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Targeted delivery has emerged as a critical strategy in the development of novel therapeutics. The
advancement of nanomedicine hinges on the safe and precise cell-specific delivery of protein-based
therapeutics to the immune system. However, major challenges remain, such as developing an efficient
delivery system, ensuring specificity, minimizing off-target effects, and attaining effective intracellular
localization. Our strategy utilizes lipid-based nanoparticles conjugated with a glycomimetic ligand. These
nanoparticles selectively bind to langerin, a C-type lectin receptor expressed on Langerhans cells in the
skin. We opted for cytotoxic proteins, namely cytochrome c and saporin, as model proteins to showcase
the potential of delivering intact proteins to Langerhans cells. These proteins are recognized for their
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ability to induce apoptosis upon entry into the cytosol. We observed specific killing of cells expressing
langerin in vitro, and in primary Langerhans cells isolated from mouse and human skin ex vivo with
minimal off target effects. By delivering functional proteins within lipid nanoparticles to Langerhans cells,
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Introduction

The therapeutic potential of cytosolic delivery of macro-
molecules, such as DNAs, RNAs, and proteins, is immense,
offering new treatments for a wide array of diseases from
genetic disorders to cancer." However, clinical translation of
such therapeutics is challenged amongst other factors by the
specificity of delivery to defined cells with limited off-target
effects, overcoming membrane barriers, ensuring escape from
endosomal entrapment, and directing precise subcellular
localization.> Recent studies in the field of nanomedicine have
highlighted the potential of intracellular delivery, exemplified
by the clinical endorsement of RNA delivery for gene silencing
(e.g., Onpattro®) and COVID-19 vaccines.® Central to these
achievements is the utilization of nanocarriers like lipid-based
nanoparticles.*® Although prior studies have demonstrated
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our approach offers new potential to deliver effective therapeutics with minimal side effects.

the potential application of lipid-based nanoparticles for intra-
cellular protein delivery,®® challenges persist due to unspecific
uptake of the particles, low endosomal escape and the
inherent instability of proteins, hampering further
advancement.’

The use of liposomes for protein delivery began with the
encapsulation of lysozyme,' followed by the delivery of proteins
such as p-glucuronidase™ and B-galactosidase.'” Recent studies
have extended this approach to include lipid nanoparticles
(LNPs) tailored with cationic or ionizable lipids for delivering
anti-cancer  agents,">'?  cytotoxic  proteins for cancer
treatment,"””"® and gene editing proteins like CRISPR/Cas9."’
Despite these advancements, enhancing delivery efficiency, thera-
peutic outcomes and targeting specificity remains imperative.

We previously reported the development of a small mole-
cule glycomimetic targeting ligand that specifically binds to
the C-type lectin (CLR) langerin (CD207) that is expressed on
Langerhans cells (LCs).>*?" Residing in the epidermis, LCs are
frontline sentinels that play a crucial role in identifying patho-
gens via langerin and other pattern recognition receptors
(PRRs), leading to endo/lysosomal antigen processing and pro-
moting a potent adaptive immune cascade via both T cell and
B cell activation.**>>*° This glycomimetic targeting ligand has
proven versatile and has been used for the specific delivery of
liposomal formulations as well as direct conjugation of the
ligand to protein carriers.*®

This journal is © The Royal Society of Chemistry 2025
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In this study, lipid-based nanoparticles of both liposomes
and LNPs were utilized to encapsulate cytotoxic proteins,
serving as model proteins, cytochrome c (Cyt C) and saporin.
The aim was to induce apoptosis in langerin-expressing cells,
demonstrating effective cytosolic protein delivery. To assess
the specificity and efficacy of our cytotoxin-LNP system, we
initially employed a langerin-expressing model cell line.
Subsequently, we extended our investigation to primary LCs
obtained from both mouse and human epidermal cell suspen-
sions. Our results demonstrated a remarkable targeting speci-
ficity and efficacy towards LCs compared to other non-targeted
cells. This approach effectively addresses the hurdles associ-
ated with intracellular delivery of large proteins thereby pre-
senting a promising avenue for treating diseases necessitating
precise subcellular delivery.

