
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

9:
46

:2
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hybrid red blood
aDrug Research Program, Division of Pha

Faculty of Pharmacy, University of Helsin

antti.rahikkala@helsinki.; helder.santos@
bInstituto de Investigação e Inovação em Saú
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cell membrane coated porous
silicon nanoparticles functionalized with cancer
antigen induce depletion of T cells†

Antti Rahikkala, *a Flavia Fontana,a Tomás Bauleth-Ramos,bcd Alexandra Correia,a

Marianna Kemell, e Jani Seitsonen,f Ermei Mäkilä,g Bruno Sarmento, h

Jarno Salonen,g Janne Ruokolainen,f Jouni Hirvonena and Hélder A. Santos *ai

Erythrocyte-based drug delivery systems have been investigated for their biocompatibility, long circulation

time, and capability to transport cargo all around the body, thus presenting enormous potential in medical

applications. In this study, we investigated hybrid nanoparticles consisting of nano-sized autologous or

allogeneic red blood cell (RBC) membranes encapsulating porous silicon nanoparticles (PSi NPs). These

NPs were functionalized with a model cancer antigen TRP2, which was either expressed on the surface

of the RBCs by a cell membrane-mimicking block copolymer polydimethylsiloxane-b-poly-2-methyl-2-

oxazoline, or attached on the PSi NPs, thus hidden within the encapsulation. When in the presence of

peripheral blood immune cells, these NPs resulted in apoptotic cell death of T cells, where the NPs

having TRP2 within the encapsulation led to a stronger T cell deletion. The deletion of the T cells did not

change the relative proportion of CD4+ and cytotoxic CD8+ T cells. Overall, this work shows the

combination of nano-sized RBCs, PSi, and antigenic peptides may have use in the treatment of

autoimmune diseases.
Introduction

Recent years have seen an increased interest in investigating
biomaterials as carriers of vaccine subunits for immuno-
therapy.1–5 These carriers include cells and their fragments,
providing biocompatibility and natural mechanisms for trans-
port, localization, and responsivity regarding microenviron-
ments in the body.6 Due to their high biocompatibility, red
blood cells (RBC)7–12 have potential as delivery systems in
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ki, FI-00014, Helsinki, Finland. E-mail:

helsinki.

de (I3S), University of Porto, Rua Alfredo

niversity of Porto, Rua Alfredo Allen, 208,

r (ICBAS), University of Porto, Rua Jorge

sinki, FI-00014, Helsinki, Finland

I-02150, Espoo, Finland

ent of Physics, University of Turku, FI-

o Avançada em Ciências e Tecnologias da
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therapeutic applications. Indeed, therapeutic agents have
already been loaded into carrier RBCs by, for example, electro-
poration, osmosis, bio-bridge methods, and cell-penetrating
peptide methods.13 A key role for carrier purposes is played by
the dense glycan coating present in RBC membrane,3 which
provides immune evasion and stability in the blood circula-
tion.12,14,15 Aer a RBC has served its purpose, it is removed from
the circulation by macrophages in spleen, liver, or lymph node,
hence representing potential targets for designed RBC-based
therapies.13

Several studies have shown that engineered RBCs may have
use in treating autoimmune diseases. Kontos et al. found that
RBCs modied with an RBC-targeted ovalbumin (OVA) induced
deletion of both CD4+ and CD8+ T cells.16,17 Copp et al. used
RBC-cloaked poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(NPs) to act as alternative binding sites for anti-RBC polyclonal
immunoglobulin G in order to treat anemia.18 In another study,
Pishesha et al. covalently attached disease-associated auto-
antigens to RBCs, which blunted specic B, CD4, and CD8 T cell
responses, as well as provided protection against experimental
autoimmune encephalomyelitis and type 1 diabetes in separate
animal models.19

Previously, we have used cell membrane-derived NPs to
study biomimetic nanoreactors20,21 and immunotherapeutic
nanoparticles.2,22,23 In the current study, inspired by the benets
of RBCs as carrier cells for antigens and their potential to treat
autoimmune diseases, we have developed a hybrid nanoparticle
This journal is © The Royal Society of Chemistry 2020
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View Article Online
system by encapsulating porous silicon nanoparticles (PSi NP)
within nanosized RBC membranes. Our aim was to use RBC
membrane cloaked nanoparticles to deliver model antigenic
peptides to immune cells and evaluate the immunological
properties and antigen-delivery capability of these biohybrid
nanocomposite particles. The used model peptide is derived
from the tyrosinase-related protein-2 (TRP2).24,25

