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Abstract

Multiple sclerosis (MS) is an autoimmune disease that damages the myelin sheaths of nerve

cells in the central nervous system (CNS). An individual suffering from MS produces increased
levels of antibodies that target cell membrane components, such as phospholipids, gangliosides,
and membrane proteins. Among them, anti-ganglioside antibodies are considered important
biomarkers to differentiate MS from other diseases that exhibit similar symptoms. We report

here a label-free method for detecting a series of antibodies against gangliosides in serum by
surface plasmon resonance imaging (SPRi) in combination with a carbohydrate microarray. The
ganglioside array was fabricated with a plasmonically tuned, background-free biochip, and coated
with a perfluorodecyltrichlorosilane (PFDTS) layer for antigen attachment as a self-assembled
pseudo-myelin sheath. The chip was characterized with AFM and MALDI-MS, demonstrating
effective functionalization of the surface. SPRi measurements of patient mimicking blood samples
were conducted. A multiplexed detection of antibodies for anti-GTyp, anti-GMy, and anti-GA;

in serum was demonstrated, with a working range of 1 ng/mL to 100 ng/mL, suggesting

it is well suited for clinical assessment of antibody abnormality in MS patients. Statistical
analyses including PLS-DA and PCA show the array allows comprehensive characterization

of cross reactivity patterns between the MS specific antibodies, and can generate a wide

range of information compared to traditional end point assays. This work uses PFDTS surface
functionalization and enables direct MS biomarker detection in serum, offering a powerful
alternative for MS assessment and potentially improved patient care.
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It is estimated that almost two million people are affected by multiple sclerosis (MS)
worldwide, but the true number of MS patients remains unknown due to the difficulty

of obtaining an accurate diagnosis.? Although there have been attempts to link MS to
genetics, environmental conditions, dietary restrictions, or viruses as the underlying factors
that lead to its development, many of these studies have proved to be inconclusive.l: 2
While the underlying causes of MS remain elusive, the process by which the symptoms
associated with MS are displayed is well understood.3 The most common symptoms
observed in MS patients are numbness, slurred speech, paralysis, vertigo, impotence,
tremors, loss of muscle control, and change in or loss of vision.* These symptoms have
been directly associated with damage to the myelin sheath in the nervous system. The
myelin sheath is a lipid rich material: 0.3 % of which are gangliosides, 15 to 30 %

are various proteins, and the remaining 70 to 85 % are various lipids.> Gangliosides

are sialic acid-containing glycosphingolipids and are essential for cell-cell recognition,
adhesion, and signal transduction throughout the CNS.® In MS patients, the concentrations
of anti- ganglioside antibodies in serum range between 3 ng/mL to 20 ng/mL.” These
antibodies may initiate the attack on myelin sheaths as well as oligodendrocytes, which
leads to demyelination. A number of symptoms in MS have been suggested to be associated
with specific anti-ganglioside antibodies.® For instance, anti-GA; and anti-GM; have been
linked to optic nerve damage resulting in symptoms associated with eye movement and
inflammation, while anti-GT1y, is believed to be associated with loss of muscle control,
specifically in the upper and lower limbs.9-12

Current diagnostic techniques for MS are considered to be inconsistent and unreliable.13
This is primarily due to the variation of symptoms expressed from patient to patient.
Magnetic resonance imaging (MRI) and electrophysiologic recordings are often used in
tandem to assess whether an autoimmune attack has occurred and caused damage to

the CNS.14-16 To further confirm the diagnosis, blood tests and spinal taps are then
conducted to rule out other diseases that show similar symptoms.16: 17 Spinal taps or
lumbar punctures are employed to collect cerebrospinal fluid (CSF) for elevated levels

