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ABSTRACT: Cells are powerful carriers that can help to improve the
delivery of nanomedicines. One approach to use cells as carriers is to
immobilize the nanoparticulate cargo on the cell surface. While a
plethora of chemical conjugation strategies are available to bind
nanoparticles to cell surfaces, only relatively little is known about the
effects of particle size and cell type on the surface immobilization of
nanoparticles. This study investigates the biotin−NeutrAvidin
mediated immobilization of model polymer nanoparticles with sizes
ranging from 40 nm to 1 μm on two different T cell lines, viz., human Jurkat cells as well as mouse SJL/PLP7 T cells, which are of
potential interest for drug delivery across the blood−brain barrier. The nanoparticle cell surface immobilization and the particle
surface concentration and distribution were analyzed by flow cytometry and confocal microscopy. The functional properties of
nanoparticle-modified SJL/PLP7 T cells were assessed in an ICAM-1 binding assay as well as in a two-chamber setup in which the
migration of the particle-modified T cells across an in vitro model of the blood−brain barrier was studied. The results of these
experiments highlight the effects of particle size and cell line on the surface immobilization of nanoparticles on living cells.

■ INTRODUCTION

Circulatory cells have received increasing attention as carriers
for the delivery of synthetic nano- and microparticle-based
therapeutics.1−15 Cell-based delivery systems hold enormous
promise to help overcome some of the limitations of nano- and
microparticle therapeutics. This includes, among others, the
possibility to allow highly specific targeted delivery,16 to
facilitate transport across challenging physiological barriers, as
well as the opportunity to generate long circulating delivery
systems.17

One way to use circulatory cells as carriers for therapeutic
nano- and microparticles involves the immobilization of the
particle-based cargo on the cell surface.18 A broad variety of
chemical approaches, which include both covalent and
noncovalent strategies, has been used to immobilize particles
on the surface of living cells. Covalent immobilization of
particles on living cells has been accomplished by coupling
active ester-modified nanoparticles to amino groups present on
the cell surface, by reaction between maleimide-functional
nanoparticles and thiol groups on the cell surface or via bio-
orthogonal click reactions between alkyne functionalized
nanoparticles and azide groups, which can be introduced to
the cell surface via metabolic engineering strategies.19−23

Alternatively, nano- and microsized particle cargo has been
immobilized on the surface of cells by exploiting electrostatic
interactions, by lipid insertion in the cell membrane, via
binding of wheat-germ agglutinin (WGA) modified particles to
N-acetylglucosamine and sialic acid resides that are present in

the cell glycocalyx as well as by using the biotin−(strept)avidin
binding motif.24−28

While an increasing number of reports has explored surface
modified cells as delivery systems, only relatively little effort
has been made to systematically investigate and understand the
effects of cell surface immobilization chemistry, particle size,
and surface concentration on the properties and performance
of the cell-based drug delivery systems. This study uses the
noncovalent, biotin−NeutrAvidin mediated conjugation strat-
egy29−31 to functionalize two different T lymphocyte cell lines
with fluorescent polystyrene nano- and microparticles of
different sizes. From the broad variety of possible approaches,
the biotin−NeutrAvidin strategy was selected as an exemplary
nanoparticle−cell surface conjugation chemistry. This ap-
proach has been successfully employed in proof-of-concept
studies, both in vitro and in vivo. In one example, the use of
human-derived mesenchymal stem cells modified with
NeutrAvidin-coated nanoparticles for the targeted delivery to
tumor spheroids was demonstrated.29 In other work, tumor-
tropic neural stem cells carrying streptavidin-coated nano-
particles were shown to allow nanoparticle transport to
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invasive brain tumors in a mice model.31 However, in spite of
the successful use of the biotin−NeutrAvidin strategy in these
proof-of-principle experiments, concerns about the immuno-
genicity of streptavidin may require the selection of alternative
approaches for clinical use.32 The cells used in this study, T
lymphocytes, are attractive carriers for the transport of nano-
and microparticulate cargo as they can possess tumor targeting
and killing properties and also can serve to mediate transport
across highly protective endothelial barriers, such as the
blood−brain barrier (BBB). To characterize the particle
decorated cells, a semiquantitative confocal microscopy
method was used to analyze confocal 3D reconstructions of
the cells. Using this method, the influence of particle size on
the position and distribution of the particles over a period of
24 h and across the two different T cell lines was investigated.
The first T cell line used was Jurkat cells, which are T
lymphocytes established from an acute leukemia human
patient. The Jurkat cell line is a robust cell line, which is
very useful as a model system to investigate and explore various
cell-surface modification strategies. The second type of T cells
used was SJL/PLP7 T cells, which are primary mouse CD4+

effector/memory proteolipid protein (PLP) specific (CD4+

TEM) cells. These T cells are potentially attractive as carriers to
facilitate drug delivery to the central nervous system (CNS).33

The ability of the nanoparticle decorated CD4+ TEM cells to
bind to a key protein involved in the migration across the BBB
was investigated. In a second experiment, the migration of the
surface-modified cells across a primary mouse brain micro-
vascular endothelial cell (pMBMECs)-based in vitro model
BBB was studied in a two chamber-based assay.34,35

