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Peripheral blood can provide valuable information on an individual’s immune status. Cell-based
assays typically target leukocytes and their products. Characterization of leukocytes from whole
blood requires their separation from the far more numerous red blood cells.[*] Current methods to
classify leukocytes, such as recovery on antibody-coated beads or fluorescence-activated cell
sorting require long sample preparation times and relatively large sample volumes.[2l A simple
method that enables the characterization of cells from a small peripheral whole blood sample
could overcome limitations of current analytical techniques. We describe the development of a
simple graphene oxide surface coated with single domain antibody fragments. This format allows
quick and efficient capture of distinct WBC subpopulations from small samples (~30 pL) of whole
blood in a geometry that does not require any specialized equipment such as cell sorters or
microfluidic devices.
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Graphene oxide (GO) is a derivative of graphene, which can be modified for various
applications, including bioassays,! bioimaging[#! and biosensors to select for different cell
types.[®] The biocompatibility of GO offers many features attractive for optical biosensing
platforms, such as a large surface area, good water dispersibility, and ease of facial surface
modification. Full-sized antibodies can be attached to GO to create biosensors for the
capture of circulating tumor cells from blood samples and for virus detection.[5-61 However,
the full sized antibody-GO platform has several drawbacks that prevent it from being used
for high throughput screening. Full-sized antibodies are costly and not always easy to
produce. Construction of the circulating tumor cell-antibody-GO biosensor requires special
equipment to produce the necessary GO-gold surfacel®l. Furthermore, antibodies are usually
coupled to the GO surface via NHS ester or maleimide chemistries, which target free lysine
or cysteine residues respectively, with possible loss of activity.[6~7] The use of NHS-lysine
and maleimide-cysteine coupling complicates further functionalization of the antibody. For
example, free lysine and cysteines not involved in covalent attachment to the GO surface
could be functionalized with dyes, but attaining quantitative and homogeneous labeling
would be challenging. Attaching antibodies through biotin-streptavidin/NeutrAvidin
interactions introduces additional complexity and usually relies on biotinylation strategies
that —again- involve lysine or cysteine modifications.[®: &

We address these limitations by attaching single domain antigen-binding fragments derived
from camelid heavy-chain-only antibodies, known as VHHs or nanobodies,[®] directly to the
GO surface in a site-specific manner using sortase. VHHSs are small (~15 KDa) and are
easily expressed in bacteria; they are monomeric and have an excellent thermo-chemical
stability profile, all of which make them suitable for diagnostic and therapeutic
applications.[10] A sizable portion of the VHH’s surface is involved in binding interactions,
and therefore site-specific modifications of a VHH at a position distal form the antigen
binding site is essential to obtain a properly oriented coating, a prerequisite to build an
efficient biosensor.[”: 111 We used a combination of a sortase-mediated transpeptidation
reaction in combination with “click’” chemistry to site-specifically attach a fluorescently
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labeled VHH via a carboxyterminal LPXTG motif to PEG linker-modified GO.[11-12] we
thus installed an anti-murine Class 1| MHC VHH (VHH7)[23] and an anti-murine CD11b
VHH (VHH DC13), both sortase-labeled with a TAMRA fluorophore, to GO nanosheets.
The combination of these functionalized surfaces allowed us to selectively capture Class Il
MHC-positive (MHC™") and CD11b-positive (CD11b™) cells from small volumes (~30 pL)
of peripheral blood (Fig. 1) with minimal handling in a device of simple geometry.

GO nanosheets (<2 nm thickness, 500 nm mean diameter) functionalized with carboxylic
acids were dispersed in deionized water. For the preparation of nanosubstrates, GO was
immobilized on a 3-aminopropyltriethoxysilane (APTES)- functionized glass slide by means
of electrostatic forces between the oxide groups of GO and the amine-end of 3-APTES.[14]
Scanning electron microscopy (SEM) images of GO nanosheets immobilized on a silicon
substrate showed even and dense coverage of thin sheets on the surface, with spacing
between adjacent sheets < 2 um (Fig. S1). The GO nanosheets were covalently
functionalized with diamino-functionalized polyethylene glycol (NH,-(PEG),-NH>) (Fig.
S2). The presence of epoxide, hydroxyl, carbonyl, carboxyl and amine groups was
confirmed by X-ray photoelectron spectroscopy (XPS) (Fig. S3). Dibenzocyclooctyne-N-
hydroxysuccinimidyl ester (DBCO-NHS) was then reacted with the terminal amines of the
PEG chains to install a ‘click” chemistry handle onto the GO surface (Fig. S2).

