tions on how to legitimately share published articles.

ovember 25, 2021 at 06:32:15 (UTC).

N

cHelcdreiay

ia
in

S

source: https://doi.org/10. 48350/ 16@,%][5:” DC.J nlload

Ho®SOo
pubs.acs.org/Biomac

Covalent and Noncovalent Conjugation of Degradable Polymer
Nanoparticles to T Lymphocytes
Tanja Thomsen, Regina Reissmann, Elisa Kaba, Britta Engelhardt, and Harm-Anton Klok*

Cite This: Biomacromolecules 2021, 22, 34163430 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
Conjugation chemistry Surface Concentration and Localization Diapedesis
9. 0;
Endothelial

cell layer

2 \\‘ R b‘*&-?ﬁ

% {idtd &0 ) {S‘ge ) NP/cell f'

ABSTRACT: Cells are attractive as carriers that can help to enhance control over the biodistribution of polymer nanomedicines.
One strategy to use cells as carriers is based on the cell surface immobilization of the nanoparticle cargo. While a range of strategies
can be used to immobilize nanoparticles on cell surfaces, only limited effort has been made to investigate the effect of these surface
modification chemistries on cell viability and functional properties. This study has explored seven different approaches for the
immobilization of poly(lactic acid) (PLA) nanoparticles on the surface of two different T lymphocyte cell lines. The cell lines used
were human Jurkat T cells and CD4" Tgy; cells. The latter cells possess blood—brain barrier (BBB) migratory properties and are
attractive for the development of cell-based delivery systems to the central nervous system (CNS). PLA nanoparticles were
immobilized either via covalent active ester—amine, azide—alkyne cycloaddition, and thiol—maleimide coupling, or via noncovalent
approaches that use lectin—carbohydrate, electrostatic, or biotin—NeutrAvidin interactions. The cell surface immobilization of the
nanoparticles was monitored with flow cytometry and confocal microscopy. By tuning the initial nanoparticle/cell ratio, T cells can
be decorated with up to ~185 nanoparticles/cell as determined by confocal microscopy. The functional properties of the
nanoparticle-decorated cells were assessed by evaluating their binding to ICAM-1, a key protein involved in the adhesion of CD4*
Tty cells to the BBB endothelium, as well as in a two-chamber model in vitro BBB migration assay. It was found that the migratory
behavior of CD4" Tgy cells carrying carboxylic acid-, biotin-, or Wheat germ agglutinin (WGA)-functionalized nanoparticles was not
affected by the presence of the nanoparticle payload. In contrast, however, for cells decorated with maleimide-functionalized
nanoparticles, a reduction in the number of migratory cells compared to the nonmodified control cells was observed. Investigating
and understanding the impact of nanoparticle—cell surface conjugation chemistries on the viability and properties of cells is
important to further improve the design of cell-based nanoparticle delivery systems. The results of this study present a first step in
this direction and provide first guidelines for the surface modification of T cells, in particular in view of their possible use for drug
delivery to the CNS.

B INTRODUCTION nanoparticles arrives at the desired destination while the
majority ends up in off-target organs.”*

The treatment of diseases with low-molecular-weight drugs . -
Cell-based carriers are very promising to further enhance

often suffers from unfavorable pharmacokinetics, which
restricts drug efficiency and can result in undesirable side
effects to patients. To some extent, these drawbacks can be
mitigated by administering drugs as nanomedicines, for
example, in the form of nanosized particle formulations

control over the biodistribution of therapeutic nanopar-
ticles.”~*°
the surface of red blood cells, for example, significantly

Noncovalent binding of polymer nanoparticles on

(micelles, polymersomes, solid core nanoparticles) or as Received: April 16, 2021
polymer—drug conjugates.' ® The use of polymers or polymer Revised:  June 185, 2021
nanoparticle-based carriers can improve control over biodis- Published: June 25, 2021

tribution and also provides opportunities for targeted delivery.
In many instances, however, in particular in the context of
cancer chemotherapy, only the minority fraction of these
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increases the blood circulation time and allows for

enhanced accumulation in the lungs, while reducing uptake
in liver and spleen.”>~>* Another class of cells that has been
used for the transport of therapeutic nanoparticles are T cells.
T cells can possess tumor migratory properties and can
penetrate tumor tissue, which makes these cells attractive
vectors for the delivery of nanoparticles for cancer chemo-
therapy.”*~**

To use cells as carriers for the transport of nanoparticles, the
cargo must be either internalized by the cells or attached to the
cell surface. A plethora of strategies have been used to attach
nanoparticles to cell surfaces."**”~>' One approach involves
the use of noncovalent interactions such as electrostatic
adsorption,”™*” lipophilic insertion into the cell mem-
brane,’*** and receptor—ligand interactions (carbohydrate—
lectin,®>*® biotin—avidin,””"** receptor—antibody’”~*') to
immobilize nanoparticles on cell surfaces. In addition to
providing manifold opportunities to noncovalently attach
nanoparticles, the cell membrane also presents a wide range
of functional groups such as amine, thiol, hydroxyl, and
carboxylic acid groups that can be used to covalently
immobilize nanoparticles. Moreover, the use of metabolic
glycoengineering strategies allows to introduce non-natural
functional groups such as azido groups, which further expands
the chemical diversity of the cell membrane and enables bio-
orthogonal covalent coupling reactions.”* Examples of covalent
chemistries that have been used to attach nanoparticles to the
cell surface include reaction of N-hydroxysulfosuccinimide
(NHS)-ester activated nanoparticles with cell surface amino
groups, or of dithiopyridyl- and maleimide-functionalized
nanoparticles with free thiol groups available on the cell
surface.””" ™ Surface saccharides of cancer cells have been
explored to couple boronic acid-modified nanoparticles.*
Oxidation of the terminal alcohol groups of sialic acid residues
generates aldehyde groups on the cell surface, which can be
reacted with amine-functionalized nanoparticles to form a
Schiff base linkage that can be further reduced to a stable
secondary amine bond.*” Finally, triarylphosphine- or cyclo-
octyne-modified nanoparticles can be covalently attached to
azido groups on the cell surface via Staudinger ligation or Cu-
free click chemistry.*®*’

While there is ample evidence that demonstrates that cell-
mediated delivery is a powerful strategy to enhance control
over the biodistribution of polymer nanoparticles, only limited
effort has been made to explore and investigate the chemistry
that underlies the surface modification of cell-based carriers
with nanoparticle cargo. In spite of the availability of a plethora
of conjugation strategies, most studies resort to a single type of
conjugation chemistry. Investigating and understanding the
impact of different nanoparticle—cell surface conjugation
chemistries on the viability and functional properties of the
cells could provide guidelines to further improve the design of
cell-based nanoparticle delivery systems. This article presents
the results of a comparative analysis that has evaluated seven
different conjugation chemistries for the immobilization of
poly(lactic acid) (PLA) nanoparticles on the surface of two
different T lymphocyte cell lines. For this study, PLA
nanoparticles were selected as they are widely used as
biodegradable drug nanocarriers.”® As a first, model cell
line, human Jurkat T cells were used. The second class of T
cells used in this study are activated effector/memory CD4"
helper SJL/PLP7 T cells (CD4* Tgy cells). These cells possess
blood—brain barrier (BBB) migratory properties and are
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attractive candidates for the development of cell-based drug
delivery systems to the central nervous system (CNS).”" For
each of the different chemistries, nanoparticle—cell surface
conjugation was monitored by flow cytometry and the
concentration and position of the nanoparticles on cell surface
were quantitatively analyzed with confocal microscopy. Using
flow cytometry, the impact of the different conjugation
chemistries on the viability and functional properties of the
CD4" Tgy cells was assessed and compared. In a final set of
experiments, the influence of the nanoparticle cell surface
modification on two key functional characteristics of the CD4*
Ty cells was evaluated. A first experiment sought to probe the
ability of nanoparticle-decorated cells to bind to ICAM-I,
which has been identified as a critical endothelial adhesion
molecule that mediates the interaction of CD4" Tpy, cells with
the BBB. Finally, the BBB migratory properties of the cells
were studied in a two-chamber setup using an in vitro BBB
model.