Two different formulations, with surface-anchored or
encapsulated peptides, were fabricated in order to evaluate if
the position of the antigen in our nanosystems had any role in
triggering an immune response (Fig. 1). Differential light scat-
tering (DLS) and electrophoretic light scattering (ELS) were used
to determine the size, polydispersity index (PDI), and z-poten-
tial of the hybrid nanocomposites. We used transmission and
scanning electron microscopy (TEM and SEM, respectively) to
characterize the morphology of the nanocomposites, while
energy-dispersive X-ray spectroscopy in combination with SEM
showed the successful UnPSi encapsulation inside the RBC
membranes. Flow cytometry was used to study how the nano-
composites affect CD4+ and CD8+ T cells obtained from
peripheral blood mononuclear cells (PBMCs). In these experi-
ments we also compared RBC-encapsulated NPs of allogeneic
(alloRBC) and autologous (autoRBC) origins, respectively,
depending on whether they were extracted from the same blood
donor as the PBMCs (autologous, blood type A+) or from
another donor (allogeneic, blood type B+).
Experimental
Preparation of undecylenic thermally hydrocarbonated
porous silicon (UnPSi) nanoparticles

UnPSi NPs were prepared as described elsewhere.26,27 In brief,
boron doped p+ silicon h100i wafers were anodized in a hydro-
uoric acid (38%)–ethanol (1 : 1) electrolyte mixture. Pulsing
low/high etching current created high porosity fracture planes,
aer which the PSi lms were detached from the wafers by an
abrupt increase in the etching current and stabilized by thermal
hydrocarbonization under steady ow of N2/acetylene (1 : 1) at
Fig. 1 This study features two different types of hybrid nanoparticles.
The first type has UnPSi encapsulated within RBC membrane. TRP2
peptides are anchored on the RBC membrane via a cell membrane-
mimicking block copolymer PDMS-PMOXA. The second type has
UnPSi, surface-functionalized with TRP2 peptides, which are encap-
sulated within RBC membranes.

This journal is © The Royal Society of Chemistry 2020
500 �C to generate thermally hydrocarbonated (THC) PSi. The
THCPSi lms were then thermally treated in undecylenic acid
for 16 h at 120 �C, which created a surface functionalization of
carboxylic groups (UnPSi). The UnPSi lms were wet milled in
a 5 vol% undecylenic acid–dodecan solution. The nanoparticles
presenting different sizes were separated by centrifugation and
stored at 4 �C in ethanol until use.
Erythrocyte and lymphocytes extraction from blood samples

Blood samples from anonymous donors were provided by the
Finnish Red Cross. A buffy coat from an A+ blood type donor
was used as the source of PBMCs and the RBCs for autologous
samples. The buffy coat, was ca. 70 mL in volume, diluted with
phosphate buffered saline (PBS, pH 7.4) in 1 : 1 ratio. Ficoll-
Paquet density gradient medium was applied into six-50 mL
centrifuge tubes (15 mL per tube) and 20 mL of the blood–PBS
mixture was carefully layered on top. The blood samples were
then centrifuged for 40min at 400g. Aer the centrifugation, the
RBCs were deposited in the bottom of the falcons, Ficoll-Paquet
layer on top of the RBCs, and a thin layer of PBMCs between
Ficoll-Paquet and plasma, which was the topmost. The buffy
coat and the RBCs in the bottom were carefully collected and
used immediately in the experiments. The total extracted
amount of PBMCs from the buffy coat was ca. 650 M cells. The
allogeneic RBCs were obtained from a 6 mL blood sample with
EDTA as anticoagulant, provided by the Finnish Red Cross.
Preparation of the RBC ghosts

The RBCs were washed in PBS (pH 7.2) for four times by
centrifuging at 4020g, removing the supernatant, and resus-
pending the cells in PBS. Finally, the RBCs were resuspended in
lysis buffer (20 mM of Tris HCl (pH 7.5), 10 mM of KCl, 2 mM of
MgCl2 in Milli-Q water). Aer a brief ultrasonication, the solu-
tion was centrifuged at 4020g and the supernatant collected.
The pellet was resuspended in lysis buffer, centrifuged again at
4020g, and the supernatant was collected and pooled together
with the rst supernatant. Then, the supernatant was centri-
fuged at 20 000g for 20 min at 4 �C using a TLA 120.2 rotor in an
ultracentrifuge (Optima MAX, Beckmann Coulter, USA). The
pellet was discarded and the supernatant was nally centri-
fuged at 100 000g for 5 min at 4 �C. The resulting pellet was
redispersed in Milli-Q water.
Conjugating TRP2 with PDMS-b-PMOXA

