liposome@K3-E3@VHs, we initiated the pro-
cess by conjugating K3-N; with DSPE-PEG2000-DBCO. The
liposomes consisted of a 1:4 ratio of DSPE-PEG2000 and DSPE-
PEG2000-DBCO and were formed through a thin-film rehydra-
tion method (for further details, see the Experimental Section).
Subsequently, the resulting micelles were incubated with K3-N,
at room temperature (RT) overnight, followed by treatment
with 0.1% sodium dodecyl sulfate (SDS) to disrupt them. The
disassembled micelles were then purified through tangential
flow filtration with a cutoff of 5 kDa. The DSPE-PEG2000@K3
conjugate was further introduced into preformulated liposomes
(described in the Supporting Information) and allowed to
post-insert for 1 h at RT, with a ratio of 2.5 nmol of K3 (DSPE-
PEG2000@K3) per milligram of lipids (Figure S3, Supporting
Information). Subsequent purification was carried out through
tangential flow filtration with a cutoff of 100 kDa to isolate the
conjugate liposome@K3-E3@VHs, followed by assessment
via cryogenic transmission electron microscopy (cryo-TEM)

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. In vitro validation of the different nanoparticles@K3-E3@VHs. A) Cryo-TEM images of the liposomes and functionalized liposomes
(liposomes@K3-E3@HER2 and liposomes@K3-E3@eGFP). Scale bar = 50 nm. B) Hydrodynamic diameters of the three liposomes measured by
dynamic light scattering. C) Membrane thickness quantified based on the cryo-TEM images (n = 150 per group). D) Fluorescent correlation spec-
troscopy measurements confirming the grafting of E3@V; Hs at the surface of the liposomes. E) Fluorescence imaging of liposome@K3-E3@HER2 and
liposome@K3-E3@eGFP on HCC1954 cells. Scale bar = 20 um. F) Quantification of the fluorescence intensity for both liposomes (n = 100 per group). G)
Cell binding specificity determined by flow cytometry of the liposome @ K3-E3@HER2 and liposome @ K3-E3 @eGFP on HER2+ (HCC1954 and SKOV3) as
well as on HER2 low (MDA-MB-231) cell lines. H) Cell binding specificity determined by flow cytometry of the various nanoparticles@K3-E3@HER2 and
nanoparticles@K3-E3@eGFP on HER2+ (HCC1954) cell line. I) Cell binding specificity determined by flow cytometry of the liposome@K3-E3@CD38
and liposome@K3-E3@eGFP on CD38+ (KMS12-BM) as well as on CD38- (MDA-MB-231) cell lines. ]) Cell binding specificity determined by flow cy-
tometry of the liposome@K3-E3@NKG2D and liposome@K3-E3@eGFP on NKG2D+ (primary NK cells) cell line. P-value determined by Mann Whitney
tests, *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were performed in triplicates.

(Figure 2A). The size of both the liposomes and liposome @K3-
E3@VHs was determined through cryo-TEM imaging and the
hydrodynamic size was measured by dynamic light scattering
(DLS) (Figure 2B). The zeta potential remained consistently
stable after functionalization ({ = —26 and —27 mV before and
after functionalization). While the functionalization approach
had a negligible impact on the hydrodynamic diameters of the
liposomes (DLS size of 112 + 21 and 121 + 11 nm; polydisper-
sity index = 0.14 and 0.11, before and after functionalization,
respectively), there was a significant increase in the thickness
of the liposome membranes before and after the insertion of
E3@eGFP or E3@HER2 compared to the membrane thickness
of the unmodified liposomes (P value<0.001, Mann-Whitney

Adv. Healthcare Mater. 2024, 13, 2304250 2304250 (4 of 9)

test), confirming the success of the functionalization strategy
(Figure 2C). To characterize the resulting liposome-peptide
conjugates, we employed fluorescence correlation spectroscopy
(FCS) method, which is commonly used to measure both hy-
drodynamic diameter and concentration of NPs. Using this
approach (Figure 2D; and Figure S4, Supporting Information),
we determined an average functionalization of 11 E3@HER2
per liposome.[?2° Through FCS measurements, the diameter
of the liposome was determined to be 87.3 nm, corresponding to
the labeled liposomes. The free peptide sample had a diameter
of 4.0 nm, which matched its expected hydrodynamic diameter.
When the liposome@K3-E3@VHs complex was measured,
the diameter of the emissive species increased to 31 nm, which

