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ABSTRACT

The ability to control the orientation of proteins attached to a surface, one of
the goals of this work, has applications within areas such as microarrays, biomaterials,
tissue engineering and biosensors. Non-covalent protein adsorption (physisorption),
the easiest of all protein-attachment approaches, suffers from several drawbacks and
was rejected for this work. Although the covalent attachment (chemisorption) of
peptides and proteins to solid substrates has long been achieved, many of the
procedures utilized are generally limited to schemes and reaction steps that can be
detrimental to biological systems. Furthermore, while the attachment is covalent, the
point(s) of attachment on the protein and its subsequent orientation at the surface
remain uncontrolled, resulting in a distribution of protein orientations at the surface,
and therefore a decrease in the effective bioactivity sought. The focus herein was to
investigate the feasibility of control of attachment site(s) on the protein, and hence, the
orientation of the protein at the surface. Specifically, we sought to functionalize a
glass support substrate with one of several cyclooctene compounds (patterned through
micro-contact printing, or un-patterned by simple immersion), followed by reaction in
these functionalized areas with a site-specifically modified tetrazine-protein moiety,
either through “click chemistry’ or non-specific binding (as a control for comparison
purposes). While the strain-driven reactivity of cis- vs. trans-cyclooctene have been
studied in homogenous solution systems, this is the first study of the reaction scheme
at a surface. Time-of-flight secondary ion mass spectrometry (ToF-SIMS),

fluorescence imaging, contact angle analysis, and principal component analysis were



utilized to determine the outcome of each step in the reaction scheme. The covalent
attachment of tetrazine-modified protein with trans-cyclooctene-modified surfaces was
observed, as expected, whereas only non-specific absorption was observed on the cis-

cyclooctene-modified surfaces.
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Chapter 1

INTRODUCTION

Adhering biomolecules on surfaces with patterning on the micron to nanometer
scale has applications ranging from model systems to characterize protein-protein
interactions, protein-small molecule interactions, to technologies that can improve the
performance of biomedical implants.>?34 Current techniques employed for the
immobilization of biological molecules on surfaces are often limited to particular
proteins, non-specific adsorption of a protein to the aqueous-solid interface, or
covalent attachment of a protein at the aqueous-solid interface. However useful, there
are considerable limitations to these immobilization techniques. Non-specific
adsorption of a protein to a surface does not allow for control of the orientation of the
protein, which can cause structural changes or denaturation, impacting responses
between cells and the bound protein.>®"# In covalent binding schemes, multiple
binding sites are often utilized, leading to an uncontrolled distribution of protein
orientations at the surface.®° It is known that the type of biomolecule, its identity
within a certain type, its orientation, its conformation, and its coverage all affect the
interactions between a solid-phase platform and the cellular interface.** In order to
evaluate efficiently the biological or cellular interface, the surface-bound protein will
need to have a controlled orientation and retain its native structure, 11314

In this work, we offer a cost-effective and simple method to develop
functionalized micron-scale patterns on glass surfaces, while also controlling the

orientation of a bound biomolecule. Our initial test system consisted of tetrazine-



modified green fluorescent protein (GFP). Glass surfaces that were patterned with
trans-cyclooctene allow for a rapid biorthogonal ligation with the site-specifically
modified tetrazine-protein.?>1%1718 Ag a non-reactive control for non-specific
physisorption, cis-cyclooctene patterned surfaces were employed. By utilizing ToF-
SIMS, fluorescence microscopy, and principal component analysis, the differences in

bound proteins were evaluated.