B EXPERIMENTAL SECTION

Methods. Particle Sizes and (-Potentials. Particle sizes and (-
potentials were measured by dynamic light scattering (DLS) using a
Zetasizer Nano ZS instrument (Malvern). Size measurements were
performed at a nanoparticle concentration of 0.02 mg/mL in
Dulbecco’s phosphate-buffered saline (DPBS) at room temperature.
{-Potential measurements were performed using a nanoparticle
concentration of 0.06 mg/mL in 1 mM NaCl solution.

Flow Cytometry. Flow cytometry was performed using a Beckman
Coulter Gallios cytometer with violet (405 nm), blue (488 nm), green
(561 nm), and red (640 nm) lasers. For flow cytometry analysis, the
cells were resuspended in FACS buffer (DPBS containing 2.5% fetal
bovine serum (FBS) and 0.1% sodium azide) at a concentration of 1
mio cells/mL. A total of 10 000 events were analyzed per experiment.
The gating strategy that was applied for the analysis of the cells is
shown in Supporting Information Figure S1. The data were analyzed
using FlowJo software.

Transmission Electron Microscopy. A S uL drop of a 4 mg/mL
solution of the poly(ethylene glycol) (PEG)-PLA nanoparticles in
DPBS was adsorbed onto a glow-discharged carbon-coated copper
grid (400 mesh, Canemco & Marivac), washed with deionized water,
and stained with S uL of uranyl acetate (2%). Observations were
made using an F20 electron microscope (Fisher Scientific AG)
operated at 200 kV. Digital images were collected using an Eagle
CCD camera (Fisher Scientific AG) at 4098 X 4098 pixels, using a
defocus range of —2 to —5 ym.

Laser Scanning Confocal Microscopy. Confocal microscopy
images were acquired as described in ref’>52 on a Zeiss LSM700
microscope with a Plan-Apochromat 63X/1.40 oil objective. Z-stacks
were taken with a distance of 130 nm between each focal plane. The
resolution of the images is 26.2 pixel per ym, and the voxel size is 38.2
X 38.2 X 130 nm”. Images were acquired sequentially (channel 1 and
channel 2 together and channel 3 separately) to avoid excitation and
emission bleed-through with the following settings for the individual
channels. Channel 1 excitation: 405 nm, detection: 405—490 nm,
channel 2 excitation: 555 nm, detection: 555—588 nm, and channel 3
excitation: 488 nm, detection: 488—S555 nm. The pinhole was
adjusted for each channel individually to obtain the same optical slice
thickness of 0.4 um. For channels 1 and 2, the pinhole was set to
obtain the same optical slice thickness as in channel 3 as 0.33 AU. The
zoom was adjusted to 1.3.

Confocal Microscopy Image Analysis. Image analysis was
performed according to ref>52. Microscopy images were decon-
volved using Huygens Remote manager and processed using Image]J
1.52p and Imaris. The matlab code is available in ref 53. Nanoparticle
localization with respect to the cell membrane and cell body was
analyzed with the help of the Imaris spot detection and a distance
transform operation. Nanoparticles are detected as spots based on the
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Figure 1. Schematic overview of the nanoparticle cell surface immobilization chemistries explored in this study: (A) Covalent coupling of active
ester-modified nanoparticles with surface amino groups; (B) coupling of maleimide-functionalized nanoparticles with thiol groups; (C) click
reaction between dibenzocyclooctyne-modified nanoparticles and azido groups on the cell surface; (D) noncovalent binding of WGA-
functionalized nanoparticles to carbohydrates in the glycocalyx; (E) electrostatic adsorption of negatively charged nanoparticles; and biotin—
NeutrAvidin-mediated immobilization of nanoparticles to cells that are either (F) covalently modified with biotin or (G) modified noncovalently
by insertion of a lipid-functionalized biotin moiety before binding of NeutrAvidin nanoparticles to the cell surface.

fluorescence signal above the threshold, and their sizes were measured
using an Imaris built-in spot detector (smoothing: 0.1S, quality: 20,
spot XY: 0.2 um, spot Z: 0.4 um (detect ellipsoid), perform region
growing, threshold: 2). To quantify the number of nanoparticles per
cell, for the image analysis in this paper, an average particle size of 200
nm was used. Larger spots were considered as aggregates of multiple
200 nm diameter nanoparticles. Surfaces are detected using an Imaris
built-in surface detector (smoothing: 0.25, surface threshold: 200
(auto), largest sphere: 0.5 ym, min. volume 80 ym?). Cell bodies are
detected using an Imaris built-in surface detector (smoothing: 0.2,
surface threshold: S00 (auto), largest sphere 10 ym, min. volume 100
um?). For each detected surface, a Euclidean distance map is
computed. In the distance map, each pixel contains its distance to the
nearest surface edge. Then, the average distance to the surface edge
for each spot by measuring the mean intensity around the spot in the
Euclidean distance map was computed. Negative values represent
objects inside the surface, and positive values represent objects
outside the surface. Nanoparticle agglomerates were fitted with several
nanoparticles based on the nanoparticle size.

Procedures. Cell Surface Inmobilization of Nanopatrticles. Cells
(Jurkat cells and SJL/PLP7 cells) were washed two times with DPBS
and then suspended in DPBS at a concentration of 5 mio cells/mL.
Then, the appropriate PEG-PLA or PLA-COOH nanoparticles in
DPBS (1 mg/mL) were added to the cell suspension at the desired
nanoparticle/cell ratio and incubated for 30 min at 37 °C. The
reaction mixture was mixed every 10 min to ensure a homogeneous
distribution of the nanoparticles. After immobilization of the
nanoparticles on the cell membrane, the cells were washed three
times with 10 mL of DPBS to remove unbound nanoparticles. The
mean fluorescent intensities (MFIs) were calculated by subtracting
the MFI of the unmodified control cells from that of the nanoparticle-
decorated cells.

Cell Viability. Viability assays were performed using Annexin V-
Alexa Fluor 647 and DAPI as a dead cell stain. Briefly, unmodified or
surface-modified T cells (Jurkat cells and SJL/PLP7 cells) were
washed once with DPBS and 0.3 mio cells were resuspended in
Annexin buffer containing 1 ¢g/mL DAPI at a concentration of 1 mio
cells/mL. Then, 15 uL of Annexin V-Alexa Fluor 647 conjugate was
added to the cell suspension and cells were incubated at room
temperature for 15 min in the dark. Subsequently, 400 L of Annexin

3418

binding buffer was added and cells were directly analyzed by flow
cytometry. As a positive control for apoptosis, T cells were incubated
overnight in complete growth medium supplemented with 1 uM
staurosporine. Control cells and staurosporine-treated cells were used
to gate cell populations as follows: viable cells were gated as quadrant
Q4, early apoptotic cells as quadrant Ql, late apoptotic cells as
quadrant Q2, and necrotic cells as quadrant Q3 (Supporting
Information Figure S2). Cell viabilities of nanoparticle-decorated
cells were determined and normalized by the viability control cell
viabilities.

CellTrace Violet Staining. Cells (Jurkat cells and SJL/PLP7 cells)
were washed two times with DPBS and resuspended at a
concentration of 1 mio/mL cells. Then, CellTrace violet (5 uM, 1
mg/mL in dimethyl sulfoxide (DMSO)) was added to the cell
suspension and incubated for 20 min. Subsequently, 30 mL of cell
culture medium was added for S min followed by resuspension in cell
culture medium and additional incubation for at least 30 min.