To assess the potential of GO-immobilized VHH for cell capture, we first engineered a
sortase-ready version of VHH7 with an LPETG motif near the C-terminus.[*3] Using
standard sortagging protocols!*3! we introduced a Glys peptide equipped with a TAMRA
fluorophore and an azide, to partner with the DBCO moiety during the “click’ reaction. We
included the TAMRA fluorophore to create fluorescence microscopy overlays between the
VHH-GO surface and a fluorescently stained cell (Fig. S4). Thus modified VHH7 was
covalently coupled in a uniform orientation onto a GO nanosheet upon reaction of the
DBCO and azide groups in a cycloaddition (Fig. 2a). Atomic force microscopy (AFM)
images showed that the VHH7-immobilized GO nanosheets exhibited a clear difference in
height profile with a vertical size ranging from 20 to 80 nm (Fig. 2b), attributable to
immobilization of VHH7 on the nanosheets.

The VHH7-GO functionalized slide was assembled with a second glass slide to form a cell
capture chamber. Two strips of double-sided tape served as spacers to yield a chamber of
approximately 12 mm x 25 mm x ~0.1 mm for a total volume of ~30 pL. The VHH is thus
directly attached to one of the surfaces of the capture chamber. Assembly of this device
requires no more than two-sided tape and a second, unmodified glass slide (Fig. 2c).
Delivery of ~30 uL of whole blood or a cell suspension is then achieved by contacting the
opening of the chamber with the tip of a mechanical pipetting device. Within seconds,
discharge of the intended volume then fills the chamber by capillary action. Wash steps are
conducted in similar fashion by delivery of buffer to one open side of the chamber, and
wicking off buffer at the opposite end of the chamber, using filter paper to ensure flow
across the chamber surfaces.

To verify the specificity of GO-immobilized VHH7 for murine Class Il MHC™ cells, mouse
B lymphoma (A20) and human B lymphoma (Raji, murine Class Il MHC-negative) cell
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lines were labeled with a fluorescent cell tracker dye, diluted in PBS and loaded into the
VHH-GO device for 10 min at 37°C. Different cell densities were applied to optimize
loading conditions (Fig. 3a, b). When ~2.2x10% A20 cells were seeded, ~83% of the cells
were captured. As the number of loaded cells increased to 6-7x10%, approximately half of
the cells were retained. There was little difference when the number of cells loaded was
increased to ~20x104, as just ~4.3x10% were captured. For A20 cells, the functionalized
nanosubstrate showed a capture yield of A20 cells of ~80 % for ~2.2x10* loaded cells,
compared to ~17 % for an unmodified GO surface (Fig. 3c). Human Raji cells showed no
significant difference in binding to the VHH7-functionalized (~21%) and the unmodified
GO surface (~15%), demonstrating the specificity of VHH7 for its target (Fig. 3d). GO
nanosheets modified with VHH7 thus efficiently captured murine Class Il MHC™ cells (Fig.
3e and Fig. S5).

We next tested performance of the VHH7-modified nanosubstrate on whole blood. Fresh
blood was obtained from Class Il MHC-eGFP knock-in mice for ready visualization of Class
I1 MHC* cells by their GFP fluorescence (Fig. S6). Analysis of Class Il MHC-eGFP* cells
showed an average capture efficiency of ~74 % (n=5) on the VHH7-functionalized
nanosubstrate (~11,000 cells). Conversely, without VHH7, only ~14 % of eGFP* cells
(~2,000 cells) were retained (Fig. 4a, b and Table S1), in agreement with what was observed
with the A20 cell line. A similarly low capture yield (~11%) was seen when using an
irrelevant VHH for immobilization (Fig. S7). We saw co-localization of the Class Il MHC-
eGFP signal with the VHH7-TAMRA signal (Fig. 4c, d). When we counterstained VHH7-
immobilized cells with Alexa647-labeled VHH7 and DAPI, we observed excellent
colocalization of Alexa647-labeled VHH7 with Class Il MHC-eGFP, showing that GO-
VHH7 immobilized cells remained available for further staining in situ (Fig. 4e), with only
minimal consumption of labeled antibody owing to the small volume of the chamber (~30
uL). Most eGFP* captured cells ranged from 10-15 um in diameter, the size of B cells (Fig
4c). The identity of this population was further confirmed with Alexa647-labeled anti-1gG
antibody for surface staining of B cell receptors (BCRs) (Fig. S8). B cells captured from
OB-1-Class Il MHC eGFP mice, which possess a BCR specific for ovalbumin[5] and its
fragments retained the ability to bind and internalize an Alexa647-labeled ovalbumin
fragment, the FGD-17mer peptide,[15-16] which ultimately colocalized with Class 11-MHC-
eGFP* compartments (Fig. S9).