The carboxylic end-group of TRP2 (SVYDFFVWL, N-terminus
conjugated with FITC-Ahx, 1175.4 g mol�1, purity 99.45%, lot
number 88297U001, United Peptide, VA, USA) were rst acti-
vated with N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide
(EDC) and N-hydroxysuccinimide (NHS) in 2-(N-morpholino)
ethanesulfonic acid (MES) buffered Milli-Q, pH 5.5, for 2 h.
Then, an equimolar amount of PDMS-b-PMOXA-NH (6185 g
mol�1) was added into the solution and the pH was increased to
7.0. The conjugation proceeded for 24 h under stirring in the
dark.
RSC Adv., 2020, 10, 35198–35205 | 35199
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Fabrication of UnPSi@RBC-PDMS-PMOXA-TRP2
nanoparticles

500 mL of PBS (pH 7.2) containing 500 mg of UnPSi NPs were
combined with 450 mL of RBC ghosts and 50 mL of PDMS-
PMOXA-TRP2. The solution was then extruded 21 times
through a porous membrane (0.4 mm pore size, Nucleopore
Track-Etch Membrane, Whatman, UK) yielding RBC-
encapsulated UnPSi nanoparticles with self-assembled PBMS-
PMOXA-TRP2 molecules within the RBC membrane.
Fabrication of UnPSi-TRP2@RBC

First, 3 mg of UnPSi was dispersed in 500 mL MES at pH 5.5. The
carboxylic surface groups of UnPSi were activated by adding
0.11 mmol of EDC and stirring in dark for 1 h. Then,
0.125 mmol of NHS and 0.2 mmol of spermine linker were
added to the solution to conjugate the spermine to the activated
carboxyl groups, and the pH was adjusted at 7.2. The reaction
was allowed to proceed for two hours under stirring in dark.
Subsequently, the UnPSi-spermine dispersion was washed twice
with Milli-Q water and then dispersed in 500 mL PBS at pH 7.2.
In a separate simultaneous activation reaction, 200 mg TRP2 was
dissolved in 40 mL ethanol to produce a 0.2 mmol solution.
Again, 0.11 mmol of EDC was added into the solution to activate
the carboxyl end groups of TRP2. Aer 1 h under stirring in
dark, 0.125 mmol of NHS was added into the solution. Subse-
quently, the solution was poured under vigorous stirring into
a vial containing the washed UnPSi-spermine. The pH was
readjusted to 7.2. The coupling of TRP2 to the free amine group
of spermine was allowed to take place overnight under stirring
in dark. Then, the UnPSi-spermine-TRP2 nanoparticle solution
was washed twice with Milli-Q water and dispersed in PBS at pH
7.2 and diluted to 1 mg mL�1. Finally, 500 mL of PBS containing
500 mg UnPSi-spermine-TRP2 was combined with 450 mL of RBC
ghosts (ca. 20� 106 cells per mL) and 50 mL of PBS. The solution
was then extruded as described previously to yield UnPSi-
spermine-TRP2@RBC, abbreviated as UnPSi-TRP2@RBC.
Electron microscopy

Samples for standard TEM and SEM were prepared by dropping
a 5 mL droplet of the NP suspension on a formvar/carbon elec-
tron microscopy grid (200 mesh; Electron Microscopy Sciences,
Hateld, PA, USA). Samples for cryo-TEM were prepared using
an automatic plunge freezer (Vitrobot Mark IV, FEI, Hillsboro,
OR, USA). The grids were imaged with a TEM (JEOL JEM-1400,
Jeol Ltd. Japan, Tokyo) using 80 kV acceleration voltage and
cryo-TEM (JEOL JEM-3200FSC) using 100 kV acceleration
voltage on a bright-eld mode, or a SEM (S-4800, Hitachi,
Tokyo, Japan) using 30 kV acceleration voltage in scanning and
backscatter modes. The SEM was also equipped with an energy-
dispersive X-ray spectrometer (INCA 350, Oxford Instruments,
Abingdon, UK) to perform elemental analysis.
Immunostimulation studies

