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Abstract

Hybrid material surfaces on microparticles are emerging as vehicles for many biomedical multiplexing applications.
Functionalization of these hybrid surface microparticles to biomolecules presents unique challenges related to optimization of
surface chemistries including uniformity, repeatability, and sample sparring. Hybrid interfaces between microlevel surfaces and
individual biomolecules will provide different microenvironments impacting the surface functionalization optimization and effi-
ciency. Here, we propose and validate the first demonstration of streptavidin adsorption—based antibody functionalization on
unmodified, hybrid surface microparticles for in vitro analysis. We test this analytical technique and fabricate hybrid surface
microparticles with a polystyrene core and aluminum oxide semi-coating. Additionally, we optimize the streptavidin-biotin
functionalization chemistry in both assay implementation and sample sparring via analytical mass balances for these microparticles
and subsequently conjugate anti-human CD1 1b antibodies. Result confirmation and characterization occurs from ultraviolet protein
absorbance and ImagelJ processing of fluorescence microscopy images. Additionally, we design and implement the multi-sectional
imaging (MSI) approach to support functionalization uniformity on the hybrid surface microparticles. Finally, as a proof-of-concept
performance, we validate anti-CD11b antibodies functionalization by visualizing hybrid surface microparticles conjugate to human
neutrophils isolated from blood samples collected from potentially septic patients. Our study introduces and defines a category of
functionalization for hybrid surface microparticles with the intent of minuscule sample volumes, low cost, and low environmental
impact to be used for many cellular or proteomic in vitro multiplexing applications in the future.
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Introduction

Microparticles fabricated with hybrid material surfaces have
paved the way for a new class of active targeting agents for
multiplexing applications in disease treatment and diagnostics
[1, 2]. Newer fabrication techniques and technologies have

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00216-020-
03026-4.

P< Umer Hassan
umer.hassan @rutgers.edu

Department of Biomedical Engineering, Rutgers, The State
University of New Jersey, Piscataway, NJ 08854, USA

Department of Electrical Engineering, Rutgers, The State University
of New Jersey, Piscataway, NJ 08854, USA

Global Health Institute, Rutgers, The State University of New Jersey,
New Brunswick, NJ 08901, USA

improved hybrid surface microparticles (also known as
Janus particles) manufacturing at large scales using a myriad
of materials and geometries to facilitate high-throughput de-
livery [3, 4]. However, challenges arise as employing surface
modifications towards micro- and nanoscale particles with
different surface materials as they behave to reagents and
chemistries differently. A plethora of functionalization
methods and mechanisms have been recently published
for hybrid surface micro- and nanoparticles, but are devel-
oped for specific intentions with unique surface chemistries
that cannot translate to other materials or applications
[5-9]. To ensure that these hybrid particles are practical
and have clinical potential, simple yet universal and effec-
tive functionalization protocols must be utilized with dif-
ferent material surfaces demonstrating equal binding
strength and immobilization distribution.