of autoimmune antibodies, oligoclonal bands, and white blood cells.18: 12 While lumbar
punctures facilitate the detection of MS, it is an unattractive avenue for disease progression
monitoring due to limited sample size that can be extracted, difficulty in performing the
procedure, and the inability to routinely collect CSF.19 The last issue proves to be a major
hurdle since accurate diagnosis through these methods can range anywhere between a few
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months to several years.20 Blood tests thus have gained considerable interest in recent
years as a way to detect and monitor the progression of MS due to their quick and
minimally invasive collection procedure. Unlike lumbar punctures, blood samples can be
easily collected in large quantities and at different timepoints. However, common biomarkers
often have much lower concentrations in blood than in CSF, which is the reason why
highly sensitive detection is urgently needed.1’- 21-24 While there currently is no definitive
blood test that allows unambiguous MS diagnosis, these tests are routinely conducted to
determine if other diseases may be present that have similar symptoms as MS. It should

be noted that the common blood biomarker tests intended for MS diagnosis also include
those markers for Lyme disease, rare hereditary disorders, syphilis, HIVV/AIDS, lupus, and
fibromyalgia.1”- 2123 ELISA has been the method of choice for antibody detection and
serologic diagnosis. The CDC has called for the development of new tests of these markers
in an advanced format that can be more informative. Microarray technology is capable

of detecting antibodies at biologically relevant concentrations and under identical testing
conditions, which would give new insights into which antibodies are linked to specific
inflammation and damage to the CNS. The microarray test of anti- ganglioside antibodies
and a quantitative assessment of their cross reactivity could also simplify the diagnostic
procedure, combining the benefits of blood tests and spinal taps for effective detection,
characterization, and evaluation of MS.

In this work, we report a multiplexed detection for a series of MS biomarkers in serum

by using surface plasmon resonance imaging (SPRi) in combination with ganglioside
microarrays (Figure 1). SPRi is a label free, real time, sensitive and direct detection
method,2® and has found broad applications in drug delivery,28 cell based analysis,2’
biomarker profiling,28 and biotechnology.2® The ganglioside array used in this work was
built with plasmonically tuned, background-free biochips and a coating of a perfluorodecyl-
trichlorosilane (PFDTS) monolayer. PEDTS is a near superhydrophobic agent that forms
compact monolayers on silica coatings on our SPR chips, which exhibits antifouling
properties3® and allows simple functionalization with gangliosides (Figure 1C). Three
gangliosides (GA1, GM4, and GTyy), structures of which are shown in Figure 1B, were
chosen for this work and incorporated into the PFDTS microarray that mimic the myelin
sheath. These gangliosides were chosen for initial test because antibodies for these antigens
are pathologically relevant and are associated with common MS symptoms such as rapid eye
movement, loss or change of vision, and loss of upper and lower muscle control.8-12 Once
verified, this microarray method can expand and include additional gangliosides for a more
comprehensive testing.

EXPERIMENTAL METHODS:

Materials and Reagents:

1H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFDTS) was obtained from Fisher Scientific
(Pittsburgh, PA). Monoganglioside GM; was obtained from Matreya (Pleasant Gap, PA).
Trisialoganglioside GTqp, was purchased from Biosynth (ltsaca, I). Anti monoganglioside
GM; rabbit polyclonal antibody, anti asialoganglioside GA1 human anti mouse monoclonal
antibody were purchased from Abcam (Cambridge, UK). Anti Trisialoganglioside GTqp
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ganglioside mouse monoclonal antibody was purchased from Millipore Sigma (Billerica,
MA). Asialoganglioside GA1, anti Trisialoganglioside anti-GT, antibody heavy chain
specific human anti mouse monoclonal antibody, a-cyano-4- hydroxycinnamic acid
(CHCA) were from Sigma-Aldrich (St. Louis, MO). Human serum was purchased from
Innovative Research (Upper Marlboro, MD).

Fabrication of SPR and SPRi Substrates:

Fabrication of SPR and SPRi chips was performed following a previous procedure published
by our group.3 In brief, 2 nm of titanium (0.5 A/s) followed by 48 nm of gold (2.0

Als), were deposited on slides via electron beam physical vapor deposition (EBPVD)
(Temescal, Berkeley, CA). This is followed by depositing roughly 1-3 nm of SiO, onto

the gold layer via plasma enhanced chemical vapor deposition (PECVD) using a Unaxis
Plasmatherm 790 system (Santa Clara, CA). For SPRi arrays, the slides were spin-coated
with hexamethyldisilazane (HMDS) to promote adhesion with AZ5214E at 4000 rpm for