■ RESULTS AND DISCUSSION
T Cell Surface Modification. Figure 1 illustrates the

noncovalent attachment of NeutrAvidin-coated fluorescent
polystyrene nano- and microparticles on the surface of Jurkat
and SJL/PLP7 T cells. For this study, NeutrAvidin-coated
particles with diameters of 40 nm, 200 nm, and 1 μm were
used. In a first step, biotin moieties are introduced on the T
cell surface using an amine reactive biotinylating agent (Biotin-
XX, SSE). After that, freshly biotinylated T cells are exposed to
a NeutrAvidin-coated particle suspension for 30 min, after
which the remaining free biotin binding sites are blocked with
biotin-functionalized PEG and unbound particles removed by
centrifugation.
Biotinylation of the T cells was typically performed by

incubation of 25 mio cells/mL in DPBS and addition of Biotin-
XX, SSE to a final concentration of 0.5 mM for 30 min. This

procedure ensures a high biotin cell surface concentration.
These optimized conditions were identified in screening
experiments in which Jurkat cells were exposed to 0.05 mM,
0.5 mM, and 1.0 mM Biotin-XX, SEE. Throughout these
experiments, the cell concentration and nanoparticle-to-cell
ratio were kept constant at 0.5 mio cells/well and 2000
nanoparticles/cell, respectively. To validate the presence of
biotin moieties on the cell surface and to monitor changes in
the surface concentration of these groups upon varying the
concentration of Biotin-XX, SSE, cells were treated with
NeutrAvidin-Oregon Green 488 and analyzed by flow
cytometry. As shown in Figure 2A, a gradual shift in the

NeutrAvidin-Oregon Green 488 associated fluorescence is
observed when the concentration of Biotin-XX, SSE is
increased from 0.05 to 1.0 mM, which is consistent with an
increasing concentration of biotin groups on the cell surface.
When Jurkat cells at a concentration of 0.5 mio cells/well were
treated with 0.05 mM, 0.5 mM, and 1 mM Biotin-XX, SSE and
subsequently exposed to a 2000-fold excess of 200 nm
NeutrAvidin-coated polystyrene nanoparticles (i.e., 2000
nanoparticles/cell), a similar shift is observed in the nano-
particle-associated BODIPY fluorescence, demonstrating that
the increased biotin cell surface concentration enhances the
polystyrene nanoparticle binding capacity of the T cell (Figure
2B). For further experiments (vide inf ra), a concentration of
0.5 mM Biotin-XX, SSE was used. This concentration ensures
sufficiently high biotinylation for subsequent nanoparticle

Figure 1. Biotin−NeutrAvidin mediated T cell surface immobilization of fluorescently labeled polystyrene nano- and microparticles. (A) T cell
biotinylation using Biotin XX, SSE. (B) Attachment of NeutrAvidin (NAvidin)-coated particles on biotinylated cells.

Figure 2. (A) Flow cytometry histograms of scatter gated live Jurkat
cells stained with NeutrAvidin−Oregon Green 488 conjugate
previously treated with different concentrations of biotinylating
agent (Biotin-XX, SSE). (B) Flow cytometry histograms of scatter
gated, biotinylated live Jurkat cells modified with 200-nm-diameter
particles. The different histograms represent nanoparticle decorated
cells that were obtained from cells modified with different
concentrations of Biotin-XX, SSE.
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attachment without compromising the cell viability during this
first step. The same protocol was also used for the biotinylation
of the SJL/PLP7 T cells. At a concentration of 0.5 mM Biotin-
XX, SSE the extent of biotinylation of these cells was
approximately 1.6-fold higher than for Jurkat cells (Supporting
Information Figure S1A). Cell surface biotinylation of the
Jurkat and SJL/PLP7 T cells was also analyzed by confocal
microscopy using Oregon Green 488 labeled NeutrAvidin to
detect biotin moieties. The images show high and homoge-
neous NeutrAvidin-Oregon Green 488 fluorescence on the
surface of Jurkat cells and SJL/PLP7 T cells (Supporting
Information Figure S1B).
The cell-surface attachment protocols were subsequently

adapted to 40-nm- and 1-μm-diameter NeutrAvidin-coated
particles. For these experiments, cells were used that had been
treated with 0.5 mM Biotin-XX, SSE. As a control, to evaluate
nonspecific binding of the NeutrAvidin-coated particles, cells
were used that had not been modified with Biotin-XX, SSE.
For Jurkat cells, cell surface immobilization was performed
using 1 mio cells/well and 200,000 nanoparticles/cell (40-nm-
diameter particles) and 1 mio cells/well and 1800 particles/cell
(1-μm-diameter particles). SJL/PLP7 T cells were modified at
a concentration of 0.5 mio cells/well and 8000 nanoparticles/
cell (200 nm particles), respectively, 1 mio cells/well and
200,000 nanoparticles/cell (40 nm particles). These concen-
trations of cells per well and the ratio of particles to cell were
chosen such as to maximize specific, biotin−NeutrAvidin
mediated binding versus nonspecific binding. Modification of
the cell surfaces with the NeutrAvidin-coated particles was
monitored with flow cytometry. To remove loosely bound and
excess particles, cells were subjected to three centrifugal
washing cycles. While this procedure was very efficient for the
40 and 200 nm particles, purification of T cells decorated with
1 μm polystyrene particles was challenging, and it was difficult
to produce T cells that were free of unbound material. As a
consequence, T cells modified with 1 μm particles were only
characterized by confocal microscopy. To assess unspecific
binding, Supporting Information Figure S2 compares flow
cytometry histograms of biotinylated and nonbiotinylated T

cells that were exposed to 40- and 200-nm-diameter
NeutrAvidin-coated particles. Although unspecific binding
takes place in all cases, a 14-fold increase in mean fluorescence
intensity (MFI) was observed for 200 nm nanoparticles on
biotinylated Jurkat cells versus unmodified control cells
(Supporting Information Figure S2B), and a 2.7-fold increase
was observed when 40 nm particles were used (Supporting
Information Figure S2A). For biotinylated SJL/PLP7 T cells,
an 8-fold increase in MFI was observed for 200 nm particles
versus unmodified control cells (Supporting Information
Figure S2C). These increases account for the specific
biotin−NeutrAvidin mediated binding of nanoparticles. Since
NeutrAvidin itself does not bind to nonbiotinylated T cells as
observed in flow cytometry experiments (Supporting Informa-
tion Figure S1A), the nonspecific binding that is observed in
Supporting Information Figure S2 is attributed to interactions
between the polystyrene core of the nanoparticles and the cell
membrane. As mentioned before, since it was difficult to
produce T cells modified with 1 μm particles that were free of
unbound material, Supporting Information Figure S2 does not
include data for cells modified with these particles.
Next, proliferation of the particle-modified cells was studied.