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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was intermediate between that of the free E3 peptide and the
liposome. Moreover, the number of the emissive species nearly
doubled compared to that of the liposomes. These data sug-
gested that some fraction of the E3 peptide was grafted to the
liposomes, while another fraction remained in the free form. To
quantify this result, we performed a fit with two components in
which we fixed the correlation times for the free peptide and the
liposomes. We found that the component corresponding to the
peptide grafted to the liposomes was present at a concentration
close to that observed for the liposomes, which confirmed our
conclusion that the E3 peptide was successfully grafted onto the
liposomes. Nevertheless, the fraction of free peptide was not
negligible, although its concentration was much lower than that
used in the formulation before the purification of the conjugate.
Moreover, one should note that FCS analysis with multiple emis-
sive species of different size provides only semiquantitate result,
because it depends on the fitting model and requires fixation of
some parameters to obtain reliable and stable fit. Overall, our
data provide direct evidence for the conjugation of the E3 peptide
to liposomes and the efficiency of the purification method used.

This conjugation methodology was further replicated with var-
ious types of NPs, including and ultrasmall lanthanide-based sil-
ica NPs (gadolinium, holmium, and bismuth, ~5 nm!??l) (Figure
S5, Supporting Information) and PLGA NPs (~100 nm) (Figure
S6, Supporting Information), to generate a group of ready-to-be
functionalized NPs.

After supramolecular assembly at a 1:1 ratio between the
amount of K3 and E3-V,H, the cellular selectivity of the tar-
geted liposomes, specifically toward the TAA ErBb2, was initially
assessed through immunofluorescence imaging using HCC-
1954 (HER2+) cells. These cells were exposed to liposome @K3-
E3@HER2 and liposome@K3-E3@eGFP for 5 min at 4 °C
(Figure 2E,F). A statistically significant increase in the flu-
orescence signal was estimated by confocal imaging in the
group treated with liposome@K3-E3@HER2 compared to the
group treated with liposome@K3-E3@eGFP (P-value < 0.001,
Mann-Whitney test). For a more accurate quantification of
the targeting specificity, we next conducted additional experi-
ments using flow cytometry with two HER2+ cell lines (HCC-
1954 and SKOV3) and one HER2- cell line (MDA-MB-231)
(Figure 2G). The results showed significant binding specificity
of the liposome@K3-E3@HER2 for the HER2+ cell lines com-
pared to passive uptake (liposome only) and to control targeted
liposomes (liposome@K3-E3@eGFP). No detectable differences
were observed between these 3 liposomes in HER2- MDA-MB-
231 cells. These results consistently affirmed the heightened
specificity of liposome@K3-E3@HER2 toward the TAA ErBb2.

Expanding upon these findings, we next assessed the versatil-
ity of this approach by substituting liposomes with other types
of NPs while retaining the anti-HER2 V;H as the targeting unit
(Figure 2H). This highlighted the ability of this methodology to
efficiently screen a variety of NPs. Finally, we confirmed the com-
prehensive adaptability of this approach by replacing E3@HER2
with E3@CD38 (Figure 2I) and E3@NKG2D (Figure 2]) on the li-
posome@K3 platform. In both instances, the functionalized lipo-
somes exhibited specificity toward the targeted antigens, under-
scoring the potential of these self-assembled targeted nanoplat-
forms for the rapid screening of different materials and cell target
sites.
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2.3. In Vivo Confirmation of the Stability of the E3-K3
Heterotetramerization and the Targeting Specificity of the
Generated Targeted Nanoplatforms

Although the stability of E3-K3 heterotetramerization has been
established in vitro, its suitability for in vivo active targeting re-
mained unproven. We selected liposomes for this in vivo tar-
geting proof-of-concept study due to the extensive published lit-
erature on liposomes, which facilitates comparisons with other
studies utilizing liposome-full mAbs or liposome fragments of
mADbs.[?28] Given the widespread use of trastuzumab (anti-HER2
mAD) for NP functionalization proof-of-concept studies,?*! we
opted to employ E3@HER2 as the targeting component for this
in vivo investigation. Consequently, and as previously reported in
a meta-analysis comparing passive versus active targeting strate-
gies, our initial goal was to ascertain whether our liposome @K3-
E3@HER?2 displayed comparable pharmacokinetic and biodis-
tribution properties to nonfunctionalized liposomes in healthy
mice and improved tumor targeting efficiency in a HER2+ breast
cancer mouse model (Figure 3A).

