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ABSTRACT: Studying how different signaling pathways
spatially integrate in cells requires selective manipulation and
control of different transmembrane ligand—receptor pairs at
the same time. This work explores a novel method for
precisely arranging two arbitrarily chosen ligands on a micron-
scale two-dimensional pattern. The approach is based on
lithographic patterning of Au and TiO, films, followed by their
selective functionalization with Ni—nitrilotriacetic acid—
histidine and biotin—avidin chemistries, respectively. The
selectivity of chemical and biological functionalizations is

ligand 2 immune

activation

ligand 1

demonstrated by X-ray photoelectron spectroscopy and immunofluorescence imaging, respectively. This approach is applied to
produce the first type of bifunctional surfaces with controllably positioned ligands for activating the receptors of natural killer
(NK) immune cells. NK cells were used as a model system to demonstrate the potency of the surface in guiding site-selective cell
attachment and activation. Upon applying the suitable ligand or ligand combination, the surfaces guided the appropriate single-
or bifunctional attachment and activation. These encouraging results demonstrate the effectiveness of the system as an
experimental platform aimed at the comprehensive understanding of the immunological synapse. The great simplicity,
modularity, and specificity of this approach make it applicable for a myriad of combinations of other biomolecules and

applications, turning it into the “Swiss knife” of biointerfaces.
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B INTRODUCTION

Cell signaling—a communication process that manages and
directs cell function—is an extensively studied research field. A
large variety of transmembrane proteins are involved in
signaling in both directions, as well as in the cell adhesion to
the extracellular matrix (ECM) and to other cells. Although
each protein transduces its own specific signal upon recognition
by its extracellular cognate ligand, the outcome of cell activity
depends on the cumulative signals generated and transduced by
various ligand—receptor pairs. For instance, signaling cross talk
between integrin a,f; and vascular endothelial growth factor
receptor-2 promotes neovascularization in endothelial cells.'
Also, cell-ECM and cell—cell adhesion receptors produce a
highly integrating signaling network that regulates cell polarity,
migration, proliferation and survival, differentiation, morpho-
genesis, and tissue homeostasis.” Furthermore, because differ-
ent ligand—receptor pairs participate in many pathways, their
spatiotemporal colocalization is vital for regulating the cellular
responses to the incoming signals.

One important biosystem in which many signaling pathways
are integrated is the immunological synapse—a large and
complex cluster of signaling receptors and their cognate ligands,
which is formed at the interface between an immune cell and a
target cell—for example, a virus-infected cell or a cancer cell.
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For the cytotoxic CD8+ T cell or the natural killer (NK)
lymphocyte-type immune cell, the immunological synapse
regulates its activation and cytotoxic activity through activating
and inhibitory receptors, whose signaling balance determines
whether a target cell will be tolerated or attacked. Thus, while
each receptor has its own signaling properties,3"Ar the resulting
function of a lymphocyte may depend on the integration of two
or more signaling pathways.”™

Not only is the presence of various ligand—receptor pairs
recruited into the immunological synapse important for the
immune function but also their spatiotemporal arrangement. In
T cells, the TCR/CD3 complex was found to be activated upon
its segregation from CD45.>'° CD3 also segregates from
CD28, modulating the cross talk between the two proteins and
affecting CD28 signaling because of the limited diffusion of Lck
that phosphorylates CD28.'"'* On the other hand, matching
the sizes of the inhibitory ligand—receptor pair (HLA-C/
KIR2DL1) and the activating ligand receptor pair (MICA/
NKG2D) " appears necessary for their signaling integration in
NK cells."* In NK cells, KIR2DL1 reorganizes at the nanometer
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scale upon engagement with NKG2D." Although these and
many other types of activating—inhibitory signal integration
have been observed and described during the last years, their
spatiotemporal mechanism is still barely understood.

It should be noted that the importance of this mechanism is
both fundamental and applied to all types of biointerface
interactions including immunological synapses as well as
interactions between other cell types including modified cell
types for therapeutic purposes. Chimeric antigen receptor
(CAR)-based immunotherapy is a rapidly emerging and
extensively studied clinical approach with a remarkable potency
against blood cancer.'® Recently, the Food and Drug
Administration approved a CD-19 CAR-specific immunother-
apy against B-cell acute lymphoblastic leukemia.'” Today, new
methods of immunotherapies are extensively explored for other
tumors.'® In this context, the fundamental study of how
different signals are integrated in the immunological synapse
and cooperatively regulate its function is essential for the
rational design of future immunotherapeutic approaches. Yet,
such a study requires an experimental platform that enables
simultaneous manipulation and segregation of different
receptor—ligand pairs in a controlled and selective manner.