Confocal Microscopy Sample Preparation. Samples for confocal
microscopy were prepared immediately after the cell surface
modification. To a suspension containing 0.5 million CellTrace
Violet stained cells (Jurkat cells and SJL/PLP7 cells) at a
concentration of 1 mio cells/mL, 25 uL of a 1 mg/mL solution of
WGA Texas red in DPBS (1.4 mM) was added. After incubation for
30 min on ice, the cells were washed twice with DPBS and fixed with
4% paraformaldehyde (PFA) solution in DPBS at room temperature
for 20 min. After two washing steps, the cells were resuspended at a
concentration of 1 mio cells/mL in DPBS and sedimented on a
poly(L-lysine)-coated coverslip (diameter 12 mm) by centrifugation
(200 g, 3 min). The supernatant was discarded and the coverslip was
mounted with mounting media (ProLong Gold Antifade Mountant)
on microscope slides. The slides were cured for 24 h and sealed.

Flow Cytometry Proliferation Assay. Surface-decorated, CellTrace
Violet stained cells were resuspended in cell culture medium at a
concentration of 0.5 mio cells/mL and incubated for 24 h. The cells
were analyzed by FACS analysis both t = 0 h and after 24 h. Cell
proliferation was assessed by comparison of the CellTrace violet mean
fluorescence intensity (MFI) at t = 0 h and after 24 h.

ICAM-1 Binding Assay. The ICAM-1 binding assay of nano-
particle-decorated cells and control cells was performed according to
ref 51.
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Figure 2. Characterization of amine- and carboxylic acid-functionalized PLA nanoparticles. (A) TEM image of amino-functionalized PEG-PLA

nanoparticles (scale bar

500 nm); (B) intensity-weighted size distribution of the hydrodynamic diameter of amine-functionalized PLA

nanoparticles (obtained by TEM analysis of 183 nanoparticles). (C, D) Size distribution of amine-functionalized (C) and carboxylic acid-
functionalized nanoparticles: (black) distribution of plain nanoparticles; (red) distribution of the corresponding DiO-loaded nanoparticles. The

data are presented as average of three measurements.

Transendothelial Migration (TEM) Assay. Primary mouse brain
microvascular endothelial cells (pMBMECs) from female CS7BL/6
mice were seeded on a 6.5 mm Transwell filter (S pm pore size)
previously coated with laminin and Matrigel. pMBMECs were grown
for 7 days to confluency and for 2 days in the presence of puromycin
to deplete contaminating pericytes as described.>* To prevent the
PMBMECs from sprouting through the pores of the filter, they were
grown to confluency without medium in the lower compartment.
Prior to the experiment, pMBMECs were stimulated with interleukin
1 f (IL-18) (20 ng/mL) for 12 h. At the beginning of the
transmigration assay, pMBMEC inserts were washed twice with
migration assay medium (MAM: Dulbecco’s modified Eagle’s
medium (DMEM), 2% L-glutamine, 25 mM N-(2-hydroxyethyl)-
piperazine-N'-ethanesulfonic acid (HEPES) 5% FBS) before being
transferred into a new 24-well Costar plate well containing 600 uL of
MAM. Then, 100 L of MAM containing 100 000 nanoparticle-
decorated SJL-PLP7 T cells were added per insert and T cells were
allowed to transmigrate for 6—8 h at 37 °C. Additionally, aliquots of
100000 T cells were kept in MAM and used as representative for the
input. The number of transmigrated T cells and the number of T cells
in the input samples were assessed by flow cytometry. The percentage
of migrated T cells was calculated referring to the input as 100%.
Finally, the inserts were washed twice in PBS and fixed in 37% PFA
vapor for 2 h. Fixed inserts were blocked for 20 min in a blocking
buffer and stained for 1 h at room temperature with Phalloidin
Rhodamine (stock solution 300 units in 1.5 mL of methanol, 1: 200)
and CD45 biotin (1:50, 10 pug/mL). After three washing steps with
PBS, Streptavidin-Cy S (1:100, 15 pg/mL) was added for 1 h at room
temperature. Then, the filters were washed again with PBS and the
cell nuclei were stained with DAPI in blocking buffer (1:2000, 0.5 ng/
mL). The inserts were mounted with Mowiol on glass slides, and the
confluency of the endothelial monolayer was confirmed with
immunofluorescence microscopy imaging of each filter after each
assay.

B RESULTS AND DISCUSSION

Nanoparticle Preparation. As a model system to
investigate the impact of various surface conjugation
chemistries on the viability and functional properties of cell-
based carriers, this study uses blood—brain barrier migratory T
cells that will be modified with poly(p,L-lactic acid) (PLA)
nanoparticles displaying a range of cell surface reactive
chemistries. As they are nonphagocytic, the risk of nanoparticle
internalization by these T cells is minimal, which makes them
attractive models to study cell surface functionalization. For
this study, two T cell lines were investigated. Jurkat cells, which
are an immortalized class of T cells, were used as one model.
The second class of T lymphocytes studied were SJL/PLP7
cells. This is a proteolipid protein (PLP)-specific cell line,
which is used to study inflammatory T cell infiltration of the
central nervous system (CNS).SS’56 In this paper, mice-derived
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SJL/PLP7 CD4" Tgy; cells were explored as model carriers to
transport polymer nanoparticles across the blood—brain
barrier. Figure 1 presents the different surface-functionalized
nanoparticles and cell surface conjugation chemistries that will
be explored. The nanoparticles will be immobilized using both
covalent and noncovalent strategies. Covalent cell surface
conjugation chemistries that will be assessed include the use of
active ester-functionalized PLA nanoparticles that can react
with cell surface amino groups (Figure 1A), the coupling of
maleimide-functionalized PLA nanoparticles with thiol groups
present on the cell surface (Figure 1B) as well as the bio-
orthogonal, strain-promoted azide—alkyne cycloaddition of
alkyne-functionalized nanoparticles to cell surface azido groups
(Figure 1C). Noncovalent cell surface conjugation chemistries
that will be examined are the binding of Wheat germ agglutinin
(WGA)-modified PLA nanoparticles to N-acetylglucosamine
and sialic acid residues on the cell surface (Figure 1D), the
electrostatic binding of negatively charged PLA nanoparticles
(Figure 1E) as well as the biotin—NeutrAvidin-mediated
immobilization of PLA nanoparticles. The latter can be
achieved either by using biotin moieties that are covalently
coupled to cell surface amino groups (Figure 1F) or by
noncovalent insertion of biotin-functionalized PEGylated lipids
(Figure 1G). The binding of negatively charged nanoparticles
to the cell surface (Figure 1E) can be due to one or a
combination of two mechanisms. A first one is based on
electrostatic interactions between the negatively char7ged
nanoparticles and cationic charges on the cell membrane.”” >’
A second mechanism that can promote binding of negatively
charged nanoparticles onto the cell membrane is entropy gain-
driven depletion.®’~%

Carboxylic acid- and amine-functionalized PLA nano-
particles were prepared via nanoprecipitation. Carboxylic
acid-functionalized PLA nanoparticles were obtained by
precipitation of an acetone solution containing carboxylic
acid terminated poly(p,L-lactic acid) in DPBS. Amino-
functionalized PLA nanoparticles were obtained by co-
precipitation of equal amounts of methoxy-terminated poly-
(p,L-lactic acid) and an amino-terminated poly(p,L-lactic acid)-
b-poly(ethylene glycol) block copolymer (PLA-PEG-NH,). If
needed, nanoparticles were loaded with the green fluorescent
dye DiO to allow analysis by flow cytometry and confocal
microscopy. The nanoparticles were characterized by dynamic
light scattering (DLS) and transmission electron microscopy
(TEM).