1.1 Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

In order to obtain the molecular information about the surface of the
functionalized glass surfaces, ToF-SIMS was utilized (Figure 1.1). ToF-SIMS is an
instrumental technique that allows the desorption and detection of ionized molecular
material (all elements, including hydrogen) from the first 1-3 nm of a surface being
analyzed.*®?° The instrument utilizes a pulsed primary-ion beam to bombard a sample
surface and generate both charged and neutral secondary species derived from the
sample surface (Figure 1.2). The emitted, charged secondary ions are focused into a
reflectron-type time-of-flight mass analyzer, where they are allowed to separate based
upon their mass-to-charge ratio m/z and hence flight time to the detector. The
technique is able to provide elemental and molecular information with a mass
resolving power (“mass resolution”) up to m/Am = 10,000. Such high mass resolution
allows for ions with the same nominal mass to be clearly distinguished and resolved
from each other (e.g., Si*, AIH*, CO*, N>*, and C,H4", all at the nominal mass of 28).%
In addition to this, the primary-ion source, a liquid-metal ion gun (LMIG) can be
focused into a beam with a sub-micrometer spot size, allowing high-lateral-resolution

images in which ion intensity forms the image’s contrast signal. Furthermore,



sensitivity is very good, providing the ability to detect compounds present at the parts-

per-million to parts-per-billion range under many conditions.?%%3



Figure 1.1. Photograph of the ToF-SIMS instrument that is located within the
Surface Analysis Facility at the University of Delaware in Newark, DE,
and used for the bulk of this work. (Image courtesy of
https://sites.udel.edu/saf/files/2014/10/tof-sims-2m7mOsf.jpg)
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Figure 1.2 ToF-SIMS Schematic. A pulsed, focused primary ion beam is used to
bombard the sample surface, causing the emission of neutral and charged
secondary fragments. The charged secondary ions are directed to the

mass analyzer where a m/z spectrum is generated, plotted as ion intensity
vs. m/z.



In the broadest sense, ToF-SIMS is capable of collecting mass spectral data in
two different modes: static or dynamic. Because of the energy that is imparted to the
surface upon collision with a primary ion as part of the analysis, ion-induced damage
can result and the surface’s structure can be changed during analysis. Because of the
possibility of ion-induced sample damage during secondary-ion formation,
compounded with ToF-SIMS’s high sensitivity, it is important that the analysis area
only be sampled once so that secondary ions generated are consistent with the actual
chemical composition of the surface, and not a surface damaged by analysis.

In static SIMS, which was utilized for the experimentation contained herein,
less than 0.1% of the surface area within an analysis area is impacted and potentially
damaged by the primary ion used to generate the secondary ions, leading to the term
“static,” and implying that the analysis process has not changed the sample surface.
The generally accepted primary ion dose density for static SIMS analysis is less than
1x10*2 jons cm™2.2* This figure is based on the fact that a single crystal metal surface
contains on the order of 1x10% atoms cm. Therefore, when operating below the
static SIMS limit, one can be sure that less than one in 1,000 surface atoms (or 0.1%)
have been hit and possibly damaged by a primary ion. Depending on the type of
primary ion used (e.g., Ar*, Cs*, SFs*, Ga*, Au*, Auz*, Aus*, Bi*, Bi2", Bis*, Ceo",
Ar00"), and the nature of the sample, the damaged area surrounding a single ion
impact can have a diameter in the 1-nm to 100-nm range. To ensure that less than
0.1% of the surface area is impacted by a primary ion during a static SIMS analysis,
the primary-ion dose density is kept low.

In the other analysis mode, dynamic SIMS, ion-induced sample “damage” is

used to sputter into and remove layers of the sample during analysis, so as to



determine concentrations as a function of sample depth. Because of the aggressive
nature of ion-induced sample removal, also known as sputtering, dynamic SIMS is
limited to elemental analysis because molecular structure is damaged by the sputtering
process. Dynamic SIMS was not used in the bulk of this work and will not be
discussed further.

ToF-SIMS was used in the static mode in this experimental work to understand
and verify that surface modifications had taken place at each reaction step. Due to the
fact that static ToOF-SIMS has high mass resolution and is both sensitive and surface-
sensitive, it is an ideal instrumental technique for the analysis of surface-bound
proteins.?>2® The imaging capabilities of the instrumentation were also utilized to
compare the localized chemistry created by micro-contact printing of patterned
regions on the length scale of 40 to 80 micrometers. ToF-SIMS images were used here
to quantify image contrast of laterally adjacent surface-functionalized regions, and to

verify the successful modification of the surfaces.