PBMCs were incubated at room temperature in a solution
containing 10 mM CellTrace Violet (ThermoFisher Scientic,
35200 | RSC Adv., 2020, 10, 35198–35205
Waltham, MA, USA) for 20 min, which was used to distinguish
cells from debris or aggregated nanoparticles. Subsequently,
the PBMCs were seeded in 48-well plates at ca. 500 000 cells per
well in 400 mL Roswell Park Memorial Institute 1640 medium
(RPMI), supplemented with 10% heat-inactivated fetal bovine
serum (FBS, ThermoFisher), 1% penicillin streptomycin, 1%
minimum essential medium (MEM) non-essential amino acids
solution, and 1% L-glutamine. The PBMCs were co-incubated
with the samples, each as a triplicate, at 50 mg mL�1 for 72 h
at 37 �C, 5%CO2. On day three, each sample was washed once in
100 mL of 1 M of PBS (pH 7.2), and then resuspended in 100 mL
of a staining solution. The staining solution for each sample
was composed of 2.5 mL anti-humanmouse CD3-PE (BioLegend,
San Diego, CA, USA), 2 mL anti-human mouse CD4-APC-Vio770
(Miltenyi Biotec, Bergish Gladbach, Germany), 10 mL anti-
human mouse CD8a-APC (BD Biosciences, San Jose, CA USA),
and 20 mL FcR blocking reagent (Miltenyi Biotec) to prevent
non-specic binding, and lled-up to 100 mL with 1 M of PBS.
The PBMCs were incubated in the staining solutions for 30 min
at 4 �C, aer which they were washed once with PBS (pH 7.2)
and resuspended in 300 mL of 1 M PBS (pH 7.2). Prior to the ow
cytometry analysis, the samples were further stained for 10 min
with 2.5 mL 7-Amino-Actinomycin D (7-AAD, BD Biosciences) to
distinguish PBMCs going through apoptosis.

Flow cytometry analysis

Cells were analyzed using an LSRFortessa ow cytometer (BD
Biosciences, San Jose, CA, USA) using excitation at 405 nm and
bandpass lter 450/50 nm for CellTrace Violet, 488 nm excita-
tion with 530/30 bandpass lter for TRP2-FITC, 561 nm excita-
tion with 575/26 bandpass lter for CD3-PE and 670/30
bandpass lter for 7-AAD, and 640 nm excitation with 670/
30 nm bandpass lter for CD8-APC and 780/60 nm bandpass
lter for CD4-APC-H7. Compensation controls for the used
antibodies were prepared using compensation beads. CellTrace
Violet-labeled PBMCs were used as compensation controls for
CellTrace. Compensations for 7-AAD viability dye were prepared
by incubating PBMCs for 10 min in 40% ethanol, aer which
the cells were washed and 7-AAD was applied to the PBMC
sample according to the manufacturer instructions.

Ethical statement

All human procedures were performed in accordance with the
guidelines of the Finnish Red Cross with proper consent of the
anonymous donors, according to the national ethical approvals.

Statistics

The values obtained in all the experiments are reported as mean
� standard deviation from at least three independent
measurements. A one-way analysis of variance (ANOVA) and the
Tukey's test were used to evaluate the statistical signicances of
the obtained values. The levels of signicances were set at
probabilities *p < 0.05, **p < 0.01, and ***p < 0.001. The
statistical analyses were performed using OriginPro 2018b
(OriginLab Corporation, Northampton, MA, USA). The calibra-
tion curve of the concentration dependent TRP2 uorescence
This journal is © The Royal Society of Chemistry 2020
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was calculated by a least squares t using Matlab R2018b
(Mathworks, Natick, MA, USA).
Results and discussion

We prepared two different hybrid nanoparticle systems
comprising of RBC membrane, UnPSi NPs, and TRP2, func-
tionalized with isothiocyanate (FITC) in the N-terminus. In the
rst, we modied the RBC membranes with the self-assembling
membrane-mimicking poly(dimethylsiloxane-block-2-methyl-2-
oxazoline) (PDMS65-b-PMOXA14-NH, abbreviated PDMS-
PMOXA) diblock copolymer,28 which was functionalized with
the TRP2 model cancer antigen.29 Previously, PDMS-PMOXA has
been used to fabricate polymersomes with the average
membrane thickness of 15.4 � 0.7 nm.30 Subsequently, UnPSi
NPs were encapsulated within the modied RBCs to fabricate
the UnPSi@RBC-PDMS-PMOXA-TRP2 nanocomposites, abbre-
viated here as UnPSi@RBC-p-TRP2 in the following sections. In
the second type of particle, we conjugated TRP2 on the carboxyl
groups presented on the surface on UnPSi NPs, which we
subsequently encapsulated within the RBC membranes to
generate UnPSi-TRP2@RBC nanocomposites.