Functionalization to hybrid microparticles can be validated
by demonstrating their effective conjugation to human blood
cells—in particular, leukocyte surface receptors. Leukocytes
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play a critical role in activating the acquired immune response
and subsequently identifying and eliminating various pathogens
with different origins and properties [10]. Numerous cell surface
receptor densities and their differential regulation provide in-
sights on cellular activity and pathophysiological signaling.
These biomarkers are commonly used for diagnosis and man-
agement of many diseases such as sepsis, HIV, and rheumatoid
arthritis [11-15]. The clinical standard to quantify these bio-
markers includes flow cytometry, which fluorescently stains dif-
ferent surface receptors. Unfortunately, flow cytometry presents
many technological challenges including limited multiplexing,
necessitates large fluid volumes extracted from patients, and
requires trained professionals to operate and interpret results
[12, 16-20]. Alternative cellular antigen multiplexing technolo-
gies can be developed using hybrid surface microparticles and
their effective functionalization to overcome these limitations.
Recently, we have reported the fabrication of hybrid
surface microparticles that exhibit unique impedance re-
sponses by modulating different metal oxide layer thicknesses
semi-coating their surface [21]. These particles can introduce
new opportunities for cellular classification techniques, as mi-
croparticles fabricated with different metal oxides and thickness
can target unique biomarkers, serving as an alternate to flow
cytometry for multiplex quantification of cellular antigens. Our
hybrid surface microparticles can potentially be used with
microfluidic impedance—based sensing technologies and capa-
ble of translating to point-of-care diagnostic sensors [22—24].
The proper surface modifications of our metal oxide—coated
hybrid surface microparticles are critical for numerous cellular
conjugations and similarly multiplexing applications [1].
Here, we develop and characterize an anti-CD11b antibody
functionalization protocol on hybrid material particles using a
streptavidin-biotin linker to improve point-of-care
multiplexing technology. The hybrid surface nature of the
particles used consists of a polystyrene core semi-coated with
aluminum oxide (Al,O3) on half of the surface. For analytical
purposes, we targeted CD11b receptors predominately
expressed on neutrophils. CD11b neutrophils are newly ex-
plored sepsis biomarkers, as they participate in the CR3
integrin heterodimer with CD18 and increase adhesion be-
tween immune cells to activate a pro-inflammatory response
[25, 26]. The biotinylated anti-CD11b antibodies bind with
unmodified streptavidin adsorbed to both hybrid surfaces
through protein corona kinetics [27, 28]. Protein corona for-
mation around the particles is what drives functionalization
rather than hinders it as is the case for many heterogeneous
or in vivo biological processes [29]. Streptavidin protein acts
as the bi-linker and has a heterotetrametric structure with four
active sites for biotin binding on different planes. This ensures
that it remains functional during adsorption when the protein
undergoes slight structural modifications at the particle sur-
face interface [30]. Additionally, as the streptavidin protein
physiologically adsorbs to the hybrid surface particle, its
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surface interaction should remain independent of aluminum
oxide or bare polystyrene surfaces, and result in the uniform
functionalization distribution around the particle [31].
Polypropylene tubes and cuvettes are used to mitigate
non-specific adsorption to those surfaces, as they are ma-
terial of choice for inexpensive plastic containers [32].
While previous results have found similar streptavidin ad-
sorption densities for different materials [29, 33, 34], none
has yet explored coverage for different materials on the
same microparticle. Biotinylated antibodies subsequently
attach to the particles through streptavidin-biotin affinity
binding consisting of hydrogen bonds and Van der Waals
forces [29, 35]. Streptavidin-biotin chemistry is simple as
it requires minimal intermediate processing steps and ac-
cessory reagents, thus allowing high-throughput process-
ing with minimal cost or time [36-38].

Our work is the first demonstration of a uniform antibody
functionalization protocol for multiple material surfaces on the
same microparticle using a streptavidin-biotin linker, visualized
by Fig. 1. Our conjugation chemistry requires low sample vol-
umes and low-cost materials and results in effective conjuga-
tion with uniform coverage around the particle. Furthermore,
we provide an analytical method to model adsorption saturation
on polystyrene-Al,O3 hybrid particle surfaces and present a
“reagent sparring” protocol based on different particle sizes
and concentrations for straightforward translations with oth-
er applications. We also design and implement the multi-
sectional imaging (MSI) approach to validate the uniformity
of functionalization on our hybrid surface microparticles.
Finally, we demonstrate successful functionalization by ob-
serving treated microparticles passively targeting human
neutrophils in vitro. Such protocols and characterizations
are detailed in the following sections.

Materials and methods
Materials

Lyophilized streptavidin (> 11 U per mg of protein lyophilized
in 10 mM phosphate-buffered saline), phosphate-buffered saline
(PBS, 1x and 10x, pH="7.2), dimethyl sulfoxide (DMSO, >
99.9% purity), biotin-4-fluorscein, Ficoll-Paque density gradi-
ent, and Roswell Park Memorial Institute medium 1640 (RPMI)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Biotinylated anti-CD11b monoclonal mouse antibody (>95%
purity) and 1.5-mL polypropylene microcentrifuge tubes were
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The VWR UV-Vis Spectrophotometer 1200 and UV
polypropylene disposable ultra-micro cuvettes were purchased
from VWR (Radnor, PA, USA). Unidentifiable human blood
was obtained from Robert Wood Johnson Medical Hospital
(New Brunswick, NJ, USA) through an institutional review
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Fig. 1 Scheme for
functionalization and
microfabricated hybrid surface
particles with one half of the
particle coated with gold and
aluminum oxide (a). Here,
streptavidin (yellow x’s) adsorbs
to the hybrid surface particle
uniformly on all materials (b).
Biotinylated antibodies then bind
through the streptavidin conduit
(0

a Metal-coated surface

Polystyrene
Janus particle

board (IRB) study. Type I deionized water was used in all ex-
periments for both sample preparation and washing procedures.