45 s. After baking at 110 °C for approximately 1 minute, UV exposure via a Karl- Suss

MA- 6 system was used to create an array pattern on the photoresist, which was followed

by standard photoresist development protocols. The well walls were formed by a 2 nm layer
of titanium as an adhesion layer followed by 200 nm of gold both deposited via EBPVD.
The remaining photoresist was lifted from the surface with acetone. Once all the wells were
removed, another layer of 2 nm of titanium was deposited followed by 48 nm of gold both
deposited via EBPVD to form the sensing surface inside of the wells. PECVD was then used
to deposit 1-3 nm of SiO5, on the microarray chips. The SPRi microarray chips consisted of
10 x 10 well arrays that were 600 pm in diameter and 200 nm deep.

Surface Functionalization and Preparation:

For functionalization, the chips were submerged in 1 mM PFDTS that was diluted in
toluene. After 30 minutes, the chip was removed from the solution and rinsed with toluene,
ethanol, and deionized water and dried with nitrogen gas. Once the chips were dry, 20 pL

of 100 pg/mL GA1, GMy, or GTyp gangliosides in chloroform were pipetted onto the chips
and covered with a glass cover slip to allow the gangliosides to evenly cover the SPR chips
surface. The chips were then allowed to dry for 5 minutes under ambient conditions. For
SPRi chips, 1.5 pL of the 100 pg/mL stock solution for each ganglioside were incubated into
each well of their respective row to create four different working channels (eight working
wells per channel) when attached to the PDMS flow cell. Each chip was fabricated using

the same configuration: the first channel is left non-functionalized as an internal standard to
determine chip to chip variation, while 1 pL of 100 pug/mL stock solutions of GA;, GM4, and
GTyp gangliosides are pipetted onto each well and left to dry.

Microarray Surface Characterization

The biochips were further characterized at various fabrication steps via AFM. The SPR
biochips were examined during each functionalization step: first silica gold (Au), then
PFDTS silica Au, and finally GTyj, ganglioside functionalized onto the PFDTS silica Au
biochip. GTy, ganglioside was used as a representative of the gangliosides to confirm that
they form evenly onto the surface. Contact angle measurements were used to determine
the hydrophobicity of the surfaces at various fabrication steps.32 All images were taken at
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ambient temperature and pressure. MALDI-MS instrument was used to confirm the presence
and identity of gangliosides on the array after functionalization. A MALDI matrix of 1 mL
CHCA was prepared with 50 % acetonitrile, 49 % DI H,0, and 1 % trifluoroacetic acid.

For the SPRi multiplexed biochips, 1 pL of matrix solution was pipetted into each well and
allowed to dry. Chips were mounted on a steel MALDI plate and analyzed with an AB
SCIEX TOF/TOF 5800 spectrometer operating in negative ion reflector mode at an intensity
of 5000 A.U.

SPR and SPRi analysis:

A NanoSPR5-321 (NanoSPR, Chicago, IL), a dual-channel SPR spectrometer with a

GaAs semiconductor laser light source set at a wavelength of 670 nm, was used for

all spectroscopic measurements for conventional SPR biosensing. The device utilizes a
prism with refractive index of n=1.61 and a 30 pL flow cell. PBS (phosphate buffered
saline) running buffer at a pH of 7.4 was used in all experiments with a flow speed of

5 mL/h. Solutions of anti-GA, anti-GMj, and anti-GTy, were diluted with 1 x PBS to
various concentrations for SPR experiments. After injection into the devices, solutions were
incubated for 30 minutes before rinsing. In serum experiments anti-GTqp, was spiked into 10
% human serum diluted with PBS.

SPRi measurement was conducted on a home-built setup and a detailed description of which
can be found in our previous work.33 The functionalized substrates were mounted onto

an optical stage that houses a PDMS flow cell. The array was placed in contact with an
equilateral SF2 prism (n = 1.65) with a layer of refractive index matching fluid (Cargill
Laboratories, Cedar Grove, NJ). A 648 nm light emitting diode (LED) was used as the light
source for SPR excitation. Reflected images of the microarray were captured by a cooled
12- bit CCD camera (QImaging Retiga 1300) and data acquisition was controlled via a
home built LabView program. Intensity data was normalized by using the intensity from the
p-polarized light over the s-polarized beam and described as a percentage.