We isolated PBMCs and RBCs from buffy coat by Ficoll-
Paquet gradient density centrifugation. The obtained RBC
concentration was �40 � 106 cells per mL. Subsequently, we
prepared RBC ghosts by hemolysis in a hypotonic solution.
Undecylenic thermally hydrocarbonated PSi (UnPSi) was
encapsulated within the RBC ghosts as a model nanoparticle.
UnPSi allows straightforward surface functionalization of
peptides by 1-ethyl-3-(3-dimethylamino)propyl carbodiimide/N-
hydroxysuccinimide (EDC/NHS) click chemistry.31 Furthermore,
high surface area and porosity32 improve the potential of UnPSi
as a delivery vehicle for therapeutic molecules.33,34 Non-
functionalized UnPSi induce proliferation of CD3+ T cells;
however, they do not activate CD3+CD4+ or CD3+CD8+ cells.
They also promote and cause Th2 cells to show increased
secretion of regulative cytokines.35

To prepare the UnPSi@RBC-p-TRP2, we rst conjugated the
TRP2 peptide to the amphiphilic PDMS-b-PMOXA block copol-
ymer's hydrophilic PMOXA block, end-functionalized with
piperazine to provide a secondary amine, using 1-ethyl-3-(3-
dimethylamino)propyl carbodiimide/N-hydroxysuccinimide
(EDC/NHS) chemical reaction.28 The purpose of the PDMS-b-
PMOXA was to act as an anchor to immobilize the TRP2 on the
surface of the RBC membrane. The conjugation was conrmed
with by uorescence provided by FITC functionalization of the
TRP2 (Fig. S1†). We added the polymer–peptide conjugate into
a solution containing the lysed RBCs aer which we encapsu-
lated UnPSi NPs within the RBC ghosts by extrusion through
a semipermeable membrane with 400 nm average pore size.36,37

To prepare the UnPSi-TRP2@RBC, we used again EDC/NHS
chemistry to rst conjugate spermine as a linker to the
carboxylic groups in UnPSi NPs, aer which we used EDC/NHS
chemistry to conjugate TRP2 to the free ends of the spermine
linkers. This was followed by the encapsulation of UnPSi-TRP2
inside RBC ghosts. Using radioactive 21Tb-implanted THCPSi,
This journal is © The Royal Society of Chemistry 2020
we have previously determined that the yield of PSi@RBC
encapsulation by extrusion is �22%.38

Comparing to the size (Table 1) of extruded RBC ghosts (359
� 12 nm), we determined that PDMS-PMOXA-TRP2 fuses into
the RBC membrane, since the nanocomposite size almost
doubled (634 � 210 nm) with unimodal size distribution. The
PDMS-PMOXA-TRP2 conjugate self-assembles within the RBC
membrane during the extrusion as the lipophilic PDMS block
includes itself within the phospholipidic bilayer of the
membrane, while the shorter hydrophilic PMOXA block sticks
out from the membrane, expressing TRP2 as its outmost
component.30 We hypothesized the likelihood of the fusion to
increase, also due to the fact that the high manually applied
pressure in the syringe drives both the PDMS-PMOXA micelles
and RBC ghosts through the 400 nm pores simultaneously. On
the contrary, UnPSi-TRP2@RBC showed ca. 135 nm increase
compared to non-functionalized UnPSi, while being approxi-
mately the same size as extruded RBC ghosts. PDMS-PMOXA
increased the z-potential and the size of the RBC NPs. This
result is in line with a previous study, where PDMS-PMOXA
polymersomes were found to have a z-potential of +17.0 �
0.4 mV.28 However, the addition of TRP2 decreased the z-
potential of both UnPSi-TRP2 and UnPSi@RBC-p-TRP2. The
calculated net charge of TRP2 is�1.0 at pH 7.0.39 The PDI of the
RBC-encapsulated samples was ca. 0.2 for both the UnPSi-
TRP2@RBC and the UnPSi@RBC-PDMS-PMOXA. Both the
UnPSi-TRP2@RBC and UnPSi@RBC-PDMS-PMOXA-TRP2
showed good stability by maintaining their size and PDI
during a 24 h stability experiment (Fig. S2†).The successful
encapsulation of PSi NPs within the RBC-PDMS-PMOXA ghosts
was shown using TEM (Fig. 2a and b) and SEM (Fig. 2c and d)
with EDX (Fig. 2e). Interestingly, in a previous report on PSi-
induced hemotoxicity, Shahbazi et al. found that UnPSi had
high hemolytic activity due to its surface hydroxyl groups, which
caused increased interaction with the erythrocyte membrane.40