To this end, cells were stained with a proliferation marker,
CellTrace Violet, prior to biotinylation. CellTrace Violet is a
cell-penetrating and succinimidyl ester functionalized phenolic
dye. The low concentration of CellTrace Violet (5 μM for a
typical staining protocol) was not found to affect the
subsequent biotinylation of T cells, which was performed
using a 100-fold higher concentration of the amine reactive
biotinylating agent. As the nanoparticles are also fluorescently
labeled, flow cytometry allows simultaneous monitoring of
changes in both the CellTrace Violet as well as the
nanoparticle-associated fluorescence. Figure 3 presents the
results of flow cytometry measurements directly after surface
modification (0 h) and 24 h later. For the nanoparticle-
decorated Jurkat cells, over this time period, a 2-fold decrease
in the Cell-Trace Violet associated mean fluorescence intensity
was observed, suggesting that the cells go through one division
cycle in 24 h. Over the same time period, for both 40 and 200

Figure 3. Flow cytometry histograms of scatter gated live cells directly after modification and 24 h later. Top: cell proliferation as observed using
CellTrace Violet staining. Bottom: nanoparticle retention was assessed using BODIPY labeled fluorescent nanoparticles. Data are shown for Jurkat
cells functionalized with 40 nm (A) and 200 nm nanoparticles (B), as well as SJL/PLP7 T cells functionalized with 40 nm (C) and 200 nm
nanoparticles (D).
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Figure 4. (A) Workflow for the preparation of nanoparticle (yellow) decorated T cells with a whole cell staining (cyan, CellTrace Violet) and
membrane staining (red, WGA Texas Red-X). (B) Surface generated from image processing (Imaris) showing the edge of CellTrace Violet (cyan)
whole cell staining (− − − − −), inner and outer bounds of the WGA-Texas Red-X (red) membrane staining (- - - - -) and 200 nm nanoparticles
(green). (C) Schematic illustration of the nanoparticle distribution presented in Figure 6 around the cell edge based on 3D-reconstruction and
image processing as shown in (B) (see also ref 33). The edge of CellTrace Violet (cyan) whole cell staining is represented by (− − − − −), and
inner and outer bounds of the WGA-Texas Red-X (red) membrane staining as (- - - - -). When a nanoparticle appears as a red dot, this nanoparticle
is colocalized with the membrane dye; otherwise, it is shown as a black dot in Figure 6.

Figure 5. 3D-reconstructions (images on the left) of confocal micrography z-stacks of nanoparticle (green) decorated cells (cyan, CellTrace Violet)
directly after modification (top) and 24 h later (bottom), as well as two 2D-images of a cross-sectional confocal plane (images on the right) of a
nanoparticle modified T cell directly after modification (top) and 24 h later (bottom) showing an additional membrane WGA-Texas Red-X (red)
staining. Yellow arrows indicate internalized nanoparticles. (A) Jurkat cell modified with 1 μm particles. (B) Jurkat cell modified with 200 nm
particles. (C) Jurkat cell modified with 40 nm particles. (D) SJL/PLP7 T cell modified with 200 nm particles and (E) SJL/PLP7 cell modified with
40 nm particles.
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nm particles, an approx 1.7-fold decrease in the nanoparticle
(Bodipy) associated mean fluorescence intensity was observed.

This decrease in nanoparticle-associated fluorescence is
consistent with the redistribution of the nanoparticles over

Table 1. Particle Cell Surface Concentrations and Localization Obtained from Image Processing and Statistical Analysis of 3D
Reconstructions Obtained by Confocal Microscopy (9 Cells per Condition Were Evaluated)

Cell line NP size
Time
(h)

NPs/cell (or PSF
detections)

% NP localization between inner/outer WGA-Texas Red-X
boundaries

Statistical
significancea

Jurkat cells 40 nm 0 (275 ± 84) 92 ± 4 ***
24 (142 ± 43) 65 ± 7

200 nm 0 124 ± 45 92 ± 3 **
24 60 ± 25 75 ± 15

1 μm 0 9 ± 4 >98% N/A
24 5 ± 1 100

SJL/PLP7 40 nm 0 (141 ± 48) 81 ± 9 ns
24 (71 ± 66) 77 ± 15

200 nm 0 79 ± 19 87 ± 9 *
24 48 ± 14 96.5 ± 4.5

aStatistical significance between percentage of nanoparticles (NPs) found within WGA-Texas Red-X boundaries directly after modification or 24 h
later. P-values were determined by t test. P-value: (ns: P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). N/A = not available.

Figure 6. Distribution of particles with respect to their distance from the whole cell edge (CellTrace Violet). Each dot represents a single
nanoparticle. Red dots represent nanoparticles, which are located between the inner and outer boundaries of the membrane staining (WGA-Texas
Red-X) (see Figure 4 for details); black dots those which are not. (A) Jurkat cells decorated with 1 μm particles. (B) Jurkat cells decorated with 200
nm particles. (C) Jurkat cells decorated with 40 nm particles. (D) SJL/PLP7 T cells decorated with 200 nm particles. (E) SJL/PLP7 T cells
decorated with 40 nm particles. The statistical significance was evaluated by a χ2 test (ns: P > 0.05; **** P < 0.0001) on WGA+ (red) and WGA-
(black) nanoparticle subsets for the distribution below and above the cutoff threshold (solid black line) at t = 0 and t = 24 h. (F) Cutoff threshold
for the distance of a particle to the membrane was set to 250 nm. It is set to half of the sum of the PSF width of the membrane WGA staining
(fwhm = 300 nm) and the PSF width of a 200 or 40 nm nanoparticle (fwhm = 200 nm) with fwhm being the full width at half-maximum in the
image for the respective structure.
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daughter cells after one cycle of cell division. For SJL/PLP7 T
cells modified with 200 nm nanoparticles, a 2-fold decrease in
the CellTrace Violet associated mean fluorescence intensity
was observed, whereas SJP/PLP 7 cells decorated with 40 nm
particles showed a 1.5-fold decrease over a period of 24 h.
Over the same period, the nanoparticle associated mean
fluorescence intensities for these cells were reduced 6.1-fold
(for 40 nm particles) and 1.9-fold (for 200 nm particles).
Characterization of the Particle-Decorated Cells. The