Hybrid surface microparticle fabrication

Hybrid surface microparticles were fabricated using nano-
sphere lithography where self-assembly occurs on glass af-
ter polystyrene drop-casting, producing 3-pum polystyrene
microparticles which are used as the microparticle core.
Electron-beam deposition then deposits 20 nm of gold
above the exposed half of the particles to act as the adhesive
layer for the aluminum oxide. Following this, the aluminum
oxide layer is coated through atomic layer deposition. In
this step, the thickness can be modulated from 5 to 30 nm
to produce particles with unique electrical properties.
Electrical differentiation of the particles is possible with a
10 nm difference in the thickness as shown in our earlier
study. For our current study, an aluminum oxide layer of
30 nm thickness was utilized [21]. Finally, particles were
suspended in 1x PBS through ultrasonic agitation for
30 min. The resulting hybrid surface particle is conceptual-
ly represented by Fig. 1a.

Anti-CD11b antibody surface functionalization to
microparticles

Following particle fabrication, streptavidin chemistry is incor-
porated for particle surface functionalization. To begin, lyoph-
ilized streptavidin was reconstituted in 1x PBS, with
vortexing for 10 s followed by ultrasonic agitation for
10 min to ensure uniform concentration and dispersion of
the streptavidin solution. Once active, 2 uL of streptavidin
(0.1 mg/mL) was added into 200 pL of microparticle solution
(5.92 x 107 particles/mL) and incubated as a mixture for 12 h
at 0 °C. The incubation period is critical to allow for the
streptavidin corona formation upon the particle surface and
ensure high stability binding [29]. Once incubated, the solu-
tion was centrifuged for 10 min at 10,000g as the mass gradi-
ent purifies microparticles from the unattached streptavidin
proteins in solution. After supernatant removal, the particle
pellet was subjected to further purification steps to reduce

b Conjugated streptavidin

C Biotinylated antibody

r, e

— Polystyrer:ne
\CA Janus particle

Polystyrene
Janus particle

v —

unbound streptavidin. This included pellet resuspension in
170 uL of deionized water and 20 pL. 1x PBS, 10 min of
ultrasonic agitation, and another step of centrifugation at
10,000g for 10 min. Reducing free-floating streptavidin is
imperative so it does not competitively bind with the biotinyl-
ated antibodies to be introduced in subsequent steps. At this
stage, particle functionalization is represented by Fig. 1b.

Following streptavidin adsorption to microparticles, bi-
otinylated antibodies were added to enable antibody
functionalization. Here, 10 pL of biotinylated anti-CD11b
antibody (1 mg/mL in 1x PBS) was combined with the
streptavidin-adsorbed microparticle solution (1x PBS) and
further incubated for 8 h at 0 °C for biotin-streptavidin binding
to reach equilibrium. Similar to streptavidin purification fol-
lowing incubation, the solution was washed with the same
conditions and parameters to isolate microparticles and sepa-
rate out unbound antibodies. A fully functionalized hybrid
surface particle is represented by Fig. 1c, with biotinylated
antibodies bound to the adsorbed streptavidin.

Streptavidin loading determination using
spectrophotometry

Streptavidin concentration before and after washing was
quantified using UV absorbance to indirectly determine
streptavidin adsorption loading on the hybrid surface particles
[39, 40]. Initially, a standard curve must be developed to iden-
tify a relationship of absorbance versus streptavidin concen-
tration. Disposable UV-sensitive ultra-micro cuvettes were
loaded with 70 uL of streptavidin samples with concentrations
from 0.1 to 2.0 pg/mL. The VWR UV-Vis Spectrophotometer
1200 was used to analyze samples at 280 nm wavelength.

Biotin-4-fluorescein enabled fluorescence microscopy

Biotin-4-fluorescein (B4F) was dissolved in dimethyl sulfox-
ide (DMSO) to form a 0.08 mg/mL solution. After
streptavidin addition to the microparticle solution, incubation
and washing steps were performed prior to adding anti-
CD11b antibodies. Subsequently, 10 puL of B4F in DMSO
(0.08 mg/mL) was added to a 200 nuL sample. This was
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followed by 10 s of vortexing and 5 min of ultrasonic agitation
to thoroughly mix B4F with the streptavidin-adsorbed micro-
particles, as DMSO and 1x PBS combine. After mixing, the
sample was incubated for 1 h to ensure strong streptavidin-
biotin binding before fluorescence analysis.