To calculate the fraction of Class Il MHC-negative cells bound to the VHH7-GO
nanosubstrate, we disassembled the chamber after cell capture and stained captured cells
using Alexa647-labeled anti CD45 (a surface marker for leukocytes) or Alexa647- labeled
anti CD3 (a surface marker for T cells). After image acquisition, we used the merged
information to identify Class Il MHC-eGFP* cells, as shown in Fig. S10a, b. Confocal
microscopy showed that all cells captured were CD45*. Class || MHC-eGFP* cells
comprised the majority (~76%), of captured cells, CD3* cells constitute up to ~21%, and the
remaining leukocyte population is ~3% of the total (Fig. S10c). This observation is
consistent with earlier observations that the captured cells from whole blood often contain
non-specifically bound leukocytes.[17]
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To further demonstrate the utility of our method, we immobilized VHH DC13, specific for
murine CD11b*, onto a GO substrate, to capture other leukocytes. We analyzed the capture
efficiency of GO-immobilized VHH DC13 alone and in conjunction with VHH7-GO.
Capture efficiency and yield were similar to those observed for VHH7-Class || MHC* B-
cells. Confocal microscopy showed that the majority of captured cells are CD11b* with
fewer Class Il MHC-eGFP™ cells and CD11b/Class Il MHC-eGFP double positive cells
(Fig. S11)

To improve recovery of CD11b* populations, we created a capture chamber that allows the
sample to pass sequentially over two surfaces, functionalized with VHH7 and VHH DC13
respectively (Fig. 5a, Fig. S12). Blood obtained from Class Il MHC-eGFP knock-in mice
was exposed first to the VHH7-modified substrate for 10 min, followed by flushing with
PBS to transfer the sample onto the adjacent VHH DC13-modified substrate, where
incubation continued for another 10 min. Captured cells were counterstained with Alexa647-
labeled CD11b and DAPI and visualized by confocal microscopy. CD11b* cells (which are
Class Il MHC-eGFP negative cells) comprised the majority of captured cells on the VHH
DC13-modified substrate (Fig 5b). Compared with cells directly captured on a VHH DC13-
modified surface (Fig. S11), the combination of VHH7 and VHH DC13 significantly
improves capture of CD11b* cells (95% instead of 66% of the VHH DC13 alone; Fig. 5¢).
Overall CD11b* cell capture yield (~3,500 cells) in the tandem array showed no loss
compared to a surface functionalized with only VHH DC13 (Fig. 5d)

CD11b* cells captured on VHH DC13-modified substrates contain a bi- or multilobed
nucleus characteristic of neutrophils (Fig. 5b).[18] The identity of this population was
confirmed by surface staining with Alexa647-labeled anti Gr-1 (a surface marker for
neutrophils) (Fig. S13). Neutrophils are part of the first line of defense against fungal
pathogens such as Candida albicans, using their dectin-1 receptor to effectivate
phagocytosis of Candida albicans.[18-19 The dually functionalized VHH7-VHH DC13 GO
surface successfully captured CD11b™ cells in the process of phagocytosing Candida
albicansin the blood (Fig. 5e, Fig. S14). Confocal microscopy shows that during
phagocytosis of Candida albicans, cell morphology changes (compare 30 and 60 min
timepoints). A common limitation of working with primary neutrophils is their short
lifespan.[28] Processing times required to isolate neutrophils by other methods, usually
several hours, may alter their responsiveness compared to their behavior in vivo.[20] CD11b*
cells can be rapidly captured (~20 min) in good yield (~95%) by dually functionalized
VHH-modified substrates, thus providing rapid access to pure immobilized neutrophils with
detection of phagocytic function.