However, in our study, the imaged nanoparticles avoided
adhering to the RBC membrane. Our TEM observations showed
that UnPSi NPs are not tightly encapsulated with RBC
membranes (Fig. 2a–d), which is mostly related to the irregular
shape of PSi NPs and negative z-potential of both the PSi and
RBC membranes. Comparing UnPSi-TRP2@RBC to
UnPSi@RBC-p-TRP2, the latter displays clearly a darkened
thicker surface than the former. This effect may result from the
addition of PDMS-PMOXA-TRP2 and the subsequent drying of
the sample during TEM sample preparation increases the
density of the RBC membrane in the Un@RBC-p-TRP2
compared to the UnPSi-TRP2@RBC. Micrographs obtained by
cryo-TEM showed RBC ghosts with ca. 300 nm diameter
(Fig. S3a†) and two fused UnPSi@RBC-p-TRP2 NPs (Fig. S3b†),
where the addition of PDMS-PMOXA is apparent through the
thicker membrane width. Micrographs obtained by cryo-TEM
preserve the membrane morphology of the hybrid NPs, since
drying is not involved in the sample preparation. Furthermore,
the latter micrograph indicates poor stability of the PDMS-
PMOXA modied RBCs, which is evident due to the fusion of
two NPs and also mirrors the high PDI in the DLS measure-
ments. The SEM were operated in scanning electron (Fig. 2c)
RSC Adv., 2020, 10, 35198–35205 | 35201
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Table 1 The hydrodynamic diameters, polydispersibility index (PDI), and z-potential of the NPs and the intermediates. Results shown for the
autologous RBCs

Sample
Hydrodynamic diameter
[nm] PDI z-Potential [mV]

UnPSi 209 � 3 0.21 � 0.01 �20.6 � 1.6
UnPSi-TRP2 216 � 1 0.11 � 0.01 �29.3 � 0.4
RBC ghost 359 � 12 0.24 � 0.12 �9.5 � 0.2
PDMS-PMOXA micelles 242 � 2 0.09 � 0.02 17.7 � 1.5
UnPSi-TRP2@RBC 344 � 5 0.20 � 0.01 �16.3 � 0.2
UnPSi@RBC-PDMS-PMOXA 687 � 9 0.21 � 0.01 �10.9 � 1.1
UnPSi@RBC-p-TRP2 634 � 210 0.55 � 0.03 �27.5 � 1.7

Fig. 2 (a) TEM micrograph of Un-TRP2@RBC. Encapsulated UnPSi NP
appear as a dark irregular object inside the light dark RBC membrane.
(b) TEM micrograph of UnPSi@RBC-p-TRP2. (c) A secondary electron
SEM micrograph showing UnPSi nanoparticle enveloped by a RBC
membrane. (d) Backscattered electron SEM micrograph of UnPSi-
TRP2@RBC. The rectangle inside a particle shows the area where the
EDX spectrum in (e) was measured from. (e) EDX spectrum, which
indicates elemental Si from the PSi NP and P from the RBCmembrane.

Fig. 3 T cell depletion induced by the NP samples after 72 h co-
incubation with 700 000 PBMCs. N ¼ 3 for all experiments; *P# 0.05,
**P # 0.01, ***P # 0.005.
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and scanning transmission electron microscopy mode (Fig. 2d).
The area-specic EDX conrmed successful encapsulation by
showing the presence of elemental silicon (from UnPSi parti-
cles) and phosphorus (from the phospholipids of the RBC
membrane).