Results and discussion

Two distinct lipid-based nanoparticle systems were prepared
using microfluidic techniques. Utilizing a staggered herring-
bone structure design, the cytotoxic proteins were passively
loaded into the lipid-based nanoparticles.”””® We employed
the ionizable lipid Dlin-MC3-DMA (MC3), which was used in
the FDA-approved drug Onpattro for LNPs (DiLn-MC3-DMA:
Chol:DSPC:DSPE-PEG), and similarly DSPC:Chol:PEG of Doxil
were used for liposomes. Capitalizing on the strengths profile
of both delivery systems as the earliest FDA-approved and most
studied systems in literature with distinct intracellular traffick-
ing pathways.?® The prepared lipid-based nanoparticles loaded
with cytotoxic proteins were characterized using dynamic light
scattering and display average sizes of 139 + 33 nm and a
net negative charge at pH 7.4 (Table S17}). The protein encapsu-
lation was assessed after dialysis of the nanoparticles using
BCA protein quantification assay. We observed that only less
than 7% of the initial protein concentration for Cyt C and
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around 30% for saporin prior to the formulation was loaded
into the nanoparticles.?®*' Other reports in literature using
passive loading of proteins with microfluidic techniques
reported similar values on encapsulation efficiencies of 2-4%
for BSA in liposomes. Despite having two different lipid-based
nanoparticle systems, LNPs and liposomes, with different
characteristic features on the molecular level, there were no
significant differences in size, charge and loading (Table S17).

Cyt C targeted LNPs exhibit selective cytotoxicity towards
human langerin-expressing cells

To evaluate cell viability, we initially employed lipid-based
nanoparticles loaded with Cyt C, a protein known to induce
apoptosis when translocated to the cytoplasm.** The formu-
lations were tested on the established Raji cell line that
expresses the langerin receptor (Fig. S11).>° We evaluated the
uptake of LNPs conjugated with the targeting ligand (t LNPs)
and compared them to non-targeted particles (nt LNPs)
(Fig. 1a). When the glycomimetic targeting ligand was co-
valently attached to the nanoparticles, we observed a high cyto-
toxic effect of LNPs loaded with Cyt C (Fig. 1b). This reduction
in cell viability was only observed in human langerin-expres-
sing cells, underscoring the specificity of our targeting
approach for the human receptor (Fig. 1b). The high specificity
of our targeting mechanism compensates for the relatively low
encapsulation efficiency and enables effective outcomes even
at reduced protein concentrations. In addition, as anticipated,
pre-incubation of cells with mannan, a mannose-rich polysac-
charide derived from Saccharomyces cerevisiae and a known
inhibitor of langerin,>® prevented apoptosis following LNP
treatment (Fig. 1a). Notably, free Cyt C, even at ten-fold higher
concentration, failed to induce cell death (Fig. S21). This corro-
borates that free Cyt C does not permeate the cell membrane
owing to its large and complex biomolecular properties,®*
which constitutes a major problem for the intracellular deliv-
ery of proteins.”> Additionally, empty targeted (et) LNPs did not
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Fig. 1

In vitro cell proliferation/viability assays on wild-type (WT) and human langerin (hL) expressing Raji cells. (a) Flow cytometric analysis of LNP

uptake into WT and hL Raji cells after 30 hours of incubation shows a specific uptake to hL-expressing Raji cells. (b) Viability of WT and hL Raji cells
after treatment with t and nt LNPs encapsulating Cyt C (25 png mL™* of the protein loaded in the nanoparticles) for 24 hours. 0.1% Triton solution was
used as a positive control to cause robust cell lysis. Error bars represent the standard deviation (SD) of the mean for three independent experiments
(*p < 0.05, **p < 0.01). (c) Flow cytometric apoptotic analysis of Raji cells using Annexin V staining at three-time points and Cyt C concentrations
from 1 pg mL™! to 26 ng mL™* of protein loaded in the nanoparticles. Error bars are presented as mean SD from three independent measurements.