Statistical analysis:

Analysis of variance (ANOVA) was conducted in Excel with the Analysis ToolPak add-in
and used the end point data obtained with SPRi. Partial least squares discrimination analysis
(PLS-DA) plots were generated with MetaboAnalyst platform and used the raw data from
the SPRi sensorgrams for analysis. Principal component analysis (PCA) was completed with
the prcomp function in R and graphed with the ggbiplot package with an ellipse probability
set to 95 % using the end point data from the SPRi ganglioside microarray data.

RESULTS AND DISCUSSION:

Biochip Surface Fabrication and Characterization

Perfluorinated hydrocarbon monolayers have been reported as an attractive surface for
detection of analytes in complex media due to their near superhydrophobic and antifouling
properties.3* The monolayer can interact strongly with hydrophobic tags or moieties that
are attached to the probes, presenting the antigenic sensing site in a well-organized and
easy to access manner.34 This works ideally for ganglioside immobilization and formation
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of ganglioside microarrays (Figure 1). We generated the PFDTS monolayer on a silica
coating of the gold SPR substrate, where the silica nanofilm can also improve plasmonic
properties for binding interactions.3> Confirmation of ganglioside immobilization on the
biochips was achieved by contact angle measurement, AFM, and MALDI-MS. Contact
angle measurement shows that the pristine silica surface had a contact angle of 64.0 £ 2.0
degrees, indicating that the surface is rather hydrophilic (Figure 2 insertion). After PFDTS
coating, the contact angle drastically increased to 131.1 + 2.5 degrees; this value is close to
what is accepted as being a superhydrophobic surface.33 Three different gangliosides were
used to make the array: GA1, GM¢, and GTqp. After incubating, the contact angles for the
ganglioside functionalized surfaces were 125.9 + 3.1, 125.9 + 2.3, and 124.9 + 3.9 degrees,
respectively (Figure S1). The results also showed that the functionalized PFDTS substrate
maintained hydrophobicity after the ganglioside deposition. This is important to the sensing
in complex media as highly hydrophobic surfaces have been shown to play significant roles
in antifouling techniques.30: 36

MALDI-MS was conducted to confirm that ganglioside functionalization onto the PFDTS
surface was successful and remained after washing under microfluidic conditions. The

MS spectra for GT1p, ganglioside is shown in Figure 2A, as it fragments into the other
gangliosides of interest in this study. Peaks used for the confirmation that GTyy, ganglioside
was on the surface were 2158.91 m/z, 2129.98 m/z, and 2108.92 m/z.3": 38 During the
ionization process it is possible for GT1y, ganglioside to fragment and lose its sialic acid
(SA) groups.3” The fragmentation of GTy, splits it into one SA and either GD1, or GD1,
which are both associated with the peaks at 1863.82 m/z and 1835.77 m/z.37: 38 Because
GD1, and GD1;, gangliosides both have the same mass and the difference between the two
is the location of the SA groups, they cannot be differentiated by the presented spectra.
Fragmentation continues with the loss of a second SA groups resulting in GM; associated
peaks 1572.77 m/z and 1544.75 m/z being present.3”: 38 The loss of the third and final

SA group from the fragmented GTyy, ganglioside results in the peaks associated with GA;
ganglioside being present which are 1270.30 m/z and 1252.29 m/z.38 The collected results
agree well with the spectra found in literature. GTy}, associated peaks range from 2150

to 2250 m/z, GD1, and GD1;, range between 1800 to 1900 m/z, GM; confirmed peaks

are from 1500 to 1600 m/z, and GA associated peaks range between 1200 to 1300 m/
2.37-41 The MS spectra for GM; and GA; gangliosides can be found in the Supplemental
Information (Figures S2-S3).