number of nanoparticles per cell and their position on the cell
surface were determined by confocal microscopy and
subsequent image processing and analysis using Imaris.33

Figure 4A illustrates the workflow for the preparation of the T
cells for the confocal microscopy experiments. In a first step, T
cells were stained with CellTrace Violet. As mentioned already,
CellTrace Violet is a cell-penetrating and amine-reactive dye
that binds covalently to amine groups both intracellularly and
on the surface of the cell and therefore delineates the entire cell
structure. The use of an amine-reactive dye is particularly
interesting for long-term analysis, as the dye is efficiently
retained by the cell due to its covalent attachment to proteins.
This first staining step was followed by biotin−NeutrAvidin
mediated modification of the cell surface with the nanoparticle
of interest. Finally, the surface modified cells were labeled with
Wheat Germ Agglutinin-Texas Red-X (WGA-Texas Red-X).
WGA is a carbohydrate binding protein that selectively
recognizes sialic acid and N-acetylglucosaminyl residues
present on the cell membrane and as such was used to mark
the surface of the cell. Figure 5 shows images of Jurkat cells
modified with 40 nm, 200 nm, and 1 μm particles as well as of
SJL/PLP7 T cells modified with 200- and 40-nm-diameter
particles. For each set, the left images show 3D reconstructions
of nanoparticle decorated T cells, and the right images present
a 2D cross-sectional plane through these cells. Images were
recorded both directly after cell surface modification as well as
24 h later. The 2D cross-sectional images of the 1 μm particle
modified Jurkat cells, which are shown in Figure 5A, indicate
that these particles are located at the edge of the cell both
directly after immobilization and 24 h later. While directly after
surface immobilization, 40 and 200 nm particles are located
almost exclusively on the edge of the Jurkat cells, the 2D cross-
sectional images taken at 24 h reveal both surface-conjugated
and internalized nanoparticles (yellow arrows in Figure 5B and
C). Interestingly, and in contrast to the observations on the
Jurkat cells, attachment of 200 or 40 nm nanoparticles on the
SJL/PLP7 T cells almost only resulted in surface-bound
nanoparticles. Even after 24 h, accumulation of nanoparticles
inside the cell could not be observed (Figure 5D and E).
To estimate the average number of particles per cell as well

as the location of the particles on the cell surface, 9 cells per
condition were analyzed, both directly after cell surface
modification and 24 h later using the image processing
protocol outlined in Figure 4B and C. Figure 4B shows the
results of a processed image to detect spheres and surfaces
generated by the staining protocols. This figure shows the
surface generated from the edge of CellTrace Violet staining
(cyan) and both the inner and outer boundaries of the WGA
staining (red) and 200 nm nanoparticles detected as spheres
(green). The processed images were evaluated as illustrated in
Figure 4C.33 In brief, each particle was assigned a distance
from the surface generated by the CellTrace Violet staining.
The edge of the CellTrace violet is defined as 0 μm in Figure
4B and C. Positive values are attributed to nanoparticles