Figure 2A—C presents the results for the amine-function-
alized PLA nanoparticles. TEM analysis reveals spherical
particles with a number-average diameter of 130 + 36 nm

https://doi.org/10.1021/acs.biomac.1c00488
Biomacromolecules 2021, 22, 3416—3430


https://pubs.acs.org/doi/10.1021/acs.biomac.1c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00488?fig=fig2&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00488?rel=cite-as&ref=PDF&jav=VoR

Biomacromolecules

pubs.acs.org/Biomac

Scheme 1. Surface Modification of Amine-Functionalized PLA Nanoparticles
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(based on the analysis of 183 nanoparticles in total) (Figure
2A,B). This is in reasonable agreement with the hydrodynamic
diameter of 185.7 + 3.5 nm and the PDI of 0.1 obtained from
DLS analysis. These nanoparticles had a near-neutral (-
potential (Supporting Information Figure S3). The amine-
functionalized PLA nanoparticles could be loaded with 150 ng
DiO/mg polymer without significantly affecting the particle
size (Figure 2C) but with a slight increase in PDI from 0.6 to
0.8 (Supporting Information Figure S3). 'H NMR analysis
revealed that these nanoparticles were composed of 7.5 mol %
PLA-PEG-NH, (Supporting Information Figure S4A). By
reacting the nanoparticles with NHS fluorescein, the surface
concentration of amino groups was estimated at 2.9 nmol/mg.
Results of the DLS analyses of the carboxylic acid-function-
alized PLA nanoparticles are presented in Figure 2D. These
particles are characterized by a hydrodynamic diameter of
205.3 + 1.3 nm, a PDI of 0.17, and a {-potential of —30.4 mV
(Supporting Information Figure S3). The carboxylic acid-
functionalized nanoparticles could be loaded with 47S ng
DiO/mg polymer, corresponding to an encapsulation
efficiency of 95%, without altering the nanoparticle size or
size distribution (Figure 2D).

To introduce cell surface reactive N-hydroxysulfosuccini-
mide (NHS) (Figure 1A), maleimide (Figure 1B), dibenzo-
cyclooctyne (DBCO) (Figure 1C), or biotin moieties (Figure
1F), or to attach WGA (Figure 1D) or NeutrAvidin (Figure
1G), the amine-functionalized nanoparticles were modified as
shown in Scheme 1. These surface modification reactions were
performed by treatment of the amine-functionalized nano-
particles with the appropriate sulfo-NHS reagent (1, 3, 4, 5).
WGA (2)- and NeutrAvidin-functionalized nanoparticles (6)
were obtained by reaction of the sulfo-NHS (1), respectively,
biotin-functionalized (5), precursor particles with the
respective protein. The surface-modified nanoparticles were
analyzed by DLS and {-potential measurements (Supporting
Information Figure S3). These analyses indicated that the
various surface modification reactions did not significantly
influence the size, PDI, or {-potential of the nanoparticles
compared to the amine-functionalized precursor particles.
Only for the DBCO and NeutrAvidin-modified nanoparticles,
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a slight increase in hydrodynamic diameter and PDI was
observed, which could be due to an increased surface
hydrophobicity of the nanoparticles. To determine the
concentration of cell surface reactive groups, the maleimide-
functionalized nanoparticles were modified with a thiol-
containing CyS derivative. Spectrophotometric analysis of the
resulting nanoparticles revealed a maleimide concentration of
0.4 nmol/mg polymer (Supporting Information Figure SSC).
The nanoparticle surface concentrations of biotin, NeutrAvi-
din, and WGA were obtained similarly using CyS-streptavidin,
CyS biotin, and Cy5-WGA and determined as 0.6, 0.2, and
0.02 nmol/mg, respectively (Supporting Information Figure
$5C).

A number of nanoparticle immobilization strategies that are
summarized in Figure 1 require preactivation or premodifica-
tion of the cell surface. To increase the number of free surface
thiol groups, cells that were reacted with maleimide-function-
alized nanoparticles were preactivated with tris(2-
carboxyethyl)phosphine (TCEP). To establish reaction
conditions to maximize the concentration of surface thiol
groups, Jurkat cells were treated with a range of TCEP
concentrations up to 10 mM and the concentration of surface-
accessible thiol groups was determined using Ellman’s reagent.
Activation with TCEP increases the surface concentration of
thiol groups from ~18 nmol/ 10° cells for untreated cells to
~36 nmol/10° cells when cells are treated with 10 mM TCEP
(Supporting Information Figure S6). As higher TCEP
concentrations have been reported to impact cell viability,”
a 10 mM TCEP solution was used to pretreat cells for thiol—
maleimide conjugation of PLA nanoparticles. The strain-
promoted azide—alkyne cycloaddition of dibenzocyclooctyne-
functionalized nanoparticles to the cell surface requires cell
surface-bound azide groups, which were introduced via
metabolic glycoengineering. Supporting Information Figure
S7 presents the results from confocal microscopy and flow
cytometry analysis of azide-modified cells and unmodified
control cells after treatment with a DBCO-modified Cy5-dye,
which confirm the chemoselective, bio-orthogonal click
modification of the azide group presenting Jurkat cells. Finally,
biotin moieties were introduced to the cell surface either via
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Figure 3. Nanoparticle-associated fluorescence (A, C) and viabilities (B, D) of nanoparticle-decorated Jurkat cells (A, B) and SJL/PLP7 cells (C,
D) obtained by flow cytometry. Cells were incubated at initial nanoparticle/cell feed ratios of 100, 500, 1000, 2500, 5000, 10 000, 25 000, and
50000. Sulfo-NHS-functionalized PLA nanoparticles are shown in gray, DBCO-modified PLA nanoparticles in brown, maleimide-functionalized
PLA nanoparticles in yellow/orange (a = untreated cells; b = TCEP-treated cells), carboxylic acid-modified PLA nanoparticles in pink, biotin-
functionalized PLA nanoparticles in violet, NeutrAvidin-modified PLA nanoparticles in green/blue (c = noncovalent biotin- and d = covalent biotin
cell surface modification) and WGA-functionalized PLA nanoparticles are shown in red. Data are expressed as mean + SD (n = 2).

covalent coupling of Biotin-XX, SSE or by noncovalent
insertion of DSPE-PEG2000-biotin. To validate the successful
covalent surface attachment of biotin, the resulting cells were
treated with NeutrAvidin—Oregon Green 488 conjugate and
analyzed with flow cytometry and confocal microscopy. As a
control experiment, also Jurkat cells that were not reacted with
Biotin-XX, SSE or DSPE-PEG2000-biotin were treated with
NeutrAvidin—Oregon Green 488 conjugate and analyzed in
the same way. The results of these analyses, which are
presented in Supporting Information Figure S8, confirm the
successful coupling of Biotin-XX, SSE. Cells, which were not
treated with Biotin-XX, SSE did not show any fluorescent
signal in FACS or confocal microscopy confirming the specific
interaction between the NeutrAvidin-modified dye and biotin-
modified cells. Supporting Information Figure S9 presents the
results of similar experiments that were performed to
characterize cells that were modified with DSPE-PEG2000-
biotin and which validate the noncovalent biotinylation of the
Jurkat cells. To semiquantitatively assess and compare the
relative amounts of the various reactive groups on the cell
surface, the modified cells were labeled with the corresponding
reactive CyS dyes (sulfo-CyS NHS ester, sulfo-Cyanine $
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maleimide, Streptavidin CyS, CyS biotin, sulfo-Cyanine §
DBCO, WGA CyS) and analyzed by flow cytometry.
Supporting Information Figure S10 presents these relative
cell surface concentrations, which are presented as the shift in
the mean CyS-associated fluorescent intensity of the modified
cells relative to that of the nonmodified, control cells. These
analyses reveal that Jurkat cells modified by metabolic
glycoengineering present azido groups at concentrations that
are comparable to those of the surface amine groups and WGA
reactive saccharide residues. It is worth mentioning, however,
that the procedure used for the introduction of the cell surface
azido groups was not optimized and can probably be further
refined to enhance the surface concentration of these bio-
orthogonal anchors. Jurkat cells treated with TCEP, or
covalently or noncovalently modified with biotin also present
comparable concentrations of surface-accessible, nanoparticle
reactive groups, albeit at a lower concentration compared to
amine, azide, and WGA reactive groups. Unmodified Jurkat
cells only present a relatively low concentration of thiol groups
and immobilization of NeutrAvidin also results in the
introduction of fewer nanoparticle reactive groups compared
to most other cell preactivation or premodification approaches.
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Cell Surface Modification. In a first series of experiments,
the ability of the various covalent and noncovalent conjugation
chemistries illustrated in Figure 1 for the cell surface
immobilization of polymer nanoparticles was compared using
flow cytometry. To explore whether and to which extent the
nanoparticle cell surface concentration can be tuned, the cells
were incubated with the appropriate nanoparticle at nano-
particle/cell ratios that ranged from 100 to 50000, then
treated with DAPI and Annexin V-Alexa Fluor 647 conjugate,
and subsequently analyzed by flow cytometry. In these
experiments, the nanoparticle-associated fluorescence observed
in flow cytometry was taken as a measure of the nanoparticle
cell surface concentration. By staining the cells with DAPI and
Annexin V-Alexa Fluor 647 conjugate directly after nano-
particle conjugation, flow cytometry analysis allows to
simultaneously assess the viability of the nanoparticle-
decorated cells. These experiments were performed with
both Jurkat cells and SJL/PLP7 cells.