We investigated the effects of the NPs on lymphocytes in
PBMC populations by evaluating the expression of T-cell
markers CD3, CD4, and CD8. The cells were stained with
35202 | RSC Adv., 2020, 10, 35198–35205
CellTrace™ Violet prior to seeding to distinguish PBMCs from
potential NP aggregates or cell debris during the ow cytometry
measurements. The samples were incubated in triplicates, at
the concentration of 50 mg mL�1, with ca. 0.5 � 106 PBMCs.
Aer 72 h, we washed the PBMCs, blocked unspecic binding
with human Fc receptor blocking antibody (CD16/23/32/64/89),
and stained them with CD3-PE, CD4-APC-H7 and CD8-APC to
investigate the T-cell phenotypes. Furthermore, all the samples
were stained with 7-AAD dye prior to ow cytometry analysis to
evaluate the cellular viability. The most signicant change in T
cell populations was the depletion of T cells (Fig. 3), where we
gated the cells as Celltrace+, 7-AAD�, CD3+, and lymphocyte gate
(Fig. S4†). We chose this gating strategy to rst include
lymphocytes, then distinguish cells from debris and NPs,
remove apoptotic cells, and nally compare the count of CD3+ T
cells to PBMC control. The percentage of CD3+ cells in the
untreated PBMC sample was 60% � 1%, which decreased to
44% � 1% aer gating 7-AAD� to remove apoptotic cells. It is
notable, that the T cell amounts in the samples with TRP2 and
PDMS-PMOXA-TRP2 did not deviate from the PBMC control
sample (Fig. S5†). The amount of T cells reduced systemically in
all the samples involving the RBC NPs. Aer removing the
This journal is © The Royal Society of Chemistry 2020
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apoptotic PBMCs, the UnPSi@autoRBC-p-TRP2 sample had the
lowest percentage of CD3+ T cells with 22% � 8%. This deple-
tion was even more pronounced when we measured the cell
counts from the lymphocyte gate (Fig. S5†), where the T cell
percentage ranged from 14%� 4% (autoRBC) to as low as 2%�
1% (UnPSi@alloRBC-p-TRP2), compared to 35% � 1% in the
untreated PBMC sample. In samples with UnPSi encapsulated
within both the allo- and auto-RBCs, the T cell depletion was in
the similar levels as with allo- and auto-RBC ghosts. However,
when TRP2 was conjugated on the encapsulated UnPSi, the
results showed a slightly higher amount of T cells going through
apoptosis, especially when comparing autoRBC and UnPSi-
TRP2@autoRBC. There was no difference between UnPSi-
TRP2 samples encapsulated within allo- or auto-RBCs, which
indicates that in this case the TRP2 is a dominant factor that
dominates the effect of the RBC phenotype. This indicates that
the T cells may be going through apoptosis and they lose their
membrane integrity, which causes them to shi from the
lymphocyte gate in the side scatter-forward scatter plot.41

Furthermore, the changes in CD3+ CD4+ and CD3+ CD8+

differentiation was insignicant compared to the control
(Fig. S6†). The gating was otherwise similar to the depletion
analysis, but CD3+ T cells were additionally divided into CD4+

and CD8+.
A further analysis showed that 27% � 1% of CD3+ cells were

apoptotic in the PBMC control sample. From the UnPSi-
TRP2@RBC samples, the allogeneic had the highest apoptosis
rate of all samples with 72% � 1% being 7-AAD positive, while
the autologous had 71%� 3% (Fig. 4). The apoptosis rates for T
cells in the Un@autoRBC-p-TRP2 and Un@alloRBC-p-TRP2
were 53% � 5% and 67% � 16%, respectively.

The DLS and EM-imaging showed that the encapsulation of
UnPSi within the RBCs was successful. The NPs have a spherical
morphology and the encapsulation is not tight, which is due to
the rigidity of the RBC membrane when forced to nano-size42

and the electrostatic repulsion between the negatively charged
RBC membrane and the UnPSi. PDMS-PMOXA has been shown
Fig. 4 The percentage of apoptotic CD3+ T-cells in the T cell pop-
ulation.N¼ 3 for all experiments; *P# 0.05, **P# 0.01, ***P# 0.005.

This journal is © The Royal Society of Chemistry 2020
to be able to fuse into the lipid bilayer and induce phase
separation in lipid bilayers in both synthetic and biological cell
membranes.43–45 Accordingly, PDMS-PMOXA almost doubled
the size of the NPs, which was accompanied with reduced
stability and high PDI. Furthermore, the addition of TRP2 and
PDMS-PMOXA changed the z-potential of the NPs, as was ex-
pected regarding their charge.

Macrophages and dendritic cells (DCs) clear aged erythro-
cytes from systemic circulation on a daily basis.19 In normal
circumstances, this task is mainly performed by red pulp
macrophages; however, in inammatory conditions also plas-
macytoid dendritic cells (pDCs) and monocytes increase eryth-
rocyte consumption, which also initiates production of RBC
antibodies.46 Ciana et al. speculated that multiple passes
through the spleen reduce the size, leads to losses of portions of
the membrane, and consequently result in the rigidity of the
membrane.42 This leads to phagocytes removing these aged
RBCs from the circulation.