AFM was also utilized to characterize the surface at various fabrication steps: silica gold
chip, PFDTS monolayer on silica gold, and ganglioside on PFDTS on the silica gold

chip (Figure 2 C-D and Supporting Materials). Surface roughness was measured for each
fabrication step to ensure no clumping had occurred, which could potentially compromise
the sensitivity on both SPR and SPRi. GTyy, the largest ganglioside in the group, was

used as a representative ganglioside for array fabrication characterization. The RMS for
the silica gold surface, PFDTS monolayer on the silica gold surface, and GTy}, ganglioside
functionalized PFDTS monolayer were 1.63 nm, 10.47 nm, and 9.34 nm, respectively. The
deposited layers did not appear to agglomerate in specific regions on the chip at any of

the fabrication steps, and that the surfaces were in fact smooth. While there is a moderate
increase in surface roughness for the functionalized surfaces, the values still fall well below
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the decay length of the SPR evanescent field, suggesting that the PFDTS functionalization
has little effect on sensing performance.*2

Capture of Antibodies on Ganglioside Functional Surfaces by Spectroscopic SPR

Conventional SPR biosensing was initially used to characterize the antibody binding to the
functionalized biochips before attempting multiplexed detection on an SPRi instrument. All
experiments were conducted with antibodies diluted in PBS to measure specific binding on
their respective surfaces as well as nonspecific binding and cross reactivity between various
antibodies. To account for cross reactivity between the ganglioside surface and the anti-
ganglioside specific antibody, the antibody that showed the highest nonspecific binding was
used as a control. Figure 3A shows the sensorgrams where 50 ng/mL of anti-GM4 and
anti-GA; were injected onto a 0.1 mg/mL GA; ganglioside surface. This process was also
performed on the GTy;, ganglioside surface with 10 ng/mL of anti-GTy, and 10 ng/mL of
anti-GA; (Figure 3B). In both cases, a baseline was quickly established, and the control
antibody had little to no binding to the surface. This is in direct contrast to the specific
antibody/ganglioside pair (Figure 3. A and B lower curves), which shows a clear angular
shift, even after the rinse cycle.

A calibration curve for the three antibodies was generated at concentrations ranging from
1-100 ng/mL, as shown in Figure 3C. From the sensorgrams, the specific binding of 10
ng/mL of anti-GT, on a GT ganglioside surface has roughly the same specific binding
as a 25 ng/mL anti-GM; on a GM4 ganglioside surface. The reported LOD, calculated

by using the 3o method, were 17.6 ng/mL for anti-GA;, 11.3 ng/mL for anti-GM,, and

8.2 ng/mL for anti-GT4y, respectively. The stronger binding interactions and lower LOD
observed for anti-GTqy, can be attributed to the large headgroup (more sialic acids) of GTyy
ganglioside.3 We thus chose anti-GTyj, as the model biomarker for the assessment of MS
specific antibodies in serum at biologically relevant concentrations using SPRI.

SPR Imaging Detection of Anti-GTyp in Serum

SPRi allows interrogation of multiple elements simultaneously and thus provides real time
analysis with the additional benefit of high throughput and multiplexed detection.?8 Previous
work in our lab demonstrated that patterned gold substrate with microwells yielded arrays
with tunable plasmonic properties for various experimental needs.** And a background
free imaging analysis with enhanced sensitivity and contrast can be realized.?8 31. 45 This
property was combined with the PFDTS monolayer and gangliosides for SPRi detection

of MS related antibodies in serum in this work (Figure 4). We modified slightly the

array fabrication procedure for attenuating background plasmonics3L: 46 (Figure S6), and
introduced an alkyltrichlorosilane-based procedure for surface modification.34 The PEDTS
coating yielded a relatively ordered surface to enable strong hydrophobic-hydrophobic
interactions, and the coating does not compromise surface smoothness and thus the
performance, as discussed previously.

Using a loop flow cell, 4 working channels were defined in the microarray analysis; each
channel having eight active wells for statistical analysis, as shown in Figure 4. There was an
unfunctionalized channel (framed in black) that was used as a reference point to account for
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chip to chip variation. The response of anti-GT4y, on the ganglioside array, when specifically
detecting anti-G T}, showed a low signal of nonspecific binding in the diluted serum. The
collected results show excellent agreement with the collected data on spectroscopic SPR
(Figure 3C) and SPRi biosensing in other buffering conditions such as PBS and 2.0 mg/mL
BSA (Figure 6).