Figure 3A,B summarizes the results that were obtained for
the surface modification of Jurkat cells. At a given nano-
particle/cell ratio, most noncovalent nanoparticle coupling
strategies result in more pronounced shifts in nanoparticle-
associated fluorescence, i.e., higher nanoparticle cell surface
concentrations, compared to the covalent chemistries that were
investigated (Figure 3A). From the covalent chemistries that
were screened, coupling of NHS and DBCO-functionalized
nanoparticles resulted in the lowest nanoparticle cell surface
concentrations. Conjugation of maleimide-functionalized
nanoparticles could be significantly enhanced by pretreating
the Jurkat cells with TCEP, which reduces surface disulfides
and increases the concentration of surface thiol groups. In
most cases, increasing the initial nanoparticle/cell ratio leads to
an increase in the nanoparticle-associated fluorescence, which
indicates that the nanoparticle cell surface concentration can
be tuned by adjusting the nanoparticle/cell ratio. Judging from
the observed shifts in the nanoparticle-associated fluorescence
that were measured by flow cytometry, WGA-mediated
nanoparticle cell surface immobilization is most effective, i.e.,
results in the highest cell surface nanoparticle concentrations.
The flow cytometry analysis also suggests that the use of
NeutrAvidin-functionalized nanoparticles provides an efficient,
alternative strategy for the surface modification of the Jurkat
cells. For cells that were modified by covalent attachment of
biotin, a continuous increase in nanoparticle-associated mean
fluorescence intensity (MFI) with increasing initial nano-
particle/cell ratio was observed. For Jurkat cells that presented
biotin, which was introduced by modifying the cells with
DSPE-PEG2000-biotin, in contrast, the nanoparticle-associ-
ated fluorescence was found to increase upon increasing the
initial nanoparticle/cell ratio from 100 to 1000 but then
decrease at initial nanoparticle/cell ratios of 25000 and
50000. Presenting cells with the amine-functionalized
PEGylated PLA nanoparticles resulted in essentially negligible
attachment of nanoparticles to the cell surface (in contrast to
that observed when carboxylic acid-functionalized PLA
nanoparticles were used, see Figure 3A,C). Most nanoparticle
conjugation chemistries did not significantly affect the viability
of the Jurkat cells, not even for initial nanoparticle/cell ratios of
up to 50000 (Figure 3B). Exceptions are the conjugation of
NeutrAvidin-functionalized or WGA-functionalized nanopar-
ticles, where cell viabilities were found to decrease to ~50% at
very high initial nanoparticle/cell ratios.
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Figure 3C,D summarizes the results that were obtained with
the SJL/PLP7 cells. Since the coupling of active ester and
DBCO-functionalized nanoparticles to Jurkat cells did not
prove to be effective, these approaches were not assessed on
the SJL/PLP7 cells. The results of the surface modification
experiments with SJL/PLP 7 cells resemble those obtained
with the Jurkat cells and indicate that the nanoparticle surface
concentration can be controlled by varying the initial
nanoparticle/cell ratio. As it was also observed for the Jurkat
cells, pretreatment of the SJL/PLP7 cells with TCEP is
important to enhance coupling of maleimide-functionalized
nanoparticles. The DAPI/Annexin V viability assay results
indicate that the SJL/PLP7 cells are more sensitive toward the
cell surface conjugation of maleimide-, carboxylic acid-, and
NeutrAvidin-functionalized nanoparticles compared to the
Jurkat cells. The viabilities of SJL/PLP7 cells modified with
biotin-functionalized nanoparticles were only slightly lower
than those of their Jurkat counterparts. For SJL/PLP7 cells
modified with WGA-functionalized nanoparticles, viabilities
were higher compared to those of the corresponding Jurkat
cells.

From the nanoparticle immobilization chemistries that were
screened in the experiments discussed above, four were
selected and investigated in more detail. The second series
of experiments were carried out with maleimide-, biotin-,
WGA-, and carboxylic acid-functionalized nanoparticles. The
aim of these experiments was to quantitatively study the
concentration and localization of the nanoparticles on the cell
surface and to compare the proliferation and functional
properties of T cells decorated with nanoparticles using these
different chemistries.

Confocal Microscopy. The concentration and localization
of the nanoparticles on the cell surface were investigated with
confocal microscopy. For these experiments, Jurkat cells were
modified with DiO-labeled nanoparticles at initial nano-
particle/cell ratios of 500, 2500, and 5000. To allow confocal
microscopy analysis, before surface modification with the PLA
nanoparticles, the cells were stained with CellTrace Violet to
visualize the cytosol and with WGA Texas Red to highlight the
cell membrane. Nanoparticle-decorated cells were analyzed by
three-dimensional (3D) reconstructing z-stacks recorded from
single cells by confocal microscopy. The number of nano-
particles per cell and the location of the nanoparticles on the
cell surface were determined via an Imaris script, which allows
automated spot detection and distance mapping.’>>” The
results of these analyses are presented in Figures 4 and S.
Figure 4 shows representative confocal images of Jurkat cells
modified with the four different nanoparticles at nanoparticle/
cell ratios of 500, 2500, and 5000. In these images, the
nanoparticles can be clearly identified as green fluorescent
spots. For each of the nanoparticle immobilization chemistries,
the nanoparticle cell surface coverage was found to increase
with increasing initial nanoparticle/cell ratio. The highest
nanoparticle cell surface concentrations were observed for the
biotin- and WGA-functionalized nanoparticles. At an initial
nanoparticle/cell ratio of 5000, cell surface modification with
biotin-functionalized nanoparticles resulted in a surface
coverage of 184 + 56 nanoparticles/cell, while the use of
WGA-functionalized nanoparticles generated cells that carry
176 + 44 nanoparticles/cell. Without preactivation of the
surface thiol groups with TCEP, modification of Jurkat cells
with maleimide-functionalized nanoparticles results in a
nanoparticle surface concentration of 76 + 37 nanoparticles/
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Figure 4. Confocal laser scanning microscopy images of Jurkat cells,
which were incubated with nanoparticles at nanoparticle/cell ratios of
500, 2500, and 5000: (A) non-TCEP-pretreated, maleimide-function-
alized PLA nanoparticle-modified cells; (B) TCEP-pretreated and
maleimide-functionalized PLA nanoparticle-modified cells; (C)
carboxylic acid-functionalized PLA nanoparticle-modified cells; (D)
biotin-functionalized PLA nanoparticle-modified cells; and (E) WGA-
functionalized PLA nanoparticle-modified cells. The cell cytosol
shown in blue was stained with CellTrace violet, and the membrane,
which is shown in red, was stained with WGA Texas Red.
Nanoparticles were loaded with the green dye DiO. The average
number of nanoparticles per condition was calculated over at least 10
different cells. The scale bars represent S ym.

cell. Pretreating the cells with TCEP results in an increase in
the surface concentration of maleimide-functionalized PLA
nanoparticles to 104 + 6S. This surface concentration is
comparable to that obtained when Jurkat cells are modified
with carboxylic acid-functionalized nanoparticles at a nano-
particle/cell ratio of S000 (106 + S1). To put these numbers
into perspective, the nanoparticle cell surface concentrations as
determined by confocal microscopy correspond to an
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estimated 1% coverage of the total available surface area of a
cell.