In healthy mice, a single intraperitoneal (ip) administration
of either liposomes or liposome@K3-E3@HER2 was conducted
to carry out a pharmacokinetic evaluation through the quantifi-
cation of fluorescence content (Figure 3B). The total amount of
liposomes used in this study was confirmed to be nontoxic to the
animals at the macroscopic level (Figure S7, Supporting Informa-
tion). As anticipated, the addition of a targeting unit on the lipo-
some surface did not impact these parameters, resulting in com-
parable half-lives (T, 17.3 + 2.5 and 22.0 + 5.1 h, respectively),
area under the curve from 0 to 72 h (AUC,,,,, 917 = 273 and
976 + 110 mg h L™, respectively), and maximal blood concen-
tration (C,,y, 49.1 & 20.1%ID and 43.4 + 1.0%ID, respectively)
(Figure 3C).l7]

Upon performing biodistribution analysis and utilizing ex vivo
fluorescence imaging (IVIS, Perkin Elmer) for quantification, we
found that over the course of the study, no statistically significant
disparities were discerned between passive and active targeted
liposomal formulations in the major organs, except for distinc-
tive outcomes in the liver and spleen (26.7 + 4.7% injected dose
per gram of tissue (%ID/g) versus 15.6 + 3.2%ID/g, P-value for
the liver = 0.0095, one-way ANOVA; 16.8 + 3.2%ID/g versus 7.5
+ 0.4%ID/g, P-value for the spleen = 0.0054, one-way ANOVA)
(Figure 3D,E). This variation between targeted and nontargeted
liposome formulations can be attributed to a combination of fac-
tors. First, it could be explained by the elevated adherence of
phospholipids to the liposome surface, making them markedly
receptive to uptake by these two specific organs.*"! Furthermore,
the presence of an excess of lipoproteins on liposomes can trigger
opsonization, a process whereby blood proteins coat the liposo-
mal surface, designating them for swift elimination through the
RES, which predominantly comprises the liver and spleen.>!] Tt
is noteworthy that the specific mechanisms may display varia-
tions depending on the distinctive attributes of the liposomes and
lipoproteins utilized. These points underscore the paramount
importance of understanding these interactions for the optimiza-
tion of drug delivery strategies and the amelioration of potential
off-target effects, supporting the need for further investigations.

Next, we sought to validate the targeting specificity of
liposome@K3-E3@HER2 and compare it with that of

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Pharmacokinetic and biodistribution studies of the targeted liposomes. A) Schematic representation of the in vivo study. B) Pharmacokinetic
profiles of the liposome and liposome@K3-E3@HER2 intraperitoneally (i.p.) administered in healthy balb/c mice (n = 6 per group). C) Comparison of
the pharmacokinetic parameters (half-life — Ty 5; C,o — concentration max. in plasma; AUCy.7, , — area under the curves between 0 and 72 h post-i.p.
administration) normalized to liposome results. D) Fluorescent imaging of the liposomes in major organs 72 h after administration. E) Longitudinal
quantification of the nanoparticles’ concentration in the major organs (n = 6 per group). Data are presented as mean + standard deviation. P-value

determined by one-way ANOVA. All experiments were performed on N = 3 mice per group.