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 4038-4046 | 4039


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03638g

Open Access Article. Published on 09 December 2024. Downloaded on 3/21/2026 11:07:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

exhibit cytotoxicity, confirming the role of Cyt C and excluding
LNP-induced effects (Fig. S21). In contrast, alongside LNPs we
also compared the delivery efficiency of liposomal formu-
lations to deliver Cyt C to the cytosol. Herein, liposomes failed
to induce cytotoxicity in comparison to LNPs (Fig. S27). This
may be attributed to a critical step of intracellular cytosolic
delivery called the endosomal escape. The lack of cytotoxicity
in the liposomal formulation could be due to the lack of an
ionizable lipid component. Without this component, Cyt C
within the liposomal system ends up in the lysosome and is
unable to reach its cytosolic intracellular target and thus
further induce apoptosis.>® Researchers emphasize that ioniz-
able and cationic lipids are crucial for facilitating cargo endo-
somal escape in such delivery systems.>®

To further optimize the LNP formulation, we investigated
the impact of two modifications. First, we replaced cholesterol
with p-sitosterol, a structural analogue reported to enhance
mRNA translation efficiency by increasing the endosomal
escape.”’”® Notably, LNPs containing p-sitosterol exhibited
similar cytotoxicity to Raji cells as cholesterol-based formu-
lations (Fig. S3t), indicating minimal impact on the overall
apoptotic effect of the Cyt C protein. Second, we substituted
the ionizable lipid DLin-MC3-DMA (MC3) with the synthetic
lipid COATASOME SS-EC (SS-EC), which has been reported to
exhibit high efficacy in targeting macrophages,***° and there-
fore was used here, since LCs were reported of having macro-
phage-dendritic-like features.** However, these LNPs did not
induce apoptosis in Raji cells as expected (Fig. S3t). This
observation might be attributed to the chemistry of the SS-EC
lipid; its disulfate bond facilitates thiol production within the
acidic endosomal environment. Since thiols act as reducing
agents, they could potentially mitigate the apoptotic function
of the Cyt C protein.*’ Overall, modifying the LNP formu-
lations to include f-sitosterol has been proven to maintain
cytotoxic efficacy. However, substituting MC3 with SS-EC lipid,
despite aiming to increase efficacy, did not result in the antici-
pated apoptotic effect.

Next, we performed Annexin V-based flow cytometric apop-
totic analysis on Raji cells to assess the early apoptotic marker
phosphatidylserine. LNPs loaded with Cyt C (1-26 pg mL ™" of
the protein loaded in the nanoparticles) were tested at 6, 12,
and 30 h time intervals. A dose- and time-dependent decrease
in cell viability was observed exclusively for the targeted LNPs
in langerin-expressing cells (Fig. 1c), whereas WT cells exhibi-
ted minimal apoptosis when exposed to either t or nt LNPs.
This underscores the specificity of the targeted delivery system
and its langerin-mediated uptake.

These flow cytometric analyses confirm our previous MTS
assay results and provide additional insight into the time-
dependent efficacy of our targeted nanoparticle formulation
in inducing apoptosis in langerin-expressing cells. The tar-
geted LNPs demonstrated their intended cytotoxicity, consist-
ent with our design to selectively deliver their apoptotic
cargo to langerin' cells. Consequently, we proceeded to test
our formulations on primary LCs from both mouse and
human skin.
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Saporin-loaded targeted LNPs deplete primary LCs from
human langerin DTR mice

We expanded our study to include primary LCs from mouse
skin. LCs are crucial for internalizing pathogens via langerin
and cross-presenting exogenous antigens to trigger T cell
responses.”>*? Given their strategic location in the skin, LCs
are ideal targets for cutaneous vaccines aimed to elicit robust
immunity, a process that often faces challenges in precise and
efficient delivery of antigens and adjuvants. Additionally, in LC
histiocytosis, lesions are predominantly composed of langerin®
myeloid progenitor cells, highlighting the need for targeted
delivery of therapeutics to mitigate adverse effects.*’> We used
saporin protein, a plant-derived protein from Saponaria offici-
nalis, which is known as a ribosome-inactivating protein with
high cytotoxic potency.** The high therapeutic potential of
saporin is limited by its poor cell permeability and unclear
intracellular trafficking mechanism.*> Our aim was to demon-
strate the adaptability of our delivery system to different cargos
and to show ex vivo potency against primary LCs.