detected outside the staining, and negative values are
attributed to nanoparticles found inside the CellTrace Violet
staining. The results of the image analyses are summarized in
Table 1 and Figure 6. Figure 6 shows the distribution of
nanoparticles with respect to their distance from the whole cell
edge (CellTrace Violet). In Figure 6, nanoparticles that are
detected between the inner and outer boundaries of the WGA
membrane stain appear as red dots, while those that are not are
shown as black. Table 1 summarizes the average number of
nanoparticles per cell as well as the percentage of particles that
are found in between the inner and outer boundaries of the
WGA-Texas Red-X membrane stain directly after cell surface
modification and after 24 h. Figure 6A shows the results for 1
μm particles on Jurkat cells. On average, directly after
modification 9 ± 4 particles can be found on the surface of
the cell, and 24 h later, there are 5 ± 1 particles. The particles
are localized on average at a distance of 537 ± 519 nm directly
after modification and at 400 ± 240 nm 24 h later,
corresponding approximately to a distance equivalent to the
radius of the fluorescent particles. Figure 6B illustrates the
distribution of 200 nm nanoparticles on Jurkat cells. On
average, there are 124 ± 45 nanoparticles per cell at t = 0 and
60 ± 25 nanoparticles 24 h later. Of the 124 nanoparticles that
are found on the cell surface directly after modification, 92 ±
3.2% are found within the WGA membrane dye boundaries. At
t = 24 h, the percentage of nanoparticles found within the
WGA membrane dye boundaries decreases to 74.7 ± 14.7%,
indicating that some nanoparticle internalization occurred, as
can be observed from the increasing number of black dots
distant from the edge of the whole cell staining (Figure 6B).
Figure 6C summarizes the data obtained by analyzing 9 Jurkat
cells modified with 40 nm particles. As the size of these
particles is below the confocal microscopy resolution, it is
important to note here that the detected ellipsoids are defined
by the fwhm of the point spread function for that channel, e.g.,
a diameter of 200 nm in the xy plane and 300 nm in the z
direction. Therefore, each single detected spot may in reality
account for more than one nanoparticle. On average, 275 ± 84
ellipsoids at t = 0 and 142 ± 43 24 h later were detected.
Analysis of the distribution of the spots revealed that on
average 92 ± 3.6% are localized within the WGA membrane
dye boundaries directly after cell surface modification, while
after 24 h, 65.2 ± 7.2% of the spots were found within the
inner and outer boundaries of the membrane stain. These
values indicate an even more pronounced internalization of 40
nm particles as compared to 200 nm particles on Jurkat cells.
SJL/PLP7 T cells modified with 40 and 200 nm particles were
analyzed using the same procedure (Figure 6D and E). On
average, surface modification led to the attachment of 79 ± 19
200-nm-diameter nanoparticles per cell at t = 0. On average, 87
± 9% of the nanoparticles were found within the WGA
membrane dye boundaries. After 24 h, the SJL/PLP7 T cells
still carried 48 ± 14 particles/cell. At this time, 96.5 ± 4.5% of
the particles are located within the WGA membrane dye
boundaries. When the SJL/PLP7 cells were modified with 40
nm nanoparticles, 141 ± 48 ellipsoids/cell were found directly
after modification and 71 ± 66 per cell 24 h later. Directly after
cell surface modification, 81 ± 9% of the detected ellipsoids
were found to be located within the WGA membrane dye
boundaries. After 24 h, 77 ± 15% of ellipsoids were still found
within the inner and outer boundaries of the membrane stain,
which is not significantly different from the results obtained at
0 h. This contrasts with what was observed in the case of Jurkat
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cells. The internalization of 200 and 40 nm nanoparticles was
statistically analyzed with a χ2 test. To this end, a cutoff
threshold was defined, as shown in Figure 6F, which was set at
−250 nm considering the lowest possible point spread function
(PSF) detection of a 200 or 40 nm nanoparticle (fwhm = 200
nm) localized exactly at the inner boundary of the WGA
membrane stain (fwhm = 300 nm). This analysis revealed
striking differences between the surface-decorated Jurkat cells

on one hand and the corresponding nanoparticle decorated
SJL/PLP7 cells on the other hand. In the case of the Jurkat
cells, for both the 40 and 200 nm nanoparticles, a significant
increase in the number of nanoparticles that were internalized
by the cells was observed over a period of 24 h. For the SJL/
PLP7 T cells, in contrast, the number of 40 or 200 nm particles
that were located between the inner and outer WGA-Texas
Red boundaries did not significantly change over 24 h. This

Figure 7. Cell count of a binding assay on ICAM-1 coated wells and DNER coated wells for unmodified control SJL/PLP7 T cells and nanoparticle
(NP) decorated SJL/PLP7 T cells. (A) T cells decorated with 40 nm nanoparticles and (B) with 200 nm nanoparticles. Each dot represents one
cell count from the diagonal of a 10 mm × 10 mm/10 divisions counting reticle using a 20× objective. P-value was determined by t test (ns: P >
0.05; * P ≤ 0.05).

Figure 8. (A) Schematic overview of the two-chamber in vitro transendothelial migration (TEM) assay. (B) Percentage of SJL/PLP7 T cells
migrated across TNF-α stimulated pMBMEC monolayers: comparison between unmodified control (Cont.) T cells, biotinylated (Biotin.) T cells,
as well as 40- and 200-nm-nanoparticle decorated T cells. P-values were determined by t test (ns: P > 0.05). The histogram presents the results of
one experiment performed in triplicate, and the error bars are standard deviations. (C) Flow cytometry histograms presenting the nanoparticle
associated fluorescence of live scatter gated T cells: (left) T cell input for TEM assay across a TNF-α stimulated pMBMEC monolayer and (right)
transmigrated T cells. Black: control unmodified T cells; green: 40 nm (top) and 200 nm (bottom) nanoparticle decorated T cells.
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reflects the differences between the Jurkat cells on one hand,
which are human-derived leukemia cells, and the mouse SJL/
PLP7 cells that are derived from the lymph nodes. Finally, it is
worthwhile to note that in Figure 6, in almost all cases a certain
number of nanoparticles detected close to the CellTrace Violet
surface appear as black dots, whereas they should in principle
also be localized within the boundaries of the membrane dye.
This bias may happen for nanoparticles that are detected on
the top or the bottom of the cells. Due to the poorer resolution
in the z direction, it is often the case that surfaces generated
during image processing for the WGA Texas Red-X stain are
discontinuous in these regions. This could in principle be
avoided by exclusion of these spots during analysis.
ICAM-1 Binding. The SJL/PLP7 cell line is of interest

since these effector/memory CD4+ T lymphocytes are able to
cross the BBB also in the absence of neuroinflammation.33

This is attractive as it offers opportunities to use these T cells
to facilitate delivery of nanoparticles to the CNS. One
endothelial cell adhesion molecule that has been identified as
crucial in the extravasation of SJL/PLP7 cells across the BBB is
the intercellular adhesion molecule-1 (ICAM-1).34,36 To
investigate the ability of nanoparticle decorated SJL/PLP7
cells to recognize and bind to ICAM-1, a functional assay was
performed using recombinant ICAM-1-IgG-Fc fusion protein
coated diagnostic slides. As controls, nonmodified SJL/PLP7 T
cells and wells modified with delta/notch-like epidermal
growth factor (DNER)-IgG were used. DNER was used as a
control, since this is a protein that is not relevant to the
extravasation of CD4+ TEM cells across the BBB. Figure 7
presents the number of adherent cells counted per field of view
for 40 and 200 nm nanoparticle decorated SJL/PLP7 T cells
and unmodified T cells on both ICAM-1 and control DNER
coated surfaces. The results in Figure 7 show that biotin−
NeutrAvidin mediated conjugation of 40- and 200-nm-
diameter nanoparticles on the surface of SJL/PLP7 cells does
not impact their ability to bind to ICAM-1. The absence of
adherent T cells in the DNER coated control wells indicates
that binding of the nanoparticle decorated cells is specific and
thus mediated by lymphocyte function-associated antigen-1
(LFA-1) rather than driven by nonspecific interactions. No
statistically significant differences in the number of cells that
bind to ICAM-1 were observed when comparing 200-nm-
diameter modified SJL/PLP7 cells with nonmodified cells.
SJL/PLP7 cells modified with 40-nm-diameter nanoparticles
were found to bind slightly more to the ICAM-1 presenting
surfaces as compared to the nonmodified control cells.
Transendothelial Migration Assay. In a second experi-