Nonspecific binding from complex media onto the sensing interface for SPR and SPRi is
arguably the major factor that hinders wide utilization of SPR detection methods as a routine
diagnostic tool .4 47 To further characterize the nonspecific binding on the PFDTS layer, we
saturated the surface with 10 % serum before antibody injection and evaluated the sensing
performance (Figure 5A). The serum acts as an antifouling agent by blocking nonspecific
binding locations that may become occupied when the anti-GTy, spiked serum samples

are introduced. 10 % serum was selected to passivate the surface as this was the same
dilution that the antibodies were spiked into and 10 % serum has been used to represent
complex media in literature.*8 To characterize specific detection of anti-GTyp, and monitor
cross reactivity, we tested antibodies at various concentrations (1 ng/mL to 100 ng/mL)

and compared the response. A typical sensorgram is shown in Figure 5B, which shows

low cross reactivity of anti-GM1 on a GTyy, ganglioside surface. The shift caused by 100
ng/mL anti-GTqp was much larger than that by 100 ng/mL anti-GMq on a GT14;, ganglioside
surface, indicating specific binding and also some level of cross reactivity. After rinsing the
surface with PBS, the signal for anti-GTqy, was again higher than for anti-GM1, which agrees
with the results on spectroscopic SPR.

A calibration curve for anti-GTqy, under different experimental conditions was generated
using SPRi data, as shown in Figure 6. The sensing surface has a working range of 1 ng/mL
to 100 ng/mL. The LOD was calculated to be 2.34 ng/mL using the 3o principle. The results
showed that this ganglioside microarray is capable of detecting MS antibodies in serum at
clinically relevant levels, which are present in patient serum at concentrations between 3
ng/mL and 20 ng/mL.

Multiplexed Detection and Statistical Analysis of Ganglioside Antibodies in Serum

Precise detection of various antibodies for MS-related gangliosides in serum is a complex
process due to existence of cross reactions. We used hydrocarbon microarray to investigate
the cross reactivity with the multiplexed detection of anti-G Ty, anti-GMj, and anti-GA1 in
10 % human serum (Figure 7). The data presented was the average of at least 5 samples,
and 0.1 mg/mL of GA,, GM¢, and GTyy, ganglioside were used for microarray fabrication.
The shifts caused by 100 ng/mL anti-GTq,, were 0.66 + 0.23 % RIU on GA; surface, 1.21 +
0.10 % RIU on GM; surface, and 4.62 + 0.24 % RIU on GTy}, surface. The results indicate
that anti-GTqp, shows the largest response for its ganglioside, indicating the selectivity of
the antibody and also suggesting elevated binding strength due to a large headgroup.*3 The
shifts caused by 100 ng/mL anti-GM; on the GA1, GMy, and GT1;, microarray were 1.62
+0.21 % RIU, 3.35 + 0.17 % RIU, and 0.98 £ 0.23 % RIU respectively, while 100 ng/mL
of anti-GA caused a shift that resulted in a 3.32 £ 0.17 % RIU for GA4, 1.25+0.23 %
RIU for GM4, and 0.58 £ 0.17 % RIU for GT}. Using the lowest binding as a correction
for nonspecific binding, we calculated the specific binding for the three antibodies in spiked
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serum to be 3.64 £ 0.24 % RIU, 2.01 £ 0.17 % RIU, and 1.70 £ 0.17 % RIU for anti-GTyy,
anti-GMy, and anti-GA1, respectively. The cross reactivity between anti-GM; and anti-GA;
can be attributed to the similar structure of the two gangliosides, where the only difference is
that GM1 has a SA group while GA; does not.?