Accordingly, we prepared epidermal single cell suspensions
from the skin of DTR C56BL/6 mice, which express the human
langerin receptor on LCs.*® In these cell suspensions, the
human langerin receptor is found on LCs.*” Epidermal cell
suspensions were incubated with saporin-loaded LNPs at a
concentration of 30 pg mL™" of the protein loaded in the nano-
particles for 16 hours. For the flow cytometric analysis, LCs
were identified within the epidermal skin suspension as
single, viable, MHC class II" cells (Fig. S41). We observed that
targeted saporin-loaded LNPs induced a significant depletion
of LCs. In contrast, nt LNPs LCs showed only minimal
depletion of LCs (Fig. 2a and d). In addition, LCs showed high
uptake signals of AF647dye-LNPs when the particles incorpor-
ated our glycomimetic ligand (Fig. 2b). In contrast, the nt
LNPs showed only minimal depletion of LCs. Importantly, ana-
lysis of other cell populations in the epidermal cell suspension
showed negligible apoptosis of non-target cells, suggesting
minimal off-target effects (Fig. 2¢). This is crucial in the devel-
opment of highly selective cytotoxic therapies. The remarkable
specificity observed in the depletion of primary LCs confirms
the effective cytosolic delivery of intact functional proteins to
these cells using our targeted LNP system.

Cyt C-loaded targeted LNPs deplete primary LCs from human
skin

Next, to extend our findings to human cells, we investigated
the effect of Cyt C-loaded LNPs at a concentration of 25 pg
mL™" of the protein loaded in the nanoparticles on primary
LCs in epidermal cell suspensions derived from human skin.
Following a 24-hour incubation with LNPs, we analyzed cell
viability via flow cytometry and identified single cells, specifi-
cally langerin” cells (Fig. S51). Consistent with the murine data
(Fig. 2), significant apoptosis in primary LCs was observed
exclusively in samples treated with t LNPs (Fig. 3a and d).
Nanoparticle uptake was tracked using Alexa647 conjugated to
DSPE-PEG in our formulations. LCs displayed a markedly high

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Ex vivo cytotoxic delivery of saporin-LNPs to primary LCs isolated from the skin of human langerin DTR mice. (a) LCs viability normalized to
PBS after treatment with the targeted (t) LNPs (red), non-targeted (nt) LNPs (blue) and PBS control (grey). Statistical significance is denoted accord-
ing to an independent two-tailed unpaired Student’s t-test where the error bars represent the mean standard deviation (SD) of three independent
biological experiments (*p < 0.05, ns: not significant). (b) Representative histogram overlays show LCs uptake of Alexa647-labeled LNPs. (c) Total via-
bility of all epidermal cells, normalized to PBS, after treatment with t and nt LNPs and PBS control. Statistical significance is denoted according to an
independent two-tailed unpaired Student’s t-test where the error bars represent the mean SD of three independent biological experiments. (d) Dot

plots of gating for viable LCs: viable, MHCII* cells.

uptake of t LNPs, underscoring once more the specificity of
our delivery system (Fig. 3b). Importantly, neither t nor nt
LNPs induced significant cytotoxicity in the broader popu-
lation of viable epidermal cells, mainly keratinocytes, when
compared to the PBS control (Fig. 3c). The specificity in indu-
cing apoptosis in LCs while sparing other cell types under-
scores the versatility of our system and highlights the potential
clinical relevance of our nanoparticle formulations.