In addition to the quantitative determination of the surface
concentration of the nanoparticles, confocal microscopy was
also used to study the localization of the nanoparticles. To this
end, images were analyzed with Imaris to create distance maps,
which illustrate the distance between a nanoparticle and the
cell membrane. The results of these analyses for each of the
different nanoparticle cell surface conjugation chemistries
investigated are summarized in Figure SA—E. Figure SF
shows the percentage of WGA Texas Red-positive nano-
particles, i.e., the percentage of nanoparticles that co-localize
with the cell membrane for the different cell surface
immobilization chemistries. For most of the investigated
reaction conditions, the majority of nanoparticles was found
to co-localize with the cell membrane. Surface modification of
non-TCEP-pretreated Jurkat cells with maleimide-function-
alized nanoparticles at nanoparticle/cell ratios of 2500 and
5000 resulted in a significant increase in the fraction of
nanoparticles that were attached to the periphery of the cell
compared to cells that were modified with the same
nanoparticles at an initial nanoparticle/cell ratio of 500.
Exposing TCEP-pretreated Jurkat cells with maleimide-
functionalized nanoparticles at initial nanoparticle/cell ratios
of 2500 and 5000, in contrast, resulted in significant
internalization of the maleimide-functionalized nanoparticles
compared to surface modification reactions that were
performed at an initial nanoparticle/cell ratio of 500. For
TCEP-treated Jurkat cells that were modified with maleimide-
functionalized nanoparticles at a nanoparticle/cell ratio of 500,
90% of the nanoparticles were found to co-localize with the cell
membrane. For reactions that were carried out with nano-
particle/cell ratios of 2500 and 5000, only 71 and 60% of the
nanoparticle payload were found to co-localize with the cell
membrane, respectively. Surface modification of Jurkat cells
with carboxylic acid-functionalized nanoparticles, in particular
at higher nanoparticle/cell ratios, also resulted in the
immobilization of a significant fraction of nanoparticles at
the periphery of the cells as well as nanoparticle internalization.
In contrast, when Jurkat cells were modified with biotin- or
WGA-functionalized nanoparticles, ~90% of the nanoparticles
were found to be co-localized with the cell membrane with
very little to no internalization and only a very small fraction
bound to the periphery of the cell membrane, irrespective of
the initial nanoparticle/cell ratio.

Confocal microscopy was also used to study SJL/PLP7 cells
that were modified with biotin-functionalized nanoparticles at
an initial nanoparticle/cell ratio of 5000 (Figure 6A,B). SJL/
PLP7 cells modified using these conditions carry 153 + 52
nanoparticles/cell, which compares well with the nanoparticle
cell surface concentrations that were found for Jurkat cells
modified under the same conditions (Figure 4). Distance
mapping of the nanoparticle-decorated SJL/PLP7 cells,
however, reveals that only 48% of the nanoparticles co-localize
with the cell membrane and also reveals nanoparticle
internalization as opposed to what was observed for the
corresponding Jurkat cells (Figure SD).

Proliferation. In a next series of experiments, the
proliferation of Jurkat T cells decorated with maleimide-,
carboxylic acid-, biotin-, and WGA-functionalized nano-
particles was compared with that of unmodified Jurkat cells.
These experiments were carried out with cells modified with
nanoparticles at initial nanoparticle/cell ratios of 500, 2500,
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Figure S. Distance analysis of nanoparticle distribution on Jurkat cells. (A—E) Statistical distribution of nanoparticles on at least 10 cells with
respect to their distance to the whole cell edge (CellTrace Violet). Data shown are for cells modified at nanoparticle/cell ratios of 500, 2500, and
5000. Each dot represents a single nanoparticle. Red dots represent nanoparticles that are found between the inner and outer boundaries outlined
by the membrane stain (WGA Texas Red X), and black dots represent those which are not. (A) Non-TCEP-pretreated cells decorated with
maleimide-functionalized PLA nanoparticles; (B) TCEP-pretreated cells decorated with maleimide-functionalized PLA nanoparticles; (C) cells
modified with carboxylic acid-functionalized PLA nanoparticles; (D) cells modified with biotin-functionalized PLA nanoparticles; (E) cells
modified with WGA-functionalized PLA nanoparticles; and (F) percentage of nanoparticles that co-localize with the WGA Texas Red membrane
stain at initial nanoparticle/cell ratios of 500, 2500, and 5000. Yellow: maleimide nanoparticle-modified cells, orange: maleimide nanoparticle-
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Figure 6. Analysis of SJL/PLP7 cells, which were modified with
NeutrAvidin and decorated with biotin-functionalized PLA nano-
particles at an initial feed ratio of 5000 nanoparticles/cell. (A)
Representative confocal microscopy image. The cell cytosol shown in
blue was stained with CellTrace violet, and the membrane, which is
shown in red, was stained with WGA Texas Red, the green
nanoparticles are loaded with DiO (scale bar = 5 um). (B)
Nanoparticle localization relative to the cell body and the cell
membrane. Nanoparticles that co-localize with the cell membrane are
shown as red dots (WGA+), and nanoparticles that do not co-localize
with the cell membrane stain are shown as black spheres (WGA—).

and 5000. Proliferation was analyzed by flow cytometry by
staining cells with CellTrace Violet and comparing the
CellTrace Violet-associated fluorescence directly after cell
surface modification and after 24 h. Cell proliferation was
expressed as the ratio of the mean CellTrace Violet-associated
fluorescence intensity (CTV-MFI) at t = 0 divided by the
mean CellTrace Violet-associated fluorescence intensity at ¢ =
24 h. Figure 7A presents the ratios of these CellTrace Violet
MFIs at t = 0 and 24 h for unmodified control cells together
with those of the nanoparticle-decorated cells. For the
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nonmodified control cells, the CellTrace Violet MFI at t = 0
is twice that at t = 24 h, which is consistent with a single
proliferation cycle. Modification of Jurkat cells with maleimide-
functionalized nanoparticles (without prior TCEP pretreat-
ment) or with carboxylic acid- or WGA-functionalized
nanoparticles at initial nanoparticle/cell ratios of 500, 2500,
and 5000 does not significantly change cell proliferation as
compared to the unmodified control cells. For Jurkat cells
pretreated with TCEP before conjugation of maleimide-
functionalized nanoparticles, a slight increase in proliferation
was observed, while for cells modified with biotin-function-
alized nanoparticles, proliferation appeared to be slightly
decreased compared to the control cells.

Figure 7B compares the proliferation, expressed as the ratio
of the mean CellTrace Violet-associated fluorescence intensity
at t = 0 divided by the mean CellTrace Violet-associated
fluorescence intensity at t = 24 h, of SJL/PLP7 cells modified
with carboxylic acid-, biotin-, and WGA-functionalized nano-
particles at an initial nanoparticle/cell ratio of 5000 with that
of nonmodified control cells. The results summarized in Figure
7B indicate that cell surface modification under these
conditions does not affect the proliferation of SJL/PLP7 cells.