A large number of phagocytosed RBCs may induce a specic
T cell activation against the RBCs, which then leads to the
apoptotic cell death of the T cells. In liver, where the majority of
aged erythrocytes are removed, this process is taking place
constantly.47 The resident DC subtype present in liver represent
an immature phenotype, and thus, incapable of inducing
antigen specic T cell activation.47 Furthermore, Kupffer cells
resident to the liver have been shown to act immunosup-
pressively towards T cell activation. These cells are even capable
of suppressing T cell proliferation induced by splenic DCs,
which are known to be very capable T cell activators.48 Vitali
et al. showed that in peripheral blood the migratory DCs
maintain self-tolerance and prevent autoimmunity, which they
do by local induction of regulatory T cells.49 They also noted that
they could not exclude if DCs, in an environment containing
autoreactive T cells, could use other means, such as anergy or
TCR down-regulation, to tolerize T cells. Indeed, Grimm et al.
found that RBCs modied with OVA induced an antigen-
specic deletion of CD4+ and CD8+ T cells, which was caused
by antigen-specic regulatory T cells (Treg).17 Their experiments
showed an induction of CD25+ FOXP3+ Tregs, both in CD4+ and
CD8+ compartments.

Previously, it has been shown that antigens attached on cells
via EDC-chemistry induces antigen specic T cell tolerance,
where the tolerance results from clonal death of T cells.50 While
we cannot exclude the EDC-chemistry from having an inuence
on our results, the general trend shows that the main driving
factor on the clonal death of T cells in this study are the engi-
neered RBC NPs. We speculate that our NPs are phagocytosed
by macrophages and migratory DCs, where the latter activate T
cells against autoantigens found in RBCs, which are abundant
and perceived as aged erythrocytes. TRP2 has been shown to
provide a potent immune response when coupled with lipo-
somal carrier and an adjuvant.51 Furthermore, Liu et al. showed
that antigens encapsulated within NPs elicit stronger immune
response compared to antigens adsorbed on the NP surface.52

This was evident in our study, as the apoptosis of T cells was
more pronounced when the RBC NPs were carrying antigenic
TRP2, where the encapsulated TRP2 was slightly more potent
RSC Adv., 2020, 10, 35198–35205 | 35203
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and resulted in a more efficient T cell apoptosis compared to
where the TRP2 was anchored on the surface of the RBCs.
Conclusions

In summary, we prepared hybrid NPs consisting of UnPSi NPs
encapsulated within RBC membrane and functionalized them
with a model antigen TRP2. The functionalization was achieved
either through conjugation of TRP2 to UnPSi, in which the TRP2
was shielded within the RBC encapsulation, or by conjugating
the TRP2 to cell membrane mimicking PDMS-b-PMOXA block
copolymer, which acts as a surface anchor for the TRP2. Our
studies on T cell immunostimulation showed depletion of T
cells aer 72 h co-incubation with the RBC encapsulated NPs
due to programmed cell death of T cells via apoptosis. The NPs
did not have inuence on the percentage of CD3+ CD4+ or
cytotoxic CD3+ CD8+ T cells. Previously, Luk et al. conducted
a 24 h in vivo safety experiment on RBC coated PLGA nano-
particles, concluding that their nanoparticles were safe.53 Our
results show that these NPs induce apoptosis to T cells, even
when they are prepared from autologous RBCs. Furthermore,
the ensuing T cell deletion was slightly stronger when TRP2 was
within the RBC membrane compared to when it was expressed
on the RBC surface via the PDMS-b-PMOXA anchor.

Overall, the reported hybrid nanoparticles show potential in
inducing autoantigen specic immune tolerance for the treat-
ment of autoimmune diseases. Especially Un-TRP2@RBC NPs,
regardless of the phenotype of the RBCs, had a strong inuence
on the clonal cell death of T cells.
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C. Mayorga, M. H. Kaasalainen, J. J. Salonen, J. T. Hirvonen
and H. A. Santos, Biomaterials, 2014, 35, 9224–9235.

36 C.-M. J. Hu, L. Zhang, S. Aryal, C. Cheung, R. H. Fang and
L. Zhang, Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 10980–
10985.
This journal is © The Royal Society of Chemistry 2020
37 B. T. Luk, C.-M. J. Hu, R. H. Fang, D. Dehaini, C. Carpenter,
W. Gao and L. Zhang, Nanoscale, 2014, 6, 2730–2737.
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47 M. Cremel, N. Guérin, F. Horand, A. Banz and Y. Godfrin, Int.
J. Pharm., 2013, 443, 39–49.

48 Q. You, L. Cheng, R. M. Kedl and C. Ju, Hepatology, 2008, 48,
978–990.

49 C. Vitali, F. Mingozzi, A. Broggi, S. Barresi, F. Zolezzi,
J. Bayry, G. Raimondi, I. Zanoni and F. Granucci, Blood,
2012, 120, 1237–1245.

50 M. K. Jenkins and R. H. Schwartz, J. Exp. Med., 1987, 165,
302–319.
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