To further evaluate the cross reactivity and differentiate antibody-ganglioside interactions,
we conducted several statistical analyses of the microarray data including analysis of
variance (ANOVA), partial least squares discriminant analysis (PLS-DA), and principal
component analysis (PCA). ANOVA indicated antibody interactions with different
ganglioside surfaces are statistically relevant with calculated p-values < 0.05. The variance
was found to vary between 0.06 and 0.03, with anti-GT1,/GTyp, pair having the lowest
variance while anti-GA1/GA1 having the highest variance. PLS-DA was conducted using
longer range of data from the SPRi sensorgrams, which allowed for evaluation of the
binding interactions that include both kinetic and steady state components. PLS-DA results
indicated marked differences for anti-GT, and anti-GA; as the gangliosides differ the most.
Figure 7B shows the score plot for anti-GA; binding associations with each ganglioside on
the array. There was a substantial overlap between anti-GA; and GM; ganglioside, whereas
no overlap was observed between anti-GA; and GTq, ganglioside. Interactions of anti-GTyy,
with various gangliosides on the array is shown in Figure 7C. As expected, anti-GT

and GM1 ganglioside had some cross reactivity while no overlap was present for GA{
ganglioside. The cross reactivity observed agrees well with data collected on conventional
SPR (Figure 3A-B) and on SPRi (Figure 4A), and can be attributed to the presence of

SA group(s). The larger structural difference between GTqp and GA decreases the cross
reactivity, while this effect appears to be reversed for similar structures of GMq and GA;.
The analysis with PLS-DA using binding kinetic features allows determination of the extent
of cross reactivity and selectivity of the antibodies. This approach may provide highly useful
information on the nature of the immune interactions between structurally similar antigens.

In addition, PCA analysis was conducted based on end point values for each array
component, as shown in Figure 7D. A clear separation between anti-GTy, anti-GM1, and
anti-GA regions is obtained, which agrees well with the calibration curves in Figure 3C.
This ability to identify specific antibody/ganglioside interaction is very significant, because
it shows the microarray method is powerful for differentiating multiple antibodies in a single
experiment, even with an extensive degree of cross reactivity.

These statistical analyses provide convincing evidence that the functionalized PFDTS
ganglioside microarray is capable of probing the complex cross reactivity network between
the MS specific antibodies, and is thus able to provide a wide range of information
compared to traditional end point assays. The effectiveness of the microarray can be
attributed to the near superhydrophobic properties of the PFDTS surface, the carbohydrate
head groups of the probes, and the added surface protection techniques. The array can also
allow for high throughput antibody screening for disease diagnosis in patient samples, which
may lead to faster diagnosis and more effective therapies.
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We have demonstrated a new and effective platform to screen blood samples for

potential diagnosis of multiple sclerosis by assessing ganglioside antibody interactions and
quantifications. The SPRi microarray biochip has shown to be able to detect and differentiate
between MS specific antibodies at biological relevant concentrations. This method is an
important step towards MS diagnosis as the complexity of MS is partially attributed to

the clinical observation of high individual heterogeneity that certain antibodies present in
one patient may not be expressed in another, and the concentrations may vary wildly.
Therefore, detecting a broad range of antibodies with multiplexed capability and under
identical assay conditions is critical. The ganglioside microarray can be easily extended

to include other important glycolipids and sphingomyelins from the myelin sheath, which
will allow for a broad-spectrum profiling of the patients” samples. Using anti-GTyj as an
example, we showed this microarray can detect biomarkers within the range of disease
relevant concentrations of 3 ng/mL to 25 ng/mL. Statistical analysis presented here using
ANOVA, PLS-DA, and PCA allowed for the analysis of features in the SPRi sensorgrams
and the endpoint data, revealing unique characteristics that can be used for identification of
specific analyte/antigen interactions. We believe the work presented here has the potential
to improve disease diagnosis, enhance the evaluation of disease progression, and may

lead to improvements in drug development that aims at blocking antigen binding regions
and inhibiting the immune system from targeting components of the CNS. Future work
will expand to cover more immuno biomarkers in whole serum and inclusion of signal
amplification for detecting those potential biomarkers with extremely low abundance.
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PFDTS Functionalization