Sortase conjugation of VHH7 in a uniform orientation onto GO nanosubstrates allows
efficient capture of Class Il MHC* cells from small amounts of blood. We generated a
simple flow system for cells to pass successively over two surfaces, functionalized with
VHH7 and VHH DC13 respectively, a configuration that increases the capture percentage of
CD11b* cells. Sortase conjugation also allows site-specific and quantitative installation of
additional fluorophores for co-localization microscopy with a fluorescent or fluorescently
stained cells. This VHH-based sensing system is compatible with small blood or reagent
sample volumes, rapid processing, stability, ease of manufacture and low cost. Stability of
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GO-VHH adducts might even eliminate the need for a cold chain and thus enable use of

de
to

vices of this type outside the setting of the laboratory. Our method can easily be extended
other VHH’s or biologicals for isolation, identification and analysis of other cell types in

a minimally invasive approach.
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Class Il MHC- cD11b* cells
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/ Sortase recognation peptide
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Figure 1.
Schematic illustration of VHH7 and VHH DC13-based GO substrates for capture of Class Il

MHC-eGFP* and CD11b™ cells from whole blood.
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Uniform attachment and characterization of a murine Class 11 MHC-specific targeting
nanobody, VHH7, on GO nanosheets. a, Overview of sortase-mediated site-specific ligation
of VHH7 onto GO nanosheets. VHH7 was C-terminally modified via a sortase-mediated
ligation to install a TAMRA fluorophore and an azide. The GO nanosheet was
functionalized with a DBCO handle for a “click” reaction with the azide-modified VHH7. b,
AFM images of GO nanosheets and GO nanosheets with VHH7 immobilized on silicon
substrates. The height difference between GO nanosheets with or without VHH7
immobilization was ~20-80 nm. The topography of the slide observed under the AFM is
characteristic of protein bound to GO.[®I ¢, Whole blood analysis from Class 1| MHC-eGFP
knock-in mice. A small volume of blood (30 pL) was loaded into the assembled chamber
and incubated at 37°C for 10 min. The chamber was then disassembled and the cell-bearing
substrate slide was gently washed 3x with PBS. After washing, cells were analyzed by
fluorescence microscopy and quantitative image analysis.
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Figure 3.
Quantification and characterization of captured cells. a, Quantification of bound cells at

different cell loading numbers. b, Microscopic observation of bound Class II MHC™ cells. c,
Quantification of captured A20 cells (murine Class Il MHC™) on substrates with and without
VHH7 immobilization. d, Capture of Raji cells (murine Class Il MHC-negative). e,
Immunofluorescence images of captured A20 cells stained with Alexa488-labeled anti-Class
Il MHC and DAPI.
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Figure4.
Quantification and characterization of Class 1| MHC-eGFP™ cells from 30 L of whole

blood. a, Fluorescence microscopy of cells captured on VHH7-modified and unmodified GO
substrates. b, Quantification of captured cells. ¢, Confocal microscopy of captured cells. d,
Higher magnification of a captured cell, showing colocalization of the Class || MHC-eGFP
signal with VHH7-TAMRA. e, Confocal microscopy images of VHH7-captured cells after
staining with Alexa647-labeled VHH7.
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Figurebs.
Quantification and characterization of captured CD11b* cells by combined VHH7-VHH

DC13-modified substrates. a, Cells were first passed over a VHH7 coated surface and
captured subsequently on VHH DC13-modified substrates. b, Characterization of captured
cells. ¢, Fraction of captured cells. d, Comparison of the yield of CD11b*/eGFP~ cells
captured on a single (VHH DC13 alone) or dually modified VHH7-VHH DC13 substrate. e,
Confocal microscopy of captured cells engaged in phagocytosis of Candida albicans.
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Captured cells were stained with Alexa647-labeled anti-CD11b antibody while Candida
albicans expressed blue fluorescent protein to facilitate their detection.
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