Spatial control of two or more receptor—ligand pairs is
extremely challenging because it requires controllable position-
ing of different chemical functionalities within a micron or
nanometer length scale. For instance, selective modification of
bimetallic Au/TiO, surfaces was used for site-specific attach-
ment of two different adhesion ligands; however, the fact that
the two ligands had to be synthesized with specific functional
groups for attaching to the metals makes this approach complex
and inflexible."” Additionally, bifunctional surfaces were
produced via sequential immobilization of two ligands onto
photolithographically patterned microdomains via peptide
linkage; however, this approach can only be applied to small
synthetic peptides with one reactive amine moiety.”’ Therefore,
there is still a need for a universal and versatile approach for the
site-selective immobilization of multiple ligands of any kind
onto the same surface.

In this work, being motivated by the modeling of the
molecular and spatial diversity of the immunological synapse,
we engineered two-dimensional (2D) bifunctional “smart”
surfaces that allow selective and controlled manipulation and
segregation of different immune ligands. Furthermore, we
demonstrated the ability of these surfaces for the programmable
guiding of the adhesion and activation of NK cells. Our
bifunctional surface consists of lithographically patterned
microdomains of Au and TiO,, which are selectively
biofunctionalized with two ligands. To achieve the functional-
ization selectivity, we combined, for the first time to the best of
our knowledge, (i) Au—thiol”' and (i) TiO,—phosphonic
acid*® chemistries with (iii) biotin—avidin®® and (iv) nitrilotri-
acetic acid (NTA)—Ni—histidine* conjugations (Figure la—
d). We demonstrated that the combination of avidin and Ni—
NTA functionalities can be used for facile and robust site-
selective biofunctionalization by different combinations of
biotin- and His-conjugated ligands (Figure le—g). We verified
the functionalization selectivity by X-ray photoelectron spec-
troscopy (XPS) and fluorescence spectroscopy. Furthermore,
we demonstrated that by arbitrarily choosing the surface
architecture and varying the chemical composition of our
surfaces, we can spatially encode the interaction and the
immune response of NK cells. Importantly, the previously
demonstrated bifunctional substrates for cell recognition were
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Figure 1. Chemical and bio-orthogonality. Sequential modification of
TiO,/Au mixed surfaces to obtain the surfaces presenting two distinct
bioactive molecules. (a) Titanium and gold are evaporated on glass;
patterns of gold disks on titanium are obtained via photolithography
and selective etching of the exposed gold. (b) TiO, is modified with a
carboxyl-terminated monolayer via phosphonic acid chemistry. (c)
Poly(ethylene glycol) (PEG)—biotin is attached to TiO, through a
peptide linkage. (d) Gold is derivatized with NTA-terminated
monolayers via thiol chemistry, followed by the chelation of nickel,
thus yielding Ni(ii))—~NTA complexes. (e) Oregon Green 488
NeutrAvidin is linked to the biotin-terminated TiO,. (f) Biotin-
labeled anti-NKP30 or IgG2a is coupled to TiO, via NeutrAvidin. (g)
Finally, histidine-tagged MICA or SUMO is attached to the gold disk
through the Ni(ii)—~NTA—histidine affinity.

based on the direct binding of specific ligands chemically
synthesized for that purpose.”””*~>* Here, we used biotin and
His conjugations that are applicable to a myriad of proteins and
peptides.”” Therefore, although in this work we focused on
certain NK cell ligands, our bifunctional approach is highly
versatile and modular and can be applied to endless

combinations of biofunctionalities.
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B RESULTS AND DISCUSSION

Chemical functionalization of Au and TiO, in a selective
fashion is at the crux of this work. To demonstrate that our
bifunctional approach is chemically selective, we lithographi-
cally fabricated Au disks (10 pm in diameter) onto glass
coverslips covered with thin films of TiO, and chemically
functionalized them according to Figure la—d. Briefly, TiO,
was functionalized with a carboxyl-terminated phosphonic acid,
followed by coupling of the biotin linker via peptide chemistry.
Au was then functionalized with thiolated NTA, followed by
the immobilization of Ni by its chelation with NTA. For the
details of fabrication and functionalization, see the Exper-
imental Section.

We used XPS to analyze the outermost portion of a surface
and, by using elements as specific markers for each type of
substrate, estimated the degree of specificity of our
functionalization method. Table 1 provides the changes in
atomic proportions of the surface-modified Au and TiO,.