Experimental
Cell line and culture conditions

Raji cells, a human B lymphocyte cell line, were previously
stably transduced with human langerin (Fig. S11).%° Raji cells
were cultured in RPMI medium supplemented with 10% v/v

This journal is © The Royal Society of Chemistry 2025

fetal calf serum (FCS) (Cytiva) and a 100 U mL™" penicillin—
streptomycin antibiotic mixture (Thermo Fisher Scientific).
Cell densities were maintained between 0.25-2 x 10° cells per
mL. For cell splitting, cells were centrifuged at 400g for
5 minutes (Heraeus Megafuge 8R, Thermo Fisher Scientific),
the supernatant was aspirated and the cells were resuspended
in fresh medium every 2-3 days. Cells were monitored routi-
nely with a light microscope and incubated in 10 ¢cm round
flat-bottom plastic culture dishes (Corning) at 37 °C and 5%
CO, (Cooling Incubator KB series, Binder GmbH).

Transgenic mice

Previously generated C57Bl/6 mice express the human langerin
receptor and the diphtheria toxin receptor (DTR) exclusively in
LCs.*® The study included mice from both sexes that were kept
under pathogen-free conditions. All mice used for the experi-

Nanoscale, 2025, 17, 4038-4046 | 4041
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Fig. 3 Ex vivo cytosolic delivery of Cyt C-LNPs to primary human LCs derived from adult human skin. (a) Epidermal cell suspensions from three
donors (males, females, age range between 37-43 years, n = 3) were prepared, LC viability normalized to PBS after treatment with the targeted (t)
LNPs (red), non-targeted (nt) LNPs (blue) and PBS control (grey). Data was assessed via flow cytometry. Statistical significance is denoted according
to an independent two-tailed unpaired student t-test where error bars represent the mean standard deviation (SD) of three independent experiments
(**** p < 0.0001, *** p < 0.001, ns = not significant). (b) Representative histogram overlays showing the uptake of Alexa647-labeled LNPs by LCs. (c)
Total viability of epidermal cell populations, normalized to PBS, after treatment with t LNPs, nt LNPs, and PBS control. Statistical significance is
denoted according to an independent two-tailed unpaired Student’s t-test where the error bars represent the mean SD of three independent bio-
logical experiments indicating not-significant (ns) differences compared to PBS. (d) Dot plots of gating for viable LCs: viable, human langerin™ cells.

mental procedures were aged 3 to 5 months and were bred
internally.

Ethics statement and human skin donors

Skin samples from anonymous healthy adult donors (males,
females, age range between 37-43 years, n = 3) were obtained
1-2 hours after plastic surgery procedures at the General
Hospital of Vienna (Allgemeines Krankenhaus Wien, AKH). In
accordance with ethical practices, each donor was informed
about the nature and scope of the research, and written
consent was obtained. This process was conducted according
to the principles of the Declaration of Helsinki as well as in
compliance with the ethics approval granted by the ethics
committee of the Medical University of Vienna (ECS.1969/
2021).

4042 | Nanoscale, 2025, 17, 4038-4046

Single cell suspension of mouse epidermal cells

After euthanasia, mice were epilated, and skin samples were
harvested from the abdomen, back and ears and transferred to
Petri dishes. The subcutaneous adipose layer was carefully
scraped off from the dermal side of abdominal and back skin
samples using a scalpel. The skin was sectioned into con-
nected fragments. Enzymatic dissociation was performed
using 10 mL of 0.6% trypsin PBS (Sigma-Aldrich) at 37 °C for
30 min. To stop trypsinization, the skin was transferred to
10 mL of FBS (Cytiva), and the epidermis was carefully peeled
off. The isolated epidermal compartment was transferred to
complete medium and mechanically disrupted with forceps.
Cells were further minced with scissors and incubated at 37 °C
with agitation for an additional 15 min. After sequential fil-
tration through 100 pm cell strainers and another filtration

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03638g

Open Access Article. Published on 09 December 2024. Downloaded on 3/21/2026 11:07:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

with 40 pum cell strainers (Greiner Bio-One), cells were washed
with PBS at every step and centrifuged at 400g for 5 min at
4 °C. Cell counts were performed to prepare cells for down-
stream applications. The cells were then seeded in a 96-well
plate at a density of 1 x 10° per well.