ImageJ processing, analysis, and analytical
quantification

ImagelJ was used for image processing and fluorescent quan-
tification. For particle pixel intensity compared to background
pixel intensity, a line segment was aligned connecting parti-
cles across the image space and pixel values were recorded
from the “Distribution” function under the “Analyze” tab. For
recording maximum pixel intensity from particles, rectangular
segments were aligned over particle regions and max values
were recorded from the “Measure” function under the
“Analyze” tab.

Neutrophil isolation from whole blood

Patient blood samples were collected from Robert Wood
Johnson Medical Hospital. Following collection, the blood is
processed to isolate human neutrophils. Blood was combined
with equal parts 1x PBS, and 1.8 mL was mixed with 2.4 mL
of Ficoll-Paque density gradient. The solution was centrifuged
for 30 min at 400g to separate plasma, platelets, and red blood
cells, followed by supernatant aspiration and addition of 3 mL
of deionized water for 15 s to lyse non-neutrophil mononucle-
ar cells. After 15 s, 0.3 mL of 10x PBS was added for tonicity
restoration, and the solution was further centrifuged for 5 min
at 300g. The previous step was repeated until a neutrophil
pellet is formed, which was resuspended in RPMI 1640 with
50 uL of cells to 5 mL of media. Once prepared, 200 uL
solution of anti-CD11b antibody (5.92 x 107 particles/mL)
functionalized hybrid particles was mixed with 1 mL of cells
in RPMI 1640 media followed by 1-h incubation with subse-
quent imaging. A final scheme for experimental procedures is
detailed by Fig. 2.

Results and discussion

Determining and characterizing theoretical
streptavidin adsorption yields

When evaluating final protein corona kinetics on surfaces with
streptavidin, an experimental maximum of 4.4 x 10" £0.7 x

10" streptavidin molecules per cm? has been previously con-
cluded [29]. Such coverage comes from the potential electro-
static hindrances for streptavidin at 7.2 pH which is negatively
charged in these conditions from its isoelectric point value of
5.0, as well as the adsorbing surface angle of curvature,
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particle size, surface shape, surface hydrophobicity, and steric
hindrance [29, 41-44]. Accounting for streptavidin dimen-
sions, microparticle concentration, particle size, and initial/
final solution concentrations after surface loading, we devel-
oped an analytical method to optimize experimental condi-
tions and as an estimate for retaining material yields during
functionalization protocols while still delivering fully realized
targeting agents.

First, the optimal coverage percentage is determined by
balancing the total streptavidin surface area (Agepor) tO
total adsorbing surface area (Ajpg,;) in a fully saturated so-
lution (Eq. 1).

Astreptot
— 1
JPtot ( )

Coverage% =

This can be further expanded by the total number of
streptavidin molecules (Nyyep) and total number of micropar-
ticles in solution (Vjpi) for one streptavidin molecule (Agyrep)
and one microparticle respectively (Ajp; Eq. 2):

N strepAstrep ( 2)

Coverage% =
g NjpAjp

where Ngyep can be expanded by dividing the change in su-
pernatant concentration after removing particles with
adsorbed streptavidin (Cggep in = Cstrep,ou) Which is also con-
sidered the minimum initial concentration required for all
streptavidin to be absorbed as C,i, when Cygrep our €quals zero
by the molecular weight of streptavidin (Mwg.p,). In addition,
Agirep 18 evaluated as the average surface area for one
interacting face of streptavidin, Njp is extrapolated from the
microparticle concentration (Pjp), and Ajp is determined by
the surface area of a sphere considering half the particle with
the polystyrene radius (Rps) and the other half with the depos-
ited gold and AL,O5 layers (R,x). While volume should be
included for Ny, and Nyp, the two together cancels each other
out:

CminAstrep
MwsrepPrp27 (R + R, )

(3)

Coverage% =

Finally, the maximum streptavidin surface density (K) of
4.4x10'"+0.7 x 10" molecules per cm? is factored with the
critical concentration change from streptavidin adsorbed to
particle surfaces (Eq. 4) and can be substituted into Eq. 3 to
determine the theoretical critical coverage (Eq. 5):

Corit = KMWguep Pyp27 (Rpg + R2.) (4)
Critical Coverage% = KAyep (5)

From Eq. 5, critical coverage evaluation is independent
of hybrid microparticle concentration or size, solely
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Fig. 2 Graphical representation of experimental procedures after Janus particle fabrication. Hybrid micropatrticle is labeled as Janus particle

dependent on the critical surface density for streptavidin
and the interacting face for one streptavidin molecule.
Using an estimated value of 21 nm?” (given streptavidin
molecular dimensions of 4.2 nm x 4.2 nm x 5.5 nm [45])
the maximum coverage percentage for streptavidin is
9.24 £1.47% coverage. The trend is linear with respect to
initial concentration and is represented by Fig. 3a.