Table 1. Experimental Atomic Composition (%) Obtained
by XPS

atomic % S C O N P Ni
TiO, 0.12 61.37 33.69 4.36 0.56
Au 0.43 29.54 67.48 1.71 0.84

Figure 2 shows the chemical structure of the base layers on
Au and TiO, and the associated high-resolution spectra of the
N 1s, P 2p, and Ni 2p regions. High-resolution spectra for the
C 1s, O 1s, and S 2p regions are also displayed in Figure S1. For
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Figure 2. Orthogonal chemical functionalization: XPS analysis.
Continuous layers of either gold or TiO, were chemically modified.
Both substrate types underwent the same modification steps
simultaneously. The base layer consisting of biotin-terminated TiO,
and Ni(II)-NTA-modified gold was analyzed. This corresponds to
surface 4 in Figure 1. Although both the monolayers have carbon,
nitrogen, oxygen, and sulfur in common, the presence of nickel can
only stem from the NTA moiety and phosphorus is only present in 11-
phosphoundecanoic acid (PO;—C,;—COOH). High-resolution scans
of the N 1Is, Ni 2p, and P 2p regions were taken on each metal,
demonstrating the orthogonality of the method used to modify the
bimetallic substrates.

TiO,, grafting of PO;—C;;—COOH is confirmed by the
presence of a peak at 133—134 eV in the P 2p scan, which is
close to the values obtained elsewhere on titanium®" or other
substrates.””*® After the activation of the carboxyl moieties,
NH,—PEGg—Dbiotin is coupled to TiO,, which is demonstrated
by the presence of a nitrogen peak stemming from the amide
linkages as well as a peak in the S 2p region (see Figure S1).
For Au, effective coupling of the Ni—NTA self-assembled
monolayer (SAM) formation reagent is supported by the
presence of a wide peak in the N 1s region as well as a clear
peak for Ni 2p. Phosphorus is the ad hoc marker for the
functionalization of TiO,, while the Ni signal should stem from
the Au-bound Ni—NTA only. As we performed all the
functionalization steps on both Au and TiO, simultaneously,
the absence of Ni on TiO,, as well as the absence of P on Au,
confirms that the functionalization of bimetallic substrates with
the desired molecules is highly selective.

To demonstrate that we can further biofunctionalize our
chemically functionalized surfaces in a selective manner, His-
MICA was used as the ligand for the attachment to Ni—NTA.
Au—TiO, patterns were fabricated and selectively function-
alized with biotin and Ni—NTA as described previously. Then,
NeutrAvidin Oregon 488 was coupled to the biotin-terminated
TiO, background, and His-MICA was attached to the Ni—
NTA-functionalized Au disks (Figure 3a). To verify that the
His-MICA attachment was site-selective, mouse anti-MICA was
coupled to the His-MICA-functionalized areas, followed by
labeling with antimouse Alexa Fluor 555 and imaging the
surface with a fluorescence microscope. It is clearly seen that Au
disks are specifically stained, while the surrounding TiO,
exhibits very little red fluorescence (Figure 3b). In addition,
there is a significant signal contrast between Au disks and the
NeutrAvidin Oregon Green 488-terminated TiO, (Figure 3c).
Figure 3d shows the merged fluorescent signals, confirming the
highly precise attachment of His-MICA to the Au disks. The
presence of oligoethylene glycol units in the monolayer
backbones (see the chemical composition of the base layers
in Figure 2) ensures a high degree of orthogonality by limiting
nonspecific protein adsorption. This result is also useful for the
cell studies described below because it ensures specificity of
interaction of the cell-surface receptors with the surface-bound
ligands. Furthermore, TiO, can then be further functionalized
using biotin-labeled proteins. As a proof of concept, we coupled
Cy3—PEG—Dbiotin to the NeutrAvidin-terminated TiO,, while
Au was functionalized with His-MICA but not labeled with
Alexa Fluor 555. As seen previously, Oregon Green-labeled
NeutrAvidin reveals the TiO, background, while the Au disks
are darker (Figure S2a). Cy3—PEG—Dbiotin was then coupled to
the NeutrAvidin-modified TiO,, as shown in Figure S2b.
Colocalization of green and red (as seen from the yellow in
Figure S2c) shows that the coverage for both NeutrAvidin and
Cy3—PEG—Dbiotin is homogeneous.