Single cell suspension of human epidermal cells

Human skin grafts were cut using a dermatome (Zimmer
Biomet) to a thickness of 0.5 mm. The samples underwent
enzymatic digestion in RPMI medium supplemented with 1%
penicillin-streptomycin (Gibco) and 2.4 U mL™"' dispase II
(Roche) and 0.05% trypsin (Sigma) at either 4 °C overnight or
37 °C for 3 hours at 37 °C. The epidermal layer was carefully
separated from the dermis using tweezers, minced into small
pieces, and further digested in 0.05% trypsin (Sigma) for
20 min at 37 °C. The cell suspension was filtered through
100 pm and 40 pm cell strainers respectively. The cells were
then spun down at 300 g for 5 min at 4 °C, resuspended in
RPMI supplemented with 1% penicillin-streptomycin and
10% FCS and then counted for subsequent experimental steps.
Cells were then seeded in a 96-well plate at 1 x 10° per well.

Lipid-based nanoparticles preparation

The human langerin targeting ligand (hLL) and Alexa Fluor™
647  (Alexa-647)  Succinimidyl  Ester  (Invitrogen™,
ThermoFisher Scientific) were conjugated via amide coupling
to DSPE-PEG (NOF CORPORATION) as previously described
(Fig. S61).>' Liposomes and LNPs were prepared by mixing two
phases, an organic phase and an aqueous phase using a
syringe pump (Pump 33 Dual Drive System Syringe Pump,
Harvard Apparatus) in an own custom-made, S-shape and
consist of multiple herringbone structure cycles microfluidic
device (Polydimethylsiloxane (PDMS)) (Wunderlichips GmbH).

The composition of LNPs was derived from the Onpattro®
formulation consisting of 50 mol% DIlin-MC3-DMA (Medkoo
Biosciences), 38.5 mol% Cholesterol (Sigma Aldrich), 10 mol%
1,2-distearoyl-sn-glycero-3-phosphocholine DSPC (NOF
CORPORATION), 1.35 mol% 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-poly(ethylene glycol) SUNBRIGHT
DSPE-020CN (NOF CORPORATION), or DSPE-PEG-ligand and
0.15 mol% conjugated DSPE-PEG-A647. If not mentioned
otherwise, all formulations included the dye.

Liposomal formulations as derived from the Doxil® formu-
lation, with 57 mol% DSPC, 38.5 mol% Cholesterol,
4.85 mol% DSPE-PEG2K or 3.5 + 1.35 mol% DSPE-PEG2K
DSPE-PEG-ligand and 0.15 mol% conjugated DSPE-PEG-A647.

The organic phase contained the lipids (5 mM) in ethanol
100% (Sigma Aldrich) and the aqueous phase contained the
protein in either PBS buffer or sodium acetate buffer
(Invitrogen, ThermoFisher Scientific, USA) (50 mM) receptively
for liposomes or LNPs. The initial protein concentrations used
prior to mixing were 1 mg mL~" for Saporin protein (Sigma-
Aldrich) and 2.5 mg mL™" for cytochrome c from bovine heart
(Sigma-Aldrich). A dual syringe pump (Pump 33 Dual Drive
System Syringe Pump, Harvard Apparatus) was loaded with
two syringes (Braun-Injekt®) containing dissolved lipids in

This journal is © The Royal Society of Chemistry 2025
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ethanol at 5 mM concentrations, and the protein was dissolved
in the buffer in the other. The pump was used to inject the
two phases at a flow rate ratio (FRR) of organic: aqueous 1:4
and a total flow rate of 300-500 pL per minutes. After mixing,
the product was collected from the outlet. Following the for-
mulation process, the LNPs and liposomes were dialysed with
100 kDa  Spectrum™  Dialysis Membrane Tubing
(FisherScientific) or SPECTRA/POR Micro Float-A-Lyzer cut-off
MWCO 100 kDa (dDBiolab) overnight with x2000 volume of
buffer (PBS, pH 7.4). The resulting particles were stored at 4 °C
until further processing.