ICAM-1 Binding and Migration Across an In Vitro BBB
Model. To study the influence of nanoparticle cell surface
modification on the migratory properties of cells, SJL/PLP7
cells were used. This subset of T cells was chosen as it
possesses the ability to cross the BBB, which makes them of
potential interest for the cell-mediated delivery of nano-
medicines to the CNS.”' The BBB migratory properties of the
SJL/PLP7 cells were evaluated in two experiments. In a first
experiment, the binding of unmodified SJL/PLP7 cells and
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Figure 7. (A) Proliferation of Jurkat T cells, presented as mean fluorescence intensity (MFI) decrease of CellTrace Violet (CTV) over a period of
24 h. Control, unmodified cells are illustrated in black, maleimide-functionalized PLA nanoparticle-decorated cells in yellow, maleimide-
functionalized nanoparticle-decorated cells after TCEP pretreatment in orange, carboxylic acid-functionalized PLA nanoparticle-decorated cells in
pink, biotin-functionalized PLA nanoparticle-decorated cells in violet, and WGA-functionalized PLA nanoparticle-decorated cells in red. Cells were
decorated with nanoparticles using initial nanoparticle/cell ratios of 500, 2500, and 5000 nanoparticles/cell. P-values were determined by a two-
tailed t-test: ns = not significant, * = P < 0.05 and ** = P < 0.01. Data are expressed as mean + SD (n = 2). (B) Cell proliferation during 24 h of
control SJL/PLP7 cells (black), carboxylic acid-functionalized PLA nanoparticle-decorated cells (rose), biotin-functionalized nanoparticle-
decorated cells (violet), and WGA-functionalized nanoparticle-modified cells (red) analyzed by a CellTrace Violet proliferation assay.

SJL/PLP7 cells, which were modified with maleimide-,
carboxylic acid-, biotin-, and WGA-functionalized nano-
particles at an initial nanoparticle/cell ratio of 5000, to the
adhesion protein ICAM-1 was studied. ICAM-1 was selected
as it has been identified as a critical adhesion molecule that
mediates T cell polarization and crawljn§ in the extravasation
of CD4* Ty cells across the BBB. ™" T cell binding to
ICAM-1 was assessed by immobilizing the protein on a glass
substrate and comparing the number of adhered cells. As a
control experiment, to validate that binding is ICAM-1-
specific, cells were also presented to substrates that were
modified with delta and notch-like epidermal growth factor-
related receptor (DNER), which is a protein that is not
involved in the BBB diapedesis of CD4" Tgy, cells. The ICAM-
1 binding properties of the nanoparticle-decorated cells are
summarized in Figure 8. The data in Figure 8 show that
ICAM-1 binding is not impaired by the presence of the
nanoparticle payload on the cell surface irrespective of the
immobilization chemistry used. Some cells, most notably those
that were modified with biotin or WGA-functionalized
nanoparticles, even show an increased ICAM-1 binding
compared to the unmodified control T cells. All T cells,
both unmodified control and nanoparticle-decorated cells,
show negligible binding to DNER-coated substrates, illustrat-
ing that binding of the cells to ICAM-1 is specific.

The BBB migratory behavior of the nanoparticle-modified
cells was further studied in vitro with a transendothelial
migration (TEM assay) (Figure 9A). The TEM assay
investigates migration of the T cells under static conditions
across a monolayer of primary mouse brain microvascular
endothelial (pMBMEC) cells that have been grown onto a
porous filter membrane. This model was used because it
retains some BBB characteristics such as complex tight
junctions and low permeability.”’ To mimic inflammation
and promote transmigration, pMBMECs were stimulated with
interleukin 1 B 16 h prior to the experiment. These
experiments were carried out with SJL/PLP7 cells that were
modified with maleimide-, carboxylic acid-, biotin-, and WGA-
functionalized nanoparticles at a nanoparticle/cell ratio of
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Figure 8. SJL/PLP7 T-Cell binding to ICAM-1. T Cell count of a
binding assay on ICAM-1-coated wells and DNER-coated wells for
unmodified control cells and nanoparticle-decorated T cells (prepared
at an initial nanoparticle/cell ratio of S000 nanoparticles/cell)
immobilized with different chemistries performed at room temper-
ature for 30 min under moderate shear conditions. Each dot
represents one cell count from the diagonal of a 10 nm x 10 nm/
10 divisions counting reticle using a 20x objective. The figure
represents the results of two independent assays performed in
triplicate. Each well was counted at three different positions. The
horizontal bar represents the mean over all counts. P-values were
determined by a t-test: carboxylic acid-functionalized nanoparticles: P
<0.01, maleimide-functionalized nanoparticles: P > 0.05, WGA-
functionalized nanoparticles: P < 0.001, and biotin-functionalized
nanoparticles: P < 0.001.

5000. Prior to the conjugation of the maleimide-functionalized
nanoparticles, the cells were pretreated with TCEP. As a
control, nonmodified SJL/PLP7 cells were used. Figure 9B
shows the percentage of cells that have migrated across the
pMBMEC monolayer after 6—8 h relative to the input as
determined by flow cytometry. In this figure, each symbol
represents a single condition of a set of triplicates. The data
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Figure 9. (A) Schematic illustration of the transendothelial migration
assay (TEM) setup. The cell layer is made of stimulated primary
mouse brain microvascular endothelial cells (p)MBMECs) on porous
filter inserts. A total of 100000 cells decorated with nanoparticles
(nanoparticle/cell ratio of 5000) were added for a transmigration time
of 6 h. (B) Percentages of migrated T cells as determined by flow
cytometry for control cells and cells modified with biotin-, WGA-,
carboxylic acid-, or maleimide-functionalized nanoparticles. All data
points represent a transmigration time of 6 h, except the black
squares, which are results from an experiment in which 8 h was
chosen as transmigration time. The plot presents the results of three
independent experiments performed in triplicate, and the error bars
are standard deviations.

show that the percentage transmigrated cells within one
experiment is relatively consistent, but can vary between
different experiments. Overall, the migratory behavior of SJL/
PLP7 cells decorated with carboxylic acid-, biotin-, or WGA-
functionalized nanoparticles was not significantly affected by
the surface conjugation of the nanoparticle payload. For SJL/
PLP7 cells that were pretreated with TCEP and subsequently
decorated with maleimide-functionalized nanoparticles, a
reduction in the number of migratory cells compared to the
nonmodified control cells was observed, which was however
not significant compared to the other nanoparticle-decorated
cells and control cells.

In addition to quantifying the total number of cells that
migrate across the pMBMEC monolayer, flow cytometry
analysis also allows to determine the fraction of transmigrated
cells that carry a nanoparticle payload and to assess a possible
loss of nanoparticle cargo. For the biotin-, WGA-, carboxylic
acid-, and maleimide nanoparticle-functionalized cells that
were studied in the TEM experiments, Supporting Information
Figure S11 compares the nanoparticle-associated fluorescence
of the transmigrated cells with that of the input cells as well as
unmodified control T cells. The flow cytometry histograms
illustrate that T cells, which were modified with maleimide-,
carboxylic acid-, or WGA-functionalized nanoparticles, lose a
significant fraction of the nanoparticles during diapedesis as
indicated by the partial overlap of the flow cytometry
histograms of the nanoparticle-modified cells with that of the
control cells. In contrast, cells that were modified with biotin-
functionalized nanoparticles lost fewer nanoparticles upon
transmigration. Figure 10 presents a quantitative summary of
these flow cytometry analyses and shows for each of the
different nanoparticle conjugation chemistries, the percentage
of transmigrated cells that carry a nanoparticle payload (Figure
10A) as well as the nanoparticle-associated mean fluorescence
intensity of the transmigrated cells carrying nanoparticles
relative to that of the input cells (Figure 10B). The latter is
used as a measure to express the extent of nanoparticle loss.
Figure 10A reveals that 61 + 7% of all transmigrated,
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Figure 10. (A) Percentage of T cells after migration across the
pPMBMEC monolayer, which still carries nanoparticles (DiO-
positive). (B) Percentage of nanoparticle-associated fluorescence of
the subpopulation of T cells, which is still carrying nanoparticles
compared to the nanoparticle-modified cells that were used as input in
the transendothelial migration assay. The histogram presents the
results of three independent experiments performed in triplicate, and
the error bars are standard deviations. The results obtained with the
maleimide nanoparticles were performed as one experiment in
triplicate.

maleimide nanoparticle-modified cells, 34 + 23% of the
transmigrated, carboxylic acid-functionalized nanoparticle-
modified cells, 80 + 7% of the transmigrated, biotin
nanoparticle-modified cells, and 43 + 14% of all transmigrated,
WGA-functionalized nanoparticle-modified cells still carry
nanoparticles. To evaluate the number of nanoparticles on
the surface of the transmigrated cells compared to the surface
concentration of nanoparticles on the input cells, the mean
fluorescence intensity of the subpopulation which carries
nanoparticles was compared with the mean fluorescent
intensity of all of the cells directly after the nanoparticle
modification at t = 0 (Figure 10B). This analysis reveals that T
cells that managed to migrate across this model, in vitro BBB
and that still contained a nanoparticle payload on average
carried less than 50% of their initial payload. The loss of
nanoparticles was least pronounced when cells were modified
with maleimide-functionalized nanoparticles and most prom-
inent when biotin-functionalized nanoparticles were bound to
cell surface NeutrAvidin moieties.