Using initial experimental parameters from this study, it
results ina 0.70 +£0.11 pg/mL minimum streptavidin concen-
tration required for the saturated coverage. These conditions
arise from using a 55-kDa weight for streptavidin (Mwyeyp),
21 nm? for Agirep, 5.92 % 107 particles/mL for Pjp, 1.5 um for
Rps, and 1.55 pum for R, when considering the 20-nm gold
and 30-nm Al,O5 layers. After determining the critical cover-
age of 9.24+1.47%, Eq. 3 can be used to further determine

a
121
Streptavidin
o
2 104 coverage /_
g saturation, ’ +147%
g 8 9.24% A
o
c
S 6
=
3
g 4]
<
R 2l
0 . . . i ‘
00 02 04 06 08 10

Streptavidin concentration (ug/mL)

Fig. 3 Characterizing and optimizing streptavidin adsorption and particle
concentration. a Modeled relationship between streptavidin concentration
(in pg/mL) and % surface area covered by adsorbed streptavidin on
particle surfaces considering the study’s experimental conditions. Here,
streptavidin reaches kinetic adsorption saturation at 9.24+1.47%
coverage. Minimum streptavidin concentration (C,;,) for the study’s
experimental conditions to achieve saturation coverage. b A modeled

critical sample yields when variables change. As shown by
Fig. 3b, changing the microparticle concentration or particle
size affects the streptavidin concentration required for cover-
age saturation, as derived from Eq. 3. From the trends,
streptavidin concentration has a positive linear relationship
with Janus particle concentration and has an exponential rela-
tionship to increasing particle size:

2
Chin=P 1p Crin o‘Rps

The optimal streptavidin concentration required can be em-
pirically determined for various conditions by the streptavidin
relationship with coverage percentage on the particle surfaces
from Eq. 3 and can be used as a theoretical reference when
validating experimental results.

Particle radius (um)
b 0 1 2 3

- Number of parifcles
- Particle radi

0.8+

0.6

0.4+

Cmin (“g/ml-)

0.2+

0.0

0.0 3.0x107 6.0x107 9.0x107

Particle concentration (particles/mL)

linear relationship between particle concentration (particles/mL) and
streptavidin concentration required to achieve saturated adsorption with
1.5 pm particle radius (bottom axis, black line). Exponential relationship
between particle radius (um) and streptavidin concentration for constant
particle concentration used during experimentation (top axis, blue line).
Relationships assume proper incubation times for long-term adsorption
kinetics to apply
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Optical absorbance curve and experimental
streptavidin coverage

The UV absorbance curve for given concentrations develops a
relationship to confirm unknown sample concentrations
(Electronic Supplemental Material (ESM) Fig. S1 and
Table S1). The difference between the measured streptavidin
concentrations from the initial sample at 0.1 pg/mL and the
measured supernatant after the first centrifugation determines
the amount of streptavidin adsorbed to the particle surfaces, as
a particle pellet forms after centrifugation. Using this informa-
tion, the average recorded absorbance value for the superna-
tant prior to the first sample purification was 0.3708 +0.0005
absorbance units (AU, n=4). Cross-referencing from the
equation related to the empirically derived standard curve
(ESM Fig. S1), this translates to a 0.373+0.091 pg/mL
streptavidin concentration remaining in the supernatant after
centrifugation. Assuming that the change in concentration was
significantly due to streptavidin adsorption on the hybrid sur-
face microparticles, this corresponds to a C,;, of 0.627 £
0.091 pg/mL. Using Eq. 3, the experimental results yield an
8.33+1.21% which is within a standard deviation from the
expected saturation coverage of 9.24 £ 1.47%. This confirms
that streptavidin adsorbs to the particle surfaces after proper
incubation and centrifugation is purifying the samples from
unbound streptavidin.