ment to assess the possible effect of the biotin−NeutrAvidin-
mediated nanoparticle cell surface immobilization on T cell
function, SJL/PLP7 cells were evaluated for their ability to
cross a monolayer of primary mouse brain microvascular
endothelial cells (pMBMEC) as an in vitro model of the BBB
(Figure 8A). This established model retains BBB features in
vitro such as complex tight junctions and low permeability.37,38

The assay was performed on TNF-α stimulated pMBMEC
monolayers, which increases the expression of endothelial
adhesion molecules such as ICAM-1 on the surface of the
pMBMECs. The assay was run for a period of 4 h. Analysis by
flow cytometry showed that 15.3 ± 4.1% of control, i.e.,
nonmodified, SJL/PLP7 T cells migrated across the TNF-α
stimulated pMBMEC monolayer during this period (Figure
8B). The percentages of migrated biotinylated, 40-nm-
nanoparticle, and 200-nm-nanoparticle decorated T cells

were 9.6 ± 3.5%, 10.1 ± 3.5%, and 7.8 ± 0.9%, respectively.
Although there seems to be a slight decrease in the percentage
of migrating modified T cells, these differences are not
statistically different as compared to the control, nonmodified
T cells. Figure 8C shows flow cytometry histograms that
present the nanoparticle-associated fluorescence of SJL/PLP7
T cells modified with 40 and 200 nm nanoparticles before
(input) and after transmigration. Comparison of the results of
the transmigrated and input cells indicates that transmigration
of nanoparticle functionalized T cells is accompanied by a 6.5-
fold and 2.8-fold decrease in nanoparticle-associated fluo-
rescence for SJL/PLP7 cells modified with 200- and 40-nm-
diameter particles, respectively. This decrease in the nano-
particle-associated fluorescence indicates a partial loss of
nanoparticle cargo as the T cells migrate across the pMBMEC
monolayer. While in the case of the 40 nm particle payload all
cells remained functionalized, ∼17% of the T cells that were
modified with 200-nm-diameter particles lost their entire
payload. In spite of this partial loss of nanoparticle cargo, these
experiments demonstrate that biotin−NeutrAvidin mediated
functionalization does not significantly impact the migratory
properties of the SJL/PLP7 cells.

■ CONCLUSIONS

This study has investigated the effects of particle size and cell
line on the biotin−NeutrAvidin mediated cell surface
immobilization of model nanoparticles. For cells that were
modified under identical conditions with similarly sized
particles, confocal microscopy analysis revealed significantly
lower nanoparticle surface concentrations for SJL/PLP7 T cells
as compared to Jurkat T cells. Confocal microscopy analysis
further revealed significant internalization of both 40 and 200
nm particles by Jurkat cells over a time frame of 24 h, whereas
nanoparticle internalization by SJL/PLP7 cells was essentially
absent. In functional assays, the ability of nanoparticle
decorated cells to bind to ICAM-1 and to migrate across
pMBMEC monolayers, which are key characteristics with
respect to transport across the BBB, were found not to be
impaired. This article demonstrates the potential of biotin−
NeutrAvidin binding to noncovalently immobilize nanoparticle
cargo on the surface of carrier cells that are of potential interest
for delivery to the central nervous system. The results that have
been presented also highlight the effects of particle size and cell
line on the surface immobilization of nanoparticles on living
cells.

■ EXPERIMENTAL SECTION

Materials. NeutrAvidin coated yellow−green polystyrene
FluoSpheres (d = 1 μm, 200 nm, and 40 nm), NeutrAvidin
Oregon Green 488 conjugate, CellTrace Violet, WGA-Texas
Red conjugate, 6-((6-((biotinoyl)amino)hexanoyl)amino)-
hexanoic acid, sulfosuccinimidyl ester, sodium salt (Biotin-
XX, SSE), Prolong Gold mounting media, Dulbecco’s
phosphate-buffered saline (DPBS), RPMI 1640, and FBS
were purchased from Thermofischer Scientific. mPEG2000-
Biotin was obtained from Laysan Bio Inc. Poly(L-lysine) (0.1%
w/v solution), paraformaldehyde (PFA), and sodium azide
were purchased from Sigma-Aldrich.