Nanoparticle characterization

The mean hydrodynamic diameter (z-average), zeta potential,
and polydispersity index (PDI) (Table S1f) were measured
using a Zetasizer Pro (Malvern Panalytical Ltd). Dynamic light
scattering with a backscatter measurement was performed in
UV transparent cuvettes (Sarstedt, Inc.), with a material refrac-
tive index (RI) of 1.45 and an absorption of 0.001 at tempera-
ture of 25 °C.

Additionally, the protein content in the lipid-based nano-
particles was quantified using the Micro BCA Bicinchoninic
acid assay (Pierce BCA Protein Assay Kit, Sigma Aldrich).
Briefly, samples were incubated with 25 pL of unknown
samples and 200 pL of the working reagent at room tempera-
ture for up to two hours. Subsequent absorbance readings
were taken using a plate reader to determine protein concen-
trations (Dynex Technologies).

MTS cytotoxicity assay and Annexin V staining of Raji cells

The anti-proliferative effect of various formulations was evalu-
ated using a modified MTS assay (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(Cell Proliferation, Colorimetric, Abcam). Initially, the cells
were plated in 96-well plates at 5 x 10* cells per well and
treated with the designated lipid-based nanoparticle concen-
trations. Post 22 h incubation, 20 pL of MTS solution was
added to each well, followed by a 2 h incubation at 37 °C. As a
positive control for cell death, cells were exposed to Triton
X-100 0.1% (10 pL). The absorbance was read at 490 nm using
a plate reader (Agilent BioTek EPOCH2TS).

For apoptosis detection via Annexin V staining, the treated
cells were seeded at 5 x 10 cells per well. After incubation for
6, 12 and 30 h, cells were centrifuged at 400g for 5 min,
washed with PBS and stained with Annexin V-FITC (Miltenyi
Biotec) in Annexin binding buffer, followed by a 20 min incu-
bation on ice. After adding 100 pL of Annexin buffer to each
well, samples were analyzed using flow cytometry (Cytoflex S,
Beckman Coulter).

Staining for epidermal cell suspensions

Following lipid-based nanoparticle incubation for 18-24 h, epi-
dermal cells isolated from mice and humans were washed
with PBS and centrifuged at 400g for 5 min at 4 °C. First, cell
viability was assessed using the “LIVE/DEAD™ Fixable Yellow
Dead Cell Stain” (ThermoFisher Scientific). For extracellular
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staining, cells were fixed using a fixing reagent “BD Cytofix/
Cytoperm™ Fixation/Permeabilization Kit” (BD bioscience),
followed by staining with an anti-CD207 antibody (Miltenyi
Biotec), according to the manufacturer’s instructions.
Epidermal cells from mice were additionally labeled with an
anti-mouse I-A/I-E monoclonal antibody for the identification
of MHC class II (Biolegend, PE/Dazzle™) in PBS buffer sup-
plemented with 10% BSA and 0.5 M EDTA (Sigma-Aldrich).
After a final PBS wash, flow cytometric analysis was conducted
on a Cytoflex S (Beckman Coulter). All handling was done with
a multichannel pipette. LCs were identified as viable, MHC-IT"
or langerin" cells (Fig. S4 and S51). Data analysis and visualiza-
tion were performed on Flowjo, GraphPad Prism and Origin
software.

Conclusion

Protein-based therapeutics hold significant promise for cancer
treatment, yet their clinical advancement is impeded by critical
delivery challenges. These include limited stability within the
bloodstream, insufficient ability to penetrate cells, and a pro-
pensity for rapid uptake by the liver.*® In this study, we
showed the delivery of intact proteins to LCs using LNPs. Our
LNPs, guided by the glycomimetic ligand and encapsulated
with cytotoxic proteins, selectively induced apoptosis in lan-
gerin-expressing cells. The experiments were conducted on
model cell lines and primary LCs derived from mouse and
human epidermal cell suspensions, showing promising results
for conditions such as LC histiocytosis.** Targeted delivery to
LCs, which are immune cells residing in the epidermis could
facilitate the use of lower therapeutic doses. This aligns with
minimally invasive administration methods and enhances
patient compliance. Ongoing studies aim to further elucidate
the efficacy and safety of our targeted approach in vivo.
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