To demonstrate that our selective functionalization can be
applied to the surface guiding of immune function in cells
through controlled segregation of different ligands, we prepared
bifunctional surfaces combining ligands to the activating
receptors, such as the physiological ligand to the NKG2D-
activating receptor (MICA)** or monoclonal antibody that
activates the NKp30-activating receptor (anti-NKp30),” and
mock ligands, such as murine IgG2a or SUMO, and studied the
response of NK cells to these heterogeneous surfaces. We
prepared three types of bifunctional surfaces that expressed
spatially localized ligands for the NK cells: (i) MICA on Au and
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Figure 3. Orthogonal biofunctionalization of TiO,/Au surfaces:
characterization by fluorescence. (a) Schematic of the functionalized
surface as imaged in panel d. (b) His-MICA was attached to the gold
disks. Using immunofluorescence, mouse anti-MICA is then coupled
to the MICA-terminated surface, followed by anti-mouse Alexa S568.
(c) Oregon Green 488-labeled NeutrAvidin is coupled to the biotin-
functionalized TiO,. (d) Merging images (a) and (b) confirm the
segregation of MICA to the gold disks only, whereas NeutrAvidin
solely resides on TiO,.

murine IgG2a on TiO,, (ii) SUMO on Au and anti-NKp30 on
TiO,, and (iii) MICA on Au and anti-NKp30 on TiO,. Also, we
prepared bifunctional surfaces for negative control, positioning
IgG2a on TiO, and SUMO on Au. We seeded the NK cells
onto the surfaces and incubated them for 3—4 h. We then
rinsed the surfaces, fixed the remaining cells, and stained the
actin cytoskeleton and nuclei with phalloidin and DAPI
fluorescent tags, respectively (see the Experimental Section
for details).

The representative images and quantification of disk
occupancy are shown in Figure 4a—d. Here, disk occupancy
is defined as the ratio of the cells adhered to the Au disks to the
total number of cells per field. The expected disk occupancy for
a bifunctional surface with no preferred affinity for a ligand is
50%. We found that on the surfaces of type (i), cells displayed a
higher affinity for MICA-functionalized Au disks than for the
IgG2a-coated background (Figure 4a), with a disk occupancy of
~74% (Figure 4d). Conversely, for the surfaces of type (ii), in
which the disks were functionalized with SUMO, the disk
occupancy was around 30%, indicating a preferential cell affinity
to the anti-NKp30-functionalized background (Figure 4b). This
shift in behavior was found to be significantly different (p <
0.001). Finally, for the surfaces of type (iii), the disk occupancy
seemed slightly in favor of MICA (56%), as illustrated in Figure
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Figure 4. Cell adhesion. Primary NK (pNK) cells were seeded on the
surfaces for 3—4 h in serum and IL-2 poor culture medium at 37 °C
and 5% CO,. The surface types were (a) His-MICA on gold and
biotin—IgG2a on TiO,, (b) His-SUMO on gold and biotin—anti-
NKP30 on TiO,, and (c) His-MICA on gold and biotin—anti-NKP30
on TiO,. After fixation in 4% paraformaldehyde (PFA), the cells were
permeabilized, blocked, and stained with Alexa Fluor 555 phalloidin to
visualize the cytoskeleton and DAPI for the nuclei. (d) Disk occupancy
was quantified, which reveals the guided adhesion of the NK cells to
the gold disks modified with activating ligands when compared with
mock proteins. Analysis of variance and Tukey’s post hoc test were
performed to assess the significant changes in behavior. The results
were considered significant for p < 0.0S. P-values are also reported for
comparisons of interest.

4c. However, Tukey’s post hoc test revealed a significant
difference in disk occupancy between type (i) and (iii) surfaces
(p < 0.05). Were adhesion to have been more favored on
MICA than on anti-NKp30, this would not have been the case.
This result therefore indicates that cell affinity is not specific on
surfaces presenting both MICA and anti-NKp30. The negative
control consisting of pristine Au/TiO, surfaces or surfaces
coated with IgG2a and SUMO showed poor affinity and
specificity altogether (too few cells were present on the surfaces
for an effective quantification; see Figure Sb for a representative
image). The results were strikingly consistent throughout the
repeated experiments.