Methods. Flow cytometry was performed on a Beckmann
Coulter Gallios instrument. Confocal microscopy images were
recorded on a Zeiss LSM700 Inverted microscope (Carl Zeiss,
Feldbach, Switzerland). Cell-counting for binding assay was
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performed using an Olympus CKX41 inverted microscope
equipped with a 10 mm × 10 mm/10 divisions counting reticle
and a 20× objective.
Procedures. Cell Lines and Cell Cultures. Jurkat cells were

cultured in RPMI 1640 glutamax medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (Gibco), 1%
penicillin/streptomycin (Gibco), 1% Na-pyruvate (Gibco).
Cells were maintained between 1 × 105 and 1 × 106 cells/mL
in Corning T175 flasks.
Encephalitogenic CD4+ ef fector/memory proteolipid protein

(PLP) peptide aa139−153 specif ic T cells (line SJL/PLP7) were
cultured as previously described.39 In brief, PLP-specific T cells
were cultured in RPMI 1640 glutamax medium (Gibco)
supplemented with 10% fetal bovine serum (FBS) (Gibco), 1%
penicillin/streptomycin (Gibco), 1% nonessential amino acid
(Gibco), 1% Na-pyruvate (Gibco), 0.4% β-mercaptoethanol
(Gibco), and 1% IL-2 supernatant (self-made). Cells were
typically used for modification and in functional assays at day 3
or 4 following a prior 3-day antigen-specific re-stimulation.
Primary mouse brain microvascular endothelial cells

(pMBMECs) were isolated and cultured as described
before.37,38,40 In brief, cortexes from 6−8-week-old C57BL/6
mice were isolated by removing cerebellum, striatum, optic
nerves, and the brain white matter. The meninges were
removed using dry cotton swabs. Preparations were pooled and
ground using a Dounce homogenizer with a large clearance
pestle of 0.06−0.08 mm in wash buffer (HBSS containing 10
mM HEPES and 0.1% BSA). The resulting homogenate was
mixed with 30% dextran (v/v, molecular weight 100,000−
200,000 Da) in wash buffer. This suspension was centrifuged at
3000g for 25 min at 10 °C. The neural component and the
dextran layer were discarded, and the pellets containing the
blood vessels were filtered through a nylon mesh with 60 μm
pore size. The capillary-enriched filtrate was digested in
collagenase/Dispase (2 mg/mL) in wash buffer supplemented
with 10 μg/mL DNase I and 0.147 μg/mL TLCK (tosyl-L-
lysyl-chloromethane hydrochloride) for 30 min at 37 °C.
Digestion was stopped by adding an excess of wash buffer, and
the suspension was filtered through a nylon mesh of 20 μm
pore size. The resulting digested capillary suspension was
seeded onto Matrigel-coated tissue culture dishes or Transwell
inserts. Culture medium was DMEM supplemented with 20%
FBS, 2% sodium pyruvate, 2% nonessential amino acids, 50
μg/mL gentamycin, and 1 ng/mL basic fibroblast growth
factor supplemented during the first 48 h with 4 μg/mL
puromycin. Twenty-four hours after plating, red blood cells,
cell debris, and nonadherent cells were removed by washing
with medium. Afterward, the medium was changed every
second day and pMBMECs were used on day 7 or 8 after
isolation.
Biotinylation of T Cells. First, T cells were washed 3× with

DPBS (centrifuged at 250g for 7 min) and finally resuspended
at a concentration of 25 mio cells/mL in DPBS. Cells were left
to cool on ice for at least 5 min before Biotin-XX, SSE, a cell-
impermeable N-sulfosuccinimidyl reactive ester (Thermofisher
scientific) was added to the cell suspension to a final
concentration of approximately 0.05 mM, 0.5 mM, or 1 mM.
Cells were functionalized on ice for 30 min and then washed
three times with DPBS and used directly for nanoparticle
conjugation. The biotinylation of T cells was monitored by
flow cytometry. In short, 0.5 mio cells were resuspended in 1
mL FACS buffer (DPBS, 2.5% FBS, 0.1% sodium azide)
containing 10 μL of a 1 mg/mL solution of NeutrAvidin

Oregon Green 488 conjugate and left on ice for 20 min in the
dark, washed once with FACS buffer, and resuspended in 1%
PFA in DPBS for analysis.

T Cell Surface Modification with NeutrAvidin Coated
Fluorescent Nanoparticles. Freshly biotinylated T cells were
resuspended at a concentration of 5 or 10 mio cells/mL in
DPBS. Then, 100 μL cell suspension (i.e., 0.5 to 1 mio cells)
was added to each well (Greiner Bio-One, 96 well round-
bottom plate, with cell-repellent surface) followed by addition
of 100 μL nanoparticle suspension. Nanoparticle solutions
were prepared at a defined concentration according to the
conditions for each particle size and cell line listed below. The
conjugation was performed at room temperature, in the
absence of light for 30 min with gentle pipet mixing every 10
min. After the conjugation, the remaining binding sites were
blocked by adding the cell and nanoparticle suspension to a
solution of 10 mg/mL Biotin-PEG2000-OMe and left at room
temperature for another 10 min at 37 °C. Subsequently, cells
were washed 3× with approximately 10 mL DPBS (centrifuged
at 250g for 7 min) to remove unbound and loosely bound
particles. Cells were then either resuspended in growth media
or in 1% PFA in DPBS for flow cytometry or prepared for
confocal microscopy. Specific conditions for each experiment
are as follows:
For Jurkat cells, 200 nm nanoparticles: 0.5 mio cells/well

with 2000 nanoparticles/cell. 40 nm nanoparticles: 1 mio
cells/well with 200,000 nanoparticles/cell. For 1 μm nano-
particles: 1 mio cells/well with 1800 nanoparticles/cell.
SJL/PLP7 T cells were functionalized with 200 nm

nanoparticles in the following conditions: 0.5 mio cells/well
and 8000 nanoparticles/cell and 40 nm nanoparticles using 1
mio cells/well and 200,000 nanoparticles/cell.

Proliferation Assay. T-cell proliferation was monitored with
CellTrace Violet according to the manufacturer’s protocol. In
short, cells were washed once and resuspended in DPBS at a
concentration of 1 mio cells/mL. Then, 1 μL of CellTrace
Violet stock solution in DMSO (5 mM) was added per
milliliter of cell suspension and left for 20 min at 37 °C in the
dark. Excess dye was removed by addition of approximately 5
times the staining volume of complete growth medium. Cells
were then pelleted, washed once with DPBS, and resuspended
in complete growth medium until used for cell-surface
modification experiments. Fluorescence intensities were
measured by flow cytometry, directly after surface modification
and 24 h after modification.