Fluorescence quantification for streptavidin
adsorption

Once streptavidin adsorbs to the microparticle surface, biotin
is used to form the functional linker between the particle and
antibody. Similarly, to measure the streptavidin adsorption,
a biotinylated fluorescence marker is utilized for optical
characterizations. B4F is mixed with the sample and the
fluorescence microscope captured images of the suspended
particles, shown by Fig. 4. Figure 4a shows image under
bright-field conditions to observe the particles in reference
to the background solution. Following this, a green fluores-
cence protein (GFP) filter is applied and as expected, fluo-
rescence intensities are highest at the Janus microparticle
positions which represents the highest density of
streptavidin in the image (Fig. 4b).

This is quantified by processing these images using the
ImagelJ software. Analytical image analysis is based on quan-
tifying gray values of the pixels in the image. Image analysis
show gray values (no units) for each pixel along a given line in
an image ranging from 0 (black color) to 255 (white color).
Figure 4c shows that pixel intensity from the microparticles is
significantly greater than the background. We performed this
analysis on (n = 100) microparticles over several images. The
narrow variance of gray value intensity for the particles sug-
gests that B4F and streptavidin attachment remains nearly
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uniform from particle to particle. The pixel values shown in
image Fig. 4d correspond with the given pixel line measured
from a slice of the fluorescent image. At this point, a trend of
significantly increased gray value is seen for the pixels corre-
sponding to the functionalized microparticles, with a 231.2 +

18.4 average maximum gray value. This is greater than 3.5
times the gray value for the background intensity gray value of
64.7+9.1.

Our analysis showed that streptavidin is not found in solu-
tion relative to adsorbed streptavidin on the hybrid surface
particles. It also suggests that streptavidin molecule is not
compromised through the adsorption process; this lends to
the streptavidin tertiary structure having four binding sites
with biotin placed on opposite protein surfaces. By ensuring
if one side may be compromised from attachment with the
particle, other regions remain active for biotin binding.

Functionalization distribution on the hybrid
microparticle

The uniform distribution of streptavidin on a particle
should also be found to determine uniform streptavidin
conjugation across the exposed polystyrene and Al,O3 sur-
faces. Equal spread across the entire particle surface area is
important to ensure that all functionalized particles have the
same probability for cell targeting regardless of contact point
or angle. Figure 5 shows our MSI analytical approach to per-
form distribution analysis by quantifying gray value intensity for
systematic orientations on the same particle. Here, maximum
fluorescence intensity for a given particle is compared to relative
intensities and intensity distributions at different retrieved angles
from a top-down perspective of the particles (Fig. 5a). These
angles include at 180° (1), 135° (2), 90° (3), and 45° (4). An
unpaired 7 test comparing maximum intensities recorded from
the different orientations recorded no significant differences for
any groups (p > 0.05 for all particle groups), and as a control, all
intensities remained significantly larger than the background
gray value (p <0.0001 for all comparisons with the background
intensities) as depicted by Fig. 5b. No significant differences
from orientations enforce the protein adsorption kinetics of
streptavidin to adhere to the polystyrene and Al,O; surfaces
with equal probability and coverage. In summary, our conjuga-
tion protocol detailed here required fewer steps and far fewer
reagent volumes while retaining comparable adsorption efficien-
cy and confirming equal distribution across a hybrid surface as
compared to other studies. The comparative meta-analysis of
our study is shown in ESM Table S2.

Particle conjugation to human neutrophils
With the goal of cellular antigen classification, we validated

the microparticle conjugation to human neutrophils.
Deidentified human blood samples were obtained through
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Fig. 4 a Bright-field and b fluo- aq >

rescence imaging of microparti- °
cles functionalized with biotin-4-
fluorescein dye. ¢ Gray value
quantification of fluorescence
image using Image].
Fluorescence signals detected on-
ly along particle positions confirm
biotin-streptavidin conjugation on o
microparticle surfaces. d Relative °
maximum fluorescence intensities
measured through Imagel for
streptavidin-adsorbed Janus mi-
croparticles using biotin-4-
fluorescein fluorescence markers
(n=100). Here, the fluorescence
distribution on the particles is
much greater than background
intensity, signaling significantly
larger streptavidin density on
particles compared to soluble
streptavidin. Scale bar =50 pm
for both images