It was previously demonstrated that the NK cells did not
require adhesion molecules such as intercellular adhesion
molecule to strongly interact with a ligand-coated surface, even
though in low numbers (less than 100 cells per cm?).%¢
Furthermore, the surface density of the bioactive molecules on
the system that was used for this study stands in the fmol/mm?>
range. Here, using a fluorescence-based method, we estimated
the surface density of the bioactive molecules and obtained
values in pmol/ mm? for TiO, and in tens of fmol/mm? for the
gold disks (see section S3 in the Supporting Information for
experimental details). These values fall within the range
previously mentioned, thus explaining why we could see the
NK cells adhere to our surfaces. However, because NK cells are
known for their motility,”” we cannot exclude the fact that upon
landing on the surfaces, NK cells may have migrated toward the
regions of higher affinity, like gold with MICA or TiO, with
anti-NKp30. This claim is downplayed by the fact that NKG2D
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Figure S. Cell activation. pNK cells were seeded as previously described. (a,b) Representative image of the NK cells stained with Alexa Fluor 555
phalloidin to visualize the cytoskeleton, DAPI for nuclei, and APC-labeled anti-CD107a as a marker for NK cell activation. In (a), the disks are
functionalized with MICA and the titanium background with IgG2a. In (b), the disks are modified with SUMO and TiO, with IgG2a. (c) Percentage
of activated NK cells on various regions of the substrates was quantified, which shows that more cells are activated on the substrates modified with
activating ligands. (d) Degree of NK cell activation shows a two- to fivefold increase in the degree of activated NK cells on the surfaces presenting
MICA or anti-NKp30 or both. Analysis of variance and Tukey’s post hoc test were performed to assess the significant changes in behavior. The
results were considered significant for p < 0.05. P-values are also reported for comparisons of interest.

is known to mediate the inhibition of the NK cell chemotaxis.**
Furthermore, the surfaces produced here do not present the
molecules that interact with the chemotactic receptors present
on the NK cell membrane, which may thus not be sufficient to
sustain the migration.‘?’9 In contrast, we know that the cells were
seeded on the surfaces at a density of roughly 170 000 per cm?.
From the images such as those shown in Figure 4, we calculate
the number of cells per cm* equal to 20 000—30 000 cells for all
surface types. Even though this value is 2 orders of magnitude
higher than what was previously observed,* it still means that
80—90% of the seeded cells were lost during the experiment,
most probably during the various washing steps involved
afterward. We therefore hypothesize that although the seeded
cells sedimented randomly onto our surfaces, only those with a
firm enough grip remained. In our case, this firm grip stems
from the interaction of the NK cells with either MICA or anti-
NKp30, resulting in the cells being guided by the underlying
pattern.

Interestingly, although the role of activating ligands is to
induce the formation of an immunological synapse, here we
demonstrated that their surface pattern can spatially guide the
NK cells. Yet, such guiding is possible only in combination with
a second ligand that would form a high contrast in terms of its
cell affinity. Here, we showed that the mock ligands used in our
experiments, which do not interact with the transmembrane
proteins expressed on the cell surface, can form such a contrast.
For instance, for the sample with MICA on Au disks and IgG2a
on TiO, background, we observed the surface guidance to the
disks (Figure 4a,d). Similarly, for the sample with SUMO on
Au disks and anti-NKp30 on TiO,, we observed the cell
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guidance toward the background. Yet, for the sample (jii) that
combined MICA and the anti-NKp30 system—both are
activating ligands—MICA-modified Au did not override TiO,
presenting anti-NKp30 in terms of its cell affinity. This finding
emphasizes that the difference in how various ligands interact
with the transmembrane proteins is important for their
combination for the surface guiding of cells.

We studied whether and how our bifunctional surface can
guide not only the spatial positioning of the NK cells but also
their immune function, through the imaging of CD107a that
correlates with NK cell activation.”” This correlation stems
from the fact that the activated NK cells transport lytic granules
to the immune synapse and fuse them to the membrane,
causing their degranulation in a way that exposes CD107a
molecules to the outer side of the membrane. Here, we
detected the exposed CD107a using a fluorescently tagged
monoclonal antibody, thus identifying events related to NK cell
activation.

For activation assays, we used similar bifunctional surfaces
and experimental conditions as described in the previous
section, except that we incubated the cells with Allophycocya-
nin (APC)-labeled anti-CD107a. Importantly, after fixation, the
cells were not permeabilized to prevent damage to their
membrane and potential staining of the internal CD107a. A
representative image of the NK cells on a surface with MICA
disks and IgG2a background is shown in Figure Sa.