liposome@K3-E3@eGFP and nonfunctionalized liposomes
using a HER2+ subcutaneous xenograft tumor model. We
conducted a tumor uptake study by monitoring longitudinally
the fluorescence levels present in the tumor by using an IVIS
imaging platform (Figure 4A,B). The results from this study
showed that the maximum tumor uptake was not significantly
different from that of liposome@K3-E3@HER2 and liposome
or liposome@K3-E3@eGFP (4.01 = 1.2%ID, 3.4 + 0.9%ID,
and 2.7 + 1.1%ID, respectively, P-value = 0.1143 and 0.057,
respectively, Mann—-Whitney). However, similar to previously
reported results,”] the utilization of active targeting represents
a pivotal advancement in achieving substantial tumor retention
for an extended period of time, thereby reaffirming the efficacy
of this active targeting strategy with significant differences
between targeted and nontargeted liposomes from 24 h after
i.p. administration (liposome@K3-E3@HER2 versus liposome,
P-value = 0.028, Mann-Whitney) (Figure 4B). This difference
was maintained at 48 h after administration (P-value = 0.028,
Mann-Whitney). Hence, the employment of an active targeting
moiety notably enriched tumor retention, which we predomi-
nantly attributed to enhanced tumor penetration. Furthermore,
through the use of a colorimetric map delineating NP uptake, we
observed that liposome@K3-E3@HER2 displayed considerably
deeper tumor penetration than unconjugated liposomes which
remained predominantly confined to the tumor periphery, coin-
ciding with regions of heightened neovascularization while the

Adv. Healthcare Mater. 2024, 13, 2304250 2304250 (6 of 9)

targeted liposome seemed to almost homogeneously distribute
within the tumor (Figure 4C,D; and Figure S8, Supporting
Information), offering large potential for further drug delivery
applications.

3. Conclusion

In conclusion, our research establishes the practical viability of
using peptide building blocks for NP functionalization. Tumor
uptake closely aligns with conventional mAb-NP strategies, rein-
forcing the promise of our approach while addressing the usual
challenges associated to this common functionalization strate-
gies; mADb-NPs provide precise target recognition, but challenges
such as controlling mAD orientation and maintaining the opti-
mal NP-to-mADb ratio impede progress. Additionally, larger mAb-
NP complexes hinder effective tumor penetration compared to
fragment-NPs.

In our study, we introduced a novel peptide-based strategy
for NP functionalization and V;H screening, demonstrating ex-
ceptional tissue penetration due to smaller antibody fragments.
This approach offers advantages, such as ease of synthesis and
cost-effectiveness, particularly with nonhuman-derived antibody
fragments. Our peptide-based building block strategy proves
stable in preclinical mouse models. The strong affinity between
E3 and K3 peptides suggests applications in a broad range
of therapeutic applications which may include drug delivery,
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Figure 4. Improved tumor retention of targeted liposomes. A) Longitu-
dinal tumor uptake fluorescence imaging of liposome, liposome@K3-
E3@eGFP, and liposome@K3-E3@HER2 groups (n = 5 per group) in
HER2+ (HCC1954 cells) subcutaneous breast cancer tumors. B) Longitu-
dinal tumor uptake quantification. C) Hematoxylin and eosin (H&E) stain-
ing, nanoparticles uptake (fluorescence signal), and segmentation map of
the nanoparticle penetration in the tumor. Scale bar = 200 um. D) Quan-
tification of the liposome and liposome@K3-E3@HER penetration profile
in the tumor. Data are presented as mean + standard deviation. n.s. de-
notes nonsignificant; *, P-value < 0.05, **, P-value < 0.01, ***, P-value <
0.001, Mann—Whitney tests. Studies were performed with N = 6 mice per
group.
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imaging, and immunooncology. In essence, our exploration
of peptide building blocks for NP functionalization delivers
promising results, highlighting them as a compelling alternative
to traditional fragment-NP and mAb-NP methods.

4. Experimental Section

Synthesis of the Nanoparticles: All synthesis details are provided in
the Supporting Information. The peptide p53tet-E343K/E346K-azido-
PEG4-Nter was purchased through Polypeptide Group, France using the
sequence: Asn-Asn-Thr-Ser-Ser-Ser-Pro-GlIn-Pro-Lys-Lys-Lys-Pro-Leu-Asp-
Gly-Glu-Tyr-Phe-Thr-Leu-Gln-lle-Arg-Gly-Arg-Glu-Arg-Phe-Glu-Met-Phe-
Arg-Lys-Leu-Asn-Lys-Ala-Leu-Glu-Leu-Lys-Asp-Ala-GIn-Ala-Gly-Lys-Glu-
Pro-Gly conjugated with Azido-PEG4-C2-carboxylic acid at the N-terminus,
TFA salt with a purity set at >90% and validated by RP-HPLC.