Figure 11 shows fluorescent images taken from the luminal
side of the pMBMEC monolayer after the transmigration assay
with 100000 modified cells. Figure 11A presents the
pMBMEC monolayer after a transmigration experiment with
Neutravidin-modified SJL/PLP7 cells carrying biotin-function-
alized nanoparticles, and Figure 11B is an image of the
pMBMEC monolayer after an experiment with SJL/PLP7 cells
covalently modified with maleimide-functionalized nanopar-
ticles (for both experiments, SJL/PLP7 cells were used that
were modified at an initial nanoparticle—cell ratio of 5000).
The actin filaments of the fixed pMBMEC monolayer were
stained with Phalloidin Rhodamine (Figure 11, red), and the
pMBMEC nuclei were stained with DAPI (Figure 11, blue).
To identify the T cells, first, a biotin moiety introduced
through receptor-specific interactions (CD4S5) and subse-
quently a CyS-conjugated streptavidin was immobilized
(Figure 11, white). The fluorescent image in Figure 11A
reveals the green fluorescence due to (clusters) of nano-
particles that have been lost by the cells during transmigration.
The free nanoparticles and nanoparticle clusters on the cell
monolayer confirm the above-observed behavior that the T
cells lose nanoparticles during the transmigration (Figure
11A). However, also polarized T cells, which are currently
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Figure 11. Fluorescent images of the pMBMEC monolayer after the transmigration assay. The actin filaments are shown in red (Rhodamine
Phalloidin), the cell nuclei in blue (DAPI), biotin nanoparticles in green (DiO), and T cells in white (CD4S biotin, SA-CyS). T cells carrying
nanoparticles are highlighted with white circles. (A) Wide-field fluorescent image (20X magnification) of the luminal pMBMEC monolayer after a
transmigration experiment with NeutrAvidin-modified cells carrying biotin-functionalized PLA nanoparticles (prepared at a nanoparticle/cell ratio
of 5000). The white circles highlight nanoparticle-carrying SJL/PLP7 cells. (B) Confocal fluorescent image (63X magnification) of a maleimide-
functionalized PLA nanoparticle-modified, polarized SJL/PLP7 T cell (prepared at a nanoparticle/cell ratio of S000), which is on the pMBMEC

monolayer and presents its nanoparticle payload at the uropod.

undergoing the process of diapedesis, are visible. Activated T
cells can be recognized by their elongated shape due to the
morphological remodeling due to the interaction of the T cells
and its ligands on the endothelial cell monolayer.”> This
process leads to the rearrangement of the nanoparticles to the
uropod (Figure 11B).

B CONCLUSIONS

This study has investigated and compared the surface
modification of two T cell lines with PLA nanoparticles
using a range of cell surface conjugation chemistries. The T cell
lines used in this study are human Jurkat T cells, as well as
activated effector/memory CD4" helper SJL/PLP7 T cells.
These latter cells were chosen since they possess BBB
migratory properties and are attractive candidates for the
development of cell-based drug delivery systems to the CNS. A
total of seven cell surface immobilization chemistries was
explored, which included three covalent strategies (active
ester—amine coupling, strain-promoted azide—alkyne cyclo-
addition, and thiol-maleimide Michael addition) and four
noncovalent approaches (lectin—carbohydrate binding, elec-
trostatic interactions, as well as biotin—NeutrAvidin-mediated
conjugation using covalently or noncovalently cell surface-
immobilized biotin moieties).

Flow cytometry analysis revealed that the nanoparticle
surface concentration can be tuned by varying the initial
nanoparticle/cell ratio used in the cell surface modification
experiments. It was found that, for a given nanoparticle/cell
ratio, noncovalent nanoparticle coupling strategies generally
resulted in higher nanoparticle cell surface concentrations
compared to the use of covalent chemistries. From the
covalent chemistries that were screened, coupling of active
ester or alkyne-functionalized nanoparticles resulted in the
lowest nanoparticle cell surface concentrations. With the
exception of the conjugation of NeutrAvidin- or WGA-
functionalized nanoparticles, where viabilities were found to
decrease to ~50% at very high initial nanoparticle/cell ratios,
most of the conjugation chemistries did not significantly affect
the viability of the Jurkat cells. The SJL/PLP7 cells were found
to be more sensitive toward the cell surface conjugation of
maleimide-, carboxylic acid-, and NeutrAvidin-functionalized
nanoparticles compared to the Jurkat cells. Confocal
microscopy imaging and data analysis demonstrated that at
an initial nanoparticle/cell ratio of 5000, Jurkat cells could be
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modified with 76—184 nanoparticles/cell when maleimide-,
carboxylic acid-, biotin-, or WGA-functionalized PLA nano-
particles were used. SJL/PLP7 T cells modified with biotin-
functionalized nanoparticles at an initial nanoparticle/cell ratio
of 5000 contained 153 + 52 nanoparticles/cell, which
compares well with the results obtained on Jurkat cells.
Modification of Jurkat cells with maleimide-, carboxylic acid-,
or WGA-functionalized nanoparticles at initial nanoparticle/
cell ratios of 500, 2500, and 5000 did not significantly change
cell proliferation. For Jurkat cells pretreated with TCEP before
conjugation of maleimide-functionalized nanoparticles, in
contrast, a slight increase in proliferation was observed, while
for cells modified with biotin-functionalized nanoparticles,
proliferation was slightly decreased compared to the control
cells. Surface modification of SJL/PLP7 cells with carboxylic
acid, biotin-, and WGA-functionalized nanoparticles at an
initial nanoparticle/cell ratio of 5000 did not affect cell
proliferation. As a first probe of the BBB migratory properties
of the nanoparticle-decorated SJL/PLP7 cells, their ability to
bind to ICAM-1 was assessed. These experiments revealed that
ICAM-1 binding is not impaired by the presence of the
nanoparticle payload irrespective of the immobilization
chemistry used. Finally, the migratory behavior of nano-
particle-modified SJL/PLP7 cells was studied in a two-
chamber, in vitro BBB model. The migratory behavior of
SJL/PLP7 cells carrying carboxylic acid-, biotin-, or WGA-
functionalized nanoparticles was not significantly affected by
the presence of the nanoparticle payload. In contrast, however,
for SJL/PLP7 cells decorated with maleimide-functionalized
nanoparticles, a reduction in the number of migratory cells
compared to the nonmodified control cells was observed. Flow
cytometry analysis further revealed that T cells that migrated
across the in vitro BBB model and which still contained a
nanoparticle payload, on average carried less than 50% of their
initial payload. The loss of nanoparticles was least pronounced
for cells that carried maleimide-functionalized nanoparticles
and most prominent when biotin-functionalized nanoparticles
were attached to cell surface NeutrAvidin moieties.

While there has been an increased interest to explore cells as
carriers for the transport and delivery of nanomedicines, only
relatively little is known about the chemistry that underlies the
surface modification of cell-based carriers with nanoparticle
cargo. Investigating and understanding the impact of different
nanoparticle—cell surface conjugation chemistries on the
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viability and functional properties of the cells will provide
guidelines to further improve the design of cell-based
nanoparticle delivery systems. The results of this study present
a first step in this direction and provide first guidelines for the
surface modification of T cells, in particular in view of their
possible use for drug delivery to the CNS.
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