As seen previously, the cells interact more specifically with
the MICA disks. Conversely, the cells adhered poorly to the
surfaces presenting the mock proteins SUMO and murine
IgG2a (Figure Sb). The degree of activation can be quantified
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by the fluorescence intensity of the APC anti-CD107a, which
appears white in the images. We also performed z-stack imaging
to locate the APC-tagged granules and cytoskeleton with regard
to the surface. In Figure S4 (Supporting Information), we
observe that for both the granules and cytoskeleton, the point
of maximum intensity is closer to the surface than to the distal
end of the cell. This result is in good agreement with the
previous work which demonstrated that when the NK cells are
activated, their cytoskeleton and lytic granules are polarized
toward their target."’

The overall results of NK cell activation are shown in Figure
Sc. Less than 40% of cells were found to be activated when
lying over either IgG2a or SUMO. This amount of activation
sharply contrasts with that found on activating substrates (i.e.,
MICA, anti-NKp30, or MICA + anti-NKp30), where more than
80% of the cells were activated (p < 0.001). The fact that the
percentage of activated cells is similar for MICA and anti-
NKp30 confirms that both the surface types stimulated cell
activation in a similar fashion. We also assessed the average
degree of activation per cell for the activated cells through the
intensity of the APC anti-CD107 signal (Figure Sd). We
observed that even when activated, the cells on the IgG2a- or
SUMO-modified surfaces produced less anti-CD107 signal than
those on MICA, anti-NKp30, or MICA/anti-NKp30 surfaces (p
< 0.01). Interestingly, the degree of activation on anti-NKp30
was notably lower than that on MICA (p < 0.05). This implies
that MICA may be more potent than anti-NKp30 in triggering
NK cell degranulation and is further validated, given that per
given area, there are 6—12 times more anti-NKp30 on TiO,
than MICA on gold disks (see section S3 in the Supporting
Information). However, it is, to our knowledge, not relevant to
compare the potency of a ligand (i.e, MICA) with that of an
antibody (anti-NKP30) as the mechanisms of interaction are
different. Furthermore, the relative amount of NKG2D or
NKp30 ligands expressed on the outer membrane of the NK
cells varies between either donors or the NK cell subsets or
even the organ of sampling* thus making it arduous to
unequivocally conclude on the relative potency of MICA
compared with that of NKp30.

It should be noted that because of the small disk size, the NK
cells never rest entirely on the disks and are often variably in
contact with both the disks and the background. Conversely,
because the background area is much larger than that of the
disks, the cells on the background are often in contact with the
background ligands only. Using this pattern, we were therefore
able not only to decipher the individual effect of either MICA
or anti-NKp30 but also to investigate their combined effect at
the interface of the MICA/anti-NKp30 surfaces. In Figure 5 ¢,
the percentage of activated cells on MICA/anti-NKp30 is
equivalent to that on both MICA and anti-NKp30.
Furthermore, while MICA triggered higher NK cell degranu-
lation than anti-NKp30, the cells on both did not fare better
(Figure 5d). This absence of synergy between the NKG2D and
NKp30 receptors may arise from the ligands and antibodies
being segregated on either Au or TiO,. Therefore,
costimulation may not have been ideal. Taken together, these
results show that when two activating ligands are spatially
segregated, there is no cumulative effect on the NK cell
immune response.

Bl CONCLUSIONS

Understanding the spatial cross talk between different signaling
pathways in the immunological synapse requires a spatial
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control over different ligands. Such a control requires site-
specific positioning of different ligands on the same surface, in a
manner that controllably mimics the molecular composition of
the APC membrane. Here, we demonstrated an innovative
approach to produce bifunctional surfaces, on which two
arbitrarily chosen ligands can be completely segregated and
precisely arranged in a micron-scale 2D pattern. The surface
modification process was based on the lithographic patterning
of Au and TiO,, followed by their selective chemical
functionalization with thiol and phosphonic acid and further
biofunctionalization via Ni-NTA—His and biotin—NeutrAvi-
din conjugations. Using XPS and fluorescent imaging, we
verified that both chemical and biofunctionalization are highly
selective. As a proof of concept, we used NK cells as a model
system to demonstrate the ability of our bifunctional surfaces
for the site-selective guiding and immunological activation of
the cells. We showed that the NK cells have preferential affinity
to both MICA and anti-human NKp30 ligands and that this
affinity was leveled on surfaces presenting both activating
biomolecules. In addition, we were able to guide NK cell
activation toward MICA or anti-human NKp30. We observed
that CD107a expression, which indicates the degree of
degranulation in activated NK cells, was the highest on the
MICA-modified areas but saw no cumulative effect between
MICA and anti-NKp30. These encouraging results demonstrate
the effectiveness of our system as an experimental platform
aimed at the comprehensive understanding of the immuno-
logical synapse.