Confocal Microscopy and Image Analysis. Surface-
modified and CellTrace Violet stained T cells were additionally
stained with a membrane marker, WGA-Texas Red-X for 30
min on ice in DPBS at a concentration of 1 mio cells/mL. Cells
were then seeded on a poly(L-lysine) coated 12-mm-diameter,
0.17-mm-thickness borosilicate glass precision microscopy
coverslip (Carl Roth GmbH), washed twice with DPBS and
fixed for 10 min with a 4% paraformaldehyde solution in DPBS
at room temperature. Fixed cells were finally mounted on a
microscopy glass slide with Prolong Gold. The slides were left
to cure overnight before images were acquired on a Zeiss
LSM700 microscope with a 63×/1.4NA lens. Voxel sizes were
optimized for deconvolution (XYZ 30 nm × 30 nm × 130 nm)
as recommended by the SVI Nyquist Calculator (https://svi.
nl/NyquistCalculator). Pinhole size was matched between
channels so that the slice thickness remained constant and was
set as follows for each channel: 49 μm for the whole cell
channel (CellTrace Violet), 48 μm for the membrane channel
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(WGA-Texas Red-X), and 47 μm for the nanoparticle channel
(BODIPY). Gain was optimized for each z-stack to
compensate for staining variability and to ensure the quality
of detection. Deconvolution was performed with Huygens
Software (Scientific Volume Imaging) using the classic
maximum likelihood estimation algorithm. Signal-to-noise
ratios after 40 iterations were 10, 15, and 15 for the whole
cell channel (CellTrace Violet), the membrane channel
(WGA-Texas Red-X), and the nanoparticle channel (BODI-
PY), respectively. Quality threshold was 0.1 for all channels.
Image analysis was performed in Imaris (Bitplane AG, v 7.6.5)
using a custom-built XTension in Matlab. Shortly, the Imaris
Surface Detection Algorithm was used to detect the surfaces
corresponding to the whole cell and membrane channels.
Separately, the Imaris Spot Detector was used to find the
locations of the nanoparticle channels. For each of the two
previously detected surfaces, a Euclidean distance map was
calculated from the edge of the surface. By querying the value
of the distance map at each detected nanoparticle, the distance
to the cell edge or to the membrane was obtained. Whether the
nanoparticles are inside or outside is represented by either
positive or negative distance values, respectively.
T Cell Binding to ICAM-1. ICAM-1 coated slides were

prepared as previously reported.41 In brief, standard 12 well
diagnostic slides (ER-202W-CE24, ThermoFisher Scientific)
were coated with a protein A (BioVision, Lausen, Switzerland)
solution at a concentration of 20 μg/mL in PBS (pH 9) for 1 h
at 37 °C. The protein A incubation was followed by three PBS
washes and subsequently a blocking step using 1.5% bovine
serum albumin (BSA) in PBS overnight at 4 °C. Wells were
then washed once with PBS (pH 7.4), and protein A was
exposed to recombinant purified 100 nM mouse ICAM-1-IgG-
Fc chimera (R&D Systems, Abingdon, U.K.) for 2 h at 37 °C,
and finally the wells were blocked with 1.5% BSA in PBS for 30
min at room temperature and washed once with PBS before
use in a binding assay. As a control, a DNER-IgG-Fc (R&D
Systems, Abingdon, U.K.) chimera was used instead of a
mouse ICAM-1-Fc chimera.
For the binding assay, SJL/PLP7 T cells were collected at 10

mio cells/mL in migration assay medium (MAM: DMEM, 25
mM HEPES, 5% FBS, 2% L-glutamine) and 1 × 105 cells were
added to each well and the slide was incubated for 30 min at
room temperature on a rotating platform. The slides were
finally washed twice by dipping them into PBS and fixed for 2
h in 2.5% v/v glutaraldehyde in PBS. The number of adherent
cells was evaluated by counting the number of bound cells per
field of view using a 20× objective mounted on an Olympus
CKX41 inverted microscope equipped with a 10 mm × 10
mm/10 divisions counting reticle. Each dot in Figure 7
represents a single cell count from the diagonal of the reticle;
three counts per well (i.e., per replicate) were recorded in a
total of two independent experiments performed in triplicate).
Transendothelial Migration Assay under Static Con-

ditions. Transmigration assays were performed as described
before42 using a two-chamber Transwell system. In brief,
pMBMECs were seeded on 6.5 mm Transwell filter inserts
with a 5 μm pore size (Costar, Bodenheim, Germany)
previously coated with laminin and cytokine-depleted Matrigel.
In order 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 recombinant mouse tumor
necrosis factor alpha, TNF-α (10 ng/mL) for 16 h. At the

beginning of the transmigration assay, pMBMEC inserts were
washed twice with migration assay medium (MAM: DMEM
(Gibco), 2% L-glutamine, 25 mM HEPES (Gibco), 5% FBS
(Gibco)) before being transferred into a new 24-well Costar
plate well containing 600 μL MAM. Then, 100 μL MAM
containing 100,000 T cells were added per Transwell insert
and T cells were allowed to transmigrate for 4 h at 37 °C.
Additionally, aliquots of 100,000 T cells were kept in 600 μL
MAM and used to represent the input. The number of
transmigrated T cells and the number of T cells in the input
samples were assessed by flow cytometry (FACS calibur) using
BD Trucount tubes (BD biosciences). The percentage of
migrated T cells was calculated referring to the inputs as 100%.
Finally, the insets were washed twice in PBS and fixed in 1%
PFA. Fixed inserts were stained with phalloidin−rhodamine
and DAPI and mounted on glass slides in order to confirm the
confluency of the endothelial monolayer of each filter after the
assay.
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