Incubation of Gangliosides Binding of Antibodies on Pseudo-Myelin Sheath

Figure 1.
(A) Cartoon illustration of MS antibody attack on the myelin sheath of nerve cells, their

circulation in the blood stream and detection by an SPR sensor with a membrane-mimicking
interface. (B) Structure of GM; ganglioside and its headgroup carbohydrates: blue circle

for glucose (GlIc), orange circle for galactose (Gal), orange box for N-acetylgalactosamine
(GalNAC), purple diamond for N-acteylneuraminic (NeuAc); along with structures for GA;
(green) and GTyy, (blue). (C) Surface functionalization steps and the detection scheme for
MS specific antibodies in serum.
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(A) MALDI MS spectra for GTyj, ganglioside. (B) Contact angle of 0.1 mg/mL GTyy,
ganglioside functionalized onto the PFDTS silica Au surface. (C) AFM image for 0.1
mg/mL GTyy, ganglioside functionalized onto the PFDTS silica Au surface and (D) a height

map to show the surface roughness.
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Sensorgrams for (A) 50 ng/mL anti-GM; (Red) and 50 ng/mL anti-GA; (Green) in PBS on
a 0.1 mg/mL GA; ganglioside PFDTS functionalized surface, and (B) 10 ng/mL anti-GT1
(Blue) and 10 ng/mL anti-GA4 (Green) in PBS on a GTqy, ganglioside PFDTS functionalized
surface. Numbers indicate experimental conditions/actions for 1) Baseline, 2) Injection of
antibody, 3) Incubation, and 4) Rinse. (C) calibration curves of anti-GTyy, (Blue), anti-GM1

(Red), and anti-GA; (Green) in PBS.
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(A) SPRIi sensorgrams showing shifts caused by injecting 100 ng/mL anti-GTqy, in 10 %
serum on GT1, ganglioside surface (Blue), GM; ganglioside surface (Red), GA; ganglioside
surface (Green), and PFDTS surface (Black). Number indicate experimental conditions/
procedure: 1) Rinse after 10 % serum, 2) Inject 100 ng/mL anti-GTqp in 10 % serum,

3) Incubation, and 4) Rinse. (B) SPR image of the ganglioside arrays. Color indicates
functionalized surface in each row.
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Figure5.
(A) SPRi spectrogram of 100 ng/mL anti-GTyy, in 10 % serum on a PFDTS ganglioside

surface (1. Baseline, 2. Injection of 10 % serum, 3. Incubation, 4. Rinse, 5. Injection of

100 ng/mL anti-GTyy, (Blue) and 100 ng/mL anti-GM1 (Red) in 10 % Serum, 6. Incubation,
and 7. Rinse.) (B) Cross reactivity characterized by 100 ng/mL anti-GM; (Red) ona GTyy,
ganglioside functionalized surface compared to shift caused by anti-GTq, (Blue).
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Figure 6.
Calibration curves for the specific binding between GTy, ganglioside functionalized

substrate and anti-GT1}, spiked in PBS at pH of 7.4 (purple), 2.0 mg/mL BSA (orange), and
10 % diluted serum (blue) at below (1 ng/mL) and above (20 ng/mL) MS related antibodies
concentrations.
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Figure7.

(A) Bulk changes caused by MS specific antibodies at 100 ng/mL spiked in 10 % serum
on a high throughput multiplexed SPRi microarray. (Blue) % RI, AU caused by 100
ng/mL anti-GTqp on 0.1 mg/mL GTyp, GM4, and GA ganglioside surfaces, (Red) binding
between 100 ng/mL anti-GM and 0.1 mg/mL on a GT1,, GM1, and GA; ganglioside
surfaces, and (Green) binding between 100 ng/mL anti-GA; and 0.1 mg/mL GT4p,, GM1,
and GA; ganglioside surfaces. (B) Partial Least Squares Discriminant Analysis (PLS- DA)
for 100 ng/mL anti-GA7 on the three PFDTS ganglioside functionalized surfaces. (Red)
anti-GA; on GA; ganglioside surface, (Green) anti-GA; on GM; ganglioside surface,

and (Blue) anti-GA on GTq ganglioside surface. (C) PLS- DA for anti-GTy}, on (Red)
GA; ganglioside surface, (Green) GMq ganglioside surface, and (Blue) GT; ganglioside
surface. (D) Principal components analysis (PCA) showing the ability to separate the three
anti- ganglioside antibodies based on their induced response across the whole ganglioside
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microarray. (Blue) 100 ng/mL anti-GT4p, (Red) 100 ng/mL anti-GM,, and (Green) 100
ng/mL anti-GA;.
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