Surfaces with controlled ligand position aimed at mimicking
the extracellular environment have been engineered using
various functionalization approaches but mostly through
controlled immobilization of one bioactive agent.'”**~*
Here, we demonstrated selective bifunctional approach to
mimic the molecular diversity of the extracellular environment,
whose key advantages are its simplicity and modularity. After
selective functionalization of a bimetallic pattern with Ni—-NTA
and NeutrAvidin, we can then proceed to the facile
biofunctionalization of each metal with either histidine- or
biotin-tagged biomolecules, respectively. The catalog of
available proteins and antibodies tagged with histidine and
biotin highlights that such a system could be used in endless
applications that require bifunctional systems with controlled
geometry.

B EXPERIMENTAL SECTION

Chemicals. Analytical reagent grade acetone and absolute ethanol
were purchased from BioLab Ltd. (Israel) and used as is. Elga PureLab
Flex system was used to obtain ultrapure water. Au etchant standard,
PO;—C;;—COOH, NTA-terminal SAM formation reagent (thiol—
NTA), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlor-
ide (EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino)-
ethanesulfonic acid (MES), O-(2-aminoethyl)-O’-[2-(biotinylamino)-
ethyl]octaethylene glycol (NH,—PEGg—biotin), and nickel(II)
chloride hexahydrate were all purchased from Sigma-Aldrich (Israel).

Reagents for Biofunctionalization. Dulbecco’s phosphate-
buffered saline (PBS), skim milk, and Tween20 were purchased
from Sigma-Aldrich. NeutrAvidin Oregon Green 488-conjugated anti-
mouse Alexa Fluor 555 was obtained from Life Technologies
(Rhenium, Israel). Biotin anti-human CD337 (biotin anti-NKp30)
was purchased from BioLegend (Enco, Israel). Biotinylated goat anti-
mouse IgG2a human absorbed (biotin IgG2a) was obtained from
Southern Biotech (Enco, Israel). Human MICA protein, His tag (His-
MICA), and Small Ubiquitin-like Modifier, His tag (His-SUMO), were
purchased from SinoBiological (China). CellGro SCGM medium was
obtained from CellGenix. II-2 (PeproTech) and heat-inactivated
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human AB plasma were obtained from healthy donors (SIGMA, male
AB, H-4522), and PFA was purchased from Sigma-Aldrich. Mouse
anti-MICA was purchased from R&D Systems (Biotest, Israel). Cy3—
PEG—Dbiotin was obtained from Nanocs (USA).

Fabrication of Patterned Au/TiO, Surfaces. Ti and Au (15 nm)
were successively evaporated onto glass slides. The samples were then
patterned with disk motifs by photolithography. Finally, Au was
removed from the exposed regions by using an Au etchant. After
rinsing the surfaces with water, the photoresist was then completely
removed by sonicating the slides for 5 min in acetone. Each sample
consists of 2.54 X 2.54 cm microscope slides. Each slide contains
between 10 and 20 fields of Au/TiO, microarrays, each field being 1
mm? in size.

Selective Chemical Functionalization. First, TiO, was function-
alized. Micropatterned slides were cleaned with ethanol and water and
dried under a stream of nitrogen and baked at 120 °C for 5 min. After
plasma cleaning, the slides were immediately immersed in a 5 mM
aqueous solution of PO;—C;;—COOH for 24 h. To facilitate de-
dissolution of PO;—C,;;—COOH in water, a catalytic amount of
NaOH was also added. Upon complete reaction time, the samples
were directly placed in an oven at 120 °C for 24 h without rinsing. The
surfaces were then copiously rinsed with water and immersed for 1 h
in an aqueous solution of EDC, NHS, and MES at the concentrations
of 0.2, 0.1, and 0.1 M, respectively followed by rinsing with water.
TiO, was then functionalized with biotin by overnight incubation in a
1 mM aqueous solution of NH,—PEGg—biotin. The samples were
then copiously rinsed with water and ethanol. Au was functionalized by
reacting overnight in a 0.2 mM ethanolic solution of thiol-NTA. After
generous rinsing with ethanol and water, the samples were then
incubated for 2 h in nickel(II) chloride, followed by rinsing in water.
The chemical structure of the obtained surfaces is shown in Figure 2.