Dynamic Light Scattering (DLS): DLS measurements were conducted
using a nano-ZS instrument (Malvern). The suspensions of NPs were pre-
pared in a solution of nanopure water (Milli-Q) at a concentration of 1 mg
mL~". DLS measurements were performed in sets of 10 acquisitions. The
average hydrodynamic diameters of the NPs were determined by analyzing
the DLS correlation function through a regularization fitting method.

Cryogenic Transmission Electron Microscopy (Cryo-TEM):  Liposomal for-
mulations were imaged by cryo-TEM using a previously reported method.
Briefly, sample solutions were prepared at 5 mg mL™" in water. A volume
of 5 uL was applied to 400 mesh copper TEM grids covered with a lacey car-
bon film for solutions containing up to 23% water. The grids were freshly
glow discharged to make them hydrophilic (Elmo, Cordouan Technologies,
Pessac, France). Then, the grids were blotted and immersed into liquid
ethane using a homemade freezing machine equipped with a controlled
temperature and humidity chamber (set at 22 °C and > 80% relative hu-
midity). For a water content below 23%, no humidity regulation was ap-
plied. The grids were then mounted onto a Gatan 626 cryoholder and ob-
served under reduced dose conditions using a Tecnai G2 microscope (FEI)
operating at 200 kV. The images were recorded with a slow-scan CCD cam-
era (Eagle 2k2k, FEI).

Fluorescence Correlation Spectroscopy (FCS): To determine the amount
of E3@VHs per NP, an FCS study was performed. Measurements were
performed on a home-built confocal setup based on a Nikon inverted mi-
croscope with a Nikon 60 X 1.2 NA water immersion objective.[3?] Exci-
tation was provided by a continuous wave laser diode (488 and 638 nm,
Oxxius), and photons were detected with a fibered avalanche photodiode
(APD SPCM-AQR-14-FC, PerkinElmer) connected to an online hardware
correlator (ALV7000-USB, ALV GmbH, Germany). The solution of lipo-
somes was diluted 20 times and peptides were diluted 100x before de-
positing 200 uL on 96-well optical-bottom plates for measurements. The
data were analyzed using PyCorrFit software.

In Vitro Experiments: Cell lines. Human breast cancer cells (MDA-
MB-231, HCC-1954) were obtained from American Type Culture Collec-
tion (ATCC, USA). Myeloma cancer cells (MM.1S, KMS12-BM, KMS18),
and ovarian cancer cells (SKOV3) were generously provided by the Gho-
brial Laboratory (Dana-Farber Cancer Institute, Boston, MA). Fetal bovine
serum (FBS) was purchased from VWR. MDA-MB-231, KMS18, KMS12-
BM, and MM.1S cell lines were cultured in RPMI 1640 with L-glutamine
(#L0500-500, VWR, France). HCC-1954 and SKOV3 cells were cultured
in RPMI 1640 with L-glutamine and HEPES (#10-041-CV/702523, Dut-
sher). All media were supplemented with 10% FBE and 10 000 unit mL™"
penicillin and streptomycin (PS, #P06-07100, Dutsher). All cell lines were
maintained in a humidified incubator supplied with 5% CO,, maintained
at 37 °C and regularly tested for mycoplasma contamination.

In Vitro Binding Specificity: The in vitro specificity of the different
NP@K3-E3@VyH formulations was assessed using flow cytometry and
fluorescence microscopy. For flow cytometry analysis, 1-2.10° cells per
condition were treated with 100 pL of NPs (ranging from 100 nm to 1 um)
in FACS buffer (PBS, FBS 2%, EDTA 2 mm) for 5 min at room temperature
(RT). The cells were then washed three times with PBS, with centrifugation
at 300 X g for 5 min between each wash. Flow cytometry data acquisition
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was performed using the MACSQuant Analyzer 10 Flow Cytometer (Mil-
tenyi), and subsequent analysis was carried out using FlowJo software (V.
10.8.2).