an IRB study with Robert Wood Johnson Medical Hospital.
Samples were collected from individuals with suspected sep-
sis conditions. CD11b differential regulation is considered a
pro-inflammation biomarker for sepsis stratification [46].
Results showed neutrophil surface attachment with the
functionalized microparticles (Fig. 6). Although all hybrid
surface microparticles observed had streptavidin adsorption

a b

3
PS IAI203 4

| — 0.5um

Top-down view

Fig. 5 a Multi-sectional imaging approach of hybrid microparticles func-
tionalized with biotin-4-fluorescein for fluorescence distribution analysis.
Here, fluorescence intensity was measured at different orientations rela-
tive to the top surface of the particle to confirm equal distribution of
streptavidin on polystyrene (white) and aluminum oxide (gray) surfaces
(scale bar=0.5 um). b Average maximum intensity values from each

Gray value

(9]

24 =

Average n- 100
background
18 value
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8o

Number of particles

200 220
Gray value

0 T
60 180 240 260

_-=" 2001
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I—I—l
50+
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validated over 100 microparticles, Fig. 6 shows that all
microparticles were not conjugated to the neutrophils.
This may be due to the downregulation of CD11b antigen
on neutrophils surface which is common under different
inflammatory conditions of a patient. The differential reg-
ulation of CD11b antigen will be investigated in the future
studies. For the sample presented, 30% of cells exhibited

* ok K n =100
| : 1
n.s.
2551 ' |
I T T 1 T
1954
135
751 !
15

Max 1 2 3 4

orientation (yellow) relative to the maximum particle intensity (gray) as
well as average background image (BG) gray value (cyan). Here, no
significant (n.s.) differences between groups from an unpaired statistical
T'test (n =100, p > 0.05) except for any comparison with the background
group (p <0.0001)
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Fig. 6 a Bright-field and b fluo- a ‘3
rescence imaging of functional- ’,) -
ized Janus particles with isolated ﬁ
neutrophils. Here, biotin-4-

fluorescein is used for improved

Janus particle visualization, and

neutrophils which express CD11b ®

include functionalized particle at- ®

tachment. ¢ Isolated cases show-
casing neutrophil-particle attach-
ment under fluorescence imaging. L)
Scale bars=7 pm

2

functionalized particle attachment. Capitalizing on the
multiple binding sites for streptavidin, B4F was added
and used alongside biotinylated anti-CD11b antibodies
to improve particle visualization under fluorescence mi-
croscopy (Fig. 6b). Here, functionalized particles are more
distinctly identified in the sample, with cases for neutrophil-
particle binding emphasized by Fig. 6¢, showing single parti-
cles bound to one neutrophil, multiple particles bound to one
neutrophil, and multiple neutrophils bound to one particle.
Future studies will continue to evaluate particle attachment
to neutrophils from sepsis-perceived samples and control
those results to their serum lactate levels, which has also been
attributed for sepsis diagnosis [47].

Conclusion

This work demonstrates the functionalization of hybrid sur-
face microparticles using simpler, quicker streptavidin-
biotin multi-surface functionalization chemistry. Further,
we provided an analytical model for implementing our opti-
mized assay and developed a multi-sectional imaging (MSI)
approach to validate the uniformity of functionalization on
our hybrid surface microparticles. We validated our approach
on polystyrene-Al,O3 hybrid microparticle and successfully
conjugated anti-CD11b antibody on the microparticle. We fur-
ther demonstrated the binding of antibody functionalized hy-
brid particles to the CD11b antigen on human neutrophils. The
insulative properties from the metal oxide coatings fabricated
into the hybrid surface particles entail they are measured
uniquely under different voltage frequencies. From our previ-
ous reports, lab-on-a-chip impedance detection systems are
sensitive enough to identify these polystyrene microparticles

@ Springer

with a 10 nm difference in oxide layers as well as with different
metal oxides, including titania, hafnia, and silica semi-coatings.
Our goal with this functionalization technique is to use similar
protocols for this library of microparticles with different
targeting antibodies to evaluate antigen presence and deliver a
novel multiplexing technology with a unipolar signal input and
detection output. Building off the preliminary neutrophil-
particle conjugation validation results, future studies will mea-
sure binding efficiencies over multiple controlled expression
levels with hybrid surface particles of various metal oxides
and functionalized targeting antibodies using this protocol, in-
cluding those for disease-related cell receptors such as CD66b
and neutrophil-expressed CD64. Such variation in binding of
hybrid particles to antigen-presenting cells can be further
exploited to quantify the antigen expression for disease patho-
genesis in the future.
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