Selective Biofunctionalization. The samples were blocked for 30
min at 37 °C in PBS with 5% skim milk, followed by 30 min
incubation in 25 pug/mL NeutrAvidin Oregon Green 488 in PBS with
5% skim milk at room temperature. The surfaces were rinsed 3 X 5
min in PBS with 0.1% Tween20. The samples were then immersed for
2 h at room temperature in a solution containing 12.5 ug/mL of either
biotin anti-NKp30 or biotin IgG2a, in PBS with 5% skim milk,
followed by rinsing 3 X S min in PBS with 0.1% Tween20. The
surfaces were incubated overnight at 4 °C in either His-MICA or His-
SUMO at a concentration of 2 pg/mL in PBS. Finally, the samples
were rinsed 2 X S min in PBS with 0.1% Tween20 plus once with neat
PBS and stored in PBS before being used for cell studies.

Primary NK Cell Purification. pNK cells were purified from
peripheral blood of healthy, adult, volunteer donors, recruited by
written informed consent, as approved by the Institutional Review
Board Ben-Gurion University of the Negev (BGU). The cells were
isolated using a human negative selection-based NK isolation kit
(RosetteSep, Miltenyi Biotec). The purified NK cells were then
cultured in a stem cell serum-free growth medium (CellGenix GMP
SCGM, 20802-0500) supplemented with 10% heat-inactivated human
AB plasma from healthy donors (Sigma, male AB, H-4522), 1% L-
glutamine, 1% Pen-Strep, 1% sodium pyruvate, 1% MEM-Eagle, 1%
HEPES 1 M, and 300 IU/mL recombinant human IL-2 (PeproTech).

Cell Affinity Studies. Cultured pNK cells were seeded onto the
surfaces in growth medium containing <2% serum and S0 units of I1-2
and left to adhere for 3—4 h. The surfaces were then rinsed twice in
PBS to remove the nonadherent cells, followed by fixing the adherent
cells with 4% PFA, permeabilization with 0.5% Triton-X 100, and
blocked with 5% skim milk in PBS. The actin cytoskeleton was stained
with Alexa Fluor 5SS phalloidin, and the nuclei were stained by
mounting the samples with ProLong Gold antifade reagent containing
DAPI (both from Life Technologies).

Cell Activation Studies. Cultured pNK cells were seeded as
previously mentioned. The medium was supplemented with APC anti-
human CD107a (1:1000 v/v) and was left to adhere for 3 h. The
medium was then renewed, and the cells were placed on ice for 30 min
to maximize the membrane-bound CD107a. The surfaces were then
rinsed twice in PBS, fixed with 4% PFA, and then directly stained with
Alexa Fluor 555 phalloidin without permeabilization to prevent

damage to the cell membrane. Finally, the nuclei were stained by
mounting the samples with ProLong Gold antifade reagent containing
DAPL

X-ray Photoelectron Microscopy. XPS data were collected using
an X-ray photoelectron spectrometer ESCALAB 250 ultrahigh vacuum
(1 x 107 bar) apparatus with an Al Ka X-ray source and a
monochromator. The X-ray beam size was 500 ym, and the survey
spectra were recorded with a pass energy (PE) of 150 eV, and high-
energy resolution spectra were recorded with a PE of 20 eV. To
correct for charging effects, all spectra were calibrated relative to a
carbon C 1s peak positioned at 284.8 eV. The processing of the XPS
results was carried out using the AVANTAGE program.

Microscopy. The characterization of the surfaces as well as NK cell
adhesion and activation was performed using a Zeiss LSM880 confocal
microscope and quantified using the Fiji imaging software (https://fiji.
sc). Locating cells on disks was done by merging Alexa phalloidin 555
and NeutrAvidin 488 channels. The cells with cytoskeletons that did
not “touch” the disks were considered out of the disks. For APC anti-
CD107a, quantification of fluorescence intensity, exposure time,
detector gain, and laser power were optimized once on the first
sample and then locked. From the APC anti-CD107a signal, we
quantified the percentage of activated cells by applying a threshold
below which the cells were considered nonactivated. In addition,
assuming that the degree of activation is proportional to the intensity
of the APC anti-CD107a signal, the degree of NK cell activation can
also be quantified.

Statistics. At least 10 fields at 20X magnification on each surface
were analyzed. The data were averaged for each experiment, and the
experiments were performed three times. Statistical analysis was
performed by analysis of variance, and Tukey’s multiple-comparison
post hoc test was also performed using the Prism software (GraphPad
Software Inc., USA). The results were considered to be significantly
different for p < 0.05. P-values are also reported for comparisons of
interest.
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