Fluorescence microscopy was conducted to confirm the localization
of NP binding to the cells. A total of 10° cells per well were seeded
on coverslips in a 12-well plate and incubated overnight. After incuba-
tion, the cells were washed twice with PBS and fixed with 4% PFA for
20 min at RT, followed by two additional washes with PBS. The cov-
erslips were mounted using DAPI-containing antifade mounting media
(# P36971, Prolong, ThermoFisher, France). DAPI and Bodipy 493/503
(Thermo Fisher) showed blue and green staining, respectively. The im-
ages were acquired on an Olympus confocal spinning disk microscope.
The 405 and 488 nm wavelengths were evaluated to excite the two probes
and an Orca Flash IV camera to record the images. The fluorescence imag-
ing was then analyzed using Fiji software (V. 2.14.0).

In Vivo Experiments: All animal procedures were conducted in com-
pliance with the Guidelines for the Care and Use of Laboratory Animals,
as outlined by the Institutional Care and Use Committee (D67-2018-
38 and E67-482-041) of the University of Strasbourg (APAFIS: # 38306-
2022082410083076 V5). Adult female BALB/c and BALB/c nude mice
(Charles River, France; 6-8 weeks old) were acclimated upon arrival, main-
tained at a constant temperature of 22 °C, and exposed to a 12-12 h light-
dark cycle for a minimum of 7 days before any experimentation was ini-
tiated. They were kept in a pathogen-free environment with continuous
access to food and water throughout the experimental procedures.

Pharmacokinetic and Biodistribution Studies in Healthy Mice: Pharma-
cokinetic and biodistribution studies were conducted in healthy mice fol-
lowing ip injections of 0.03 umole kg™' (based on dye amount) liposomes
and Liposome@K3-E3@HER2. The mice were euthanized at various time
points: 30 min, 1, 3, 6, 24, 48, and 72 h, with three mice per group at each
time point. Blood samples were collected via cardiac puncture after eu-
thanasia and stored in EDTA-coated tubes. Simultaneously, all harvested
organs were imaged ex vivo using an IVIS system (PerkinElmer). The blood
samples were subjected to fluorescence imaging using IVIS to analyze
blood-compartment pharmacokinetics (PK), which were then fitted into a
two-component model using standard procedures. The protein contents
of tissue homogenate samples were determined using the BCA Protein
Assay Kit (Thermo Fisher Scientific). To quantify tissue fluorescence and
generate biodistribution profiles, the collected organ homogenates were
transferred to a 96-well plate and subjected to fluorescence imaging fol-
lowing the same experimental procedure.

Tumor Uptake Study: A total of 1,5.10°5 HCC-1954-Luc+ cells were
mixed at a 1:1 ratio v/v with growth factor-reduced Matrigel (Perkin Elmer)
and injected subcutaneously into the flanks of the mice to generate tu-
mors. Tumor volume was measured using calipers and calculated as
[(width)? x length]/2. Mice were randomly assigned to study groups once
the tumor reached 150 mm? in volume. Mice were then i.p. administered
liposomes, liposome@K3-E3@eGFP or liposome@K3-E3@HER2 at an
amount of 3.8 pmoles. Using the same timepoints as for the PK and biodis-
tribution study, tumors were harvested (n = 3/time point) and imaged
by IVIS. Quantification was performed using the previously described ap-
proach.

Ex Vivo Distribution Analysis of the NPs in the Tumor:  Tumors previously
fixed in 4% paraformaldehyde were sliced into 8 um sections before being
imaged using an in-house designed confocal spinning disk microscope.
The VyHs were excited with a 740 nm laser, and the images were cap-
tured using a Hamamatsu Orca Flash camera. Subsequently, the images
were stitched together and analyzed using Fiji software (v2.14). The initial
region of interest (ROI) was defined based on the contour of the tumor
intensity. Then an 8-step sequential scaling factor of 0.8x was applied to
reduce the ROI size to the center of the tumor. The average intensity per
pixel within these intervals was subsequently analyzed and plotted.

Statistical Analysis: Data are represented as mean =+ standard devi-
ation. All results were analyzed using GraphPad Prism 9.5.1. Statistical
analysis was performed using unpaired nonparametric t-test for multiple
groups comparison at a specific time point (Mann—Whitney test) or a one-
way ANOVA for group comparison. Significance was determined at the
following cutoff points: *P < 0.05, **P < 0.01, and ***P < 0.001.
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