1.2 Chemometrics

Multivariate analytical techniques are well established and widely used in the
analytical community to identify important trends within large and complex data sets.
One technique, principal component analysis (PCA) is used to reduce the
dimensionality of ToF-SIMS and other data and identify useful information from less-
useful, random noise. The process by which PCA is utilized to analyze ToF-SIMS
spectra results in the formation of a scores matrix and a loadings matrix from the
original data sets. The scores matrix for ToF-SIMS data are representative of the
samples (each sample is a single mass spectrum) while the loadings matrix represents

the variables in each mass spectrum (each variable is a peak intensity at a single m/z



value). Essentially, a new coordinate system is constructed from the original variables
so that the first axis (Figure 1.3) contains the greatest variation between spectra. Each
subsequent axis is orthogonal to the previous and accounts for the next-greatest

variation between spectra.

N

N
Original Data PC1 and PC2

m/z . :. o ° m/z
m/z m/z
+ :
* [ ] é . ° L]
PC2 AXIS 0 ..........'............ ..... a..':'..'
: 0 ¥
PCI1 AXIS

Figure 1.3  2-dimensional representation of original data and a new coordinate
system based on orthogonal principal components.

Each of the generated orthogonal axes is called a principal component (PC)
and is used to identify relationships between variables and samples. In the case of

ToF-SIMS spectral data consisting of peak intensities at various m/z values, the peak



intensities at their respective m/z values are considered the variables. The intensities
are different for different samples, and the PCA analysis seeks to identify the variance
between these variables and link them back to the sample from which they were
generated.

In more mathematical terms, PCA is implemented by determining the
eigenvectors and eigenvalues of a covariance matrix. The covariance matrix is a
measurement of how the change in one variable is associated with the change in
another variable. The covariance matrix S of a data set X with m-rows (samples) and
n- columns (peaks) is shown in Eq. 1.1:

S =cov(X) = (ﬁ)XTX Equation 1.1
where S is the covariance matrix and XT is the transpose of X. The covariance matrix
is a matrix X that has elements evaluated by Xi;j = cov(i,j). The sign of each numerical
value (positive or negative) in the covariance matrix signifies that those variables are
colinear. For example, if the numerical value in the covariance matrix is positive then
as the j variable in data set X increased, so did the i variable. VValues in the covariance
matrix that are near or equal to zero have little or no correlation with each other and
hence are independent. Eigenvalues and eigenvectors are then calculated via singular
value decomposition of the covariance matrix. This reduces the original data matrix X
into the sum of a cross-product of two smaller matrices P and T with a residual matrix
E, as shown in Eq. 1.2:

X=PTT+ E Equation 1.2
where P is a matrix of the eigenvalues (scores), T is the matrix of eigenvectors
(loadings), T is the transpose of that matrix, and E is the residual matrix which

contains mostly noise. The scores matrix defines the relationship between each sample



in the new coordinate system, while the loadings matrix defines the relationship
between the original variables (ToF-SIMS integrated ion peaks at their respective m/z
values) and the new coordinate system (Figure 1.3).

PCA was utilized for evaluation and interpretation of amino-acid
fragmentation ratios collected from ToF-SIMS spectra. More specifically, PCA was
used to evaluate differences in the distributions of emitted amino acid fragment ions

on the functionalized surface on which they were bound.
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Chapter 2

MATERIALS AND METHODS

2.1 Chemicals

Borosilicate glass cover slips (12Cir-2) were purchased from Fisher Scientific.
Toluene (certified ACS) and methylene chloride (DCM) (certified ACS) were
obtained from Fisher Scientific and dried using 4-A molecular sieves, while hydrogen
peroxide (30%) (certified ACS), acetone (spectranalyzed), sulfuric acid (conc.), and
ethanol (200 proof) (USP) were obtained from Fisher Scientific and used as received.
3-(Aminopropyl)trimethoxysilane (APTMS)(97%) was purchased from Alfa Aesar
(Ward Hill, MA). Tetrazine-modified green fluorescent protein (referred to herein as
GFP-Tet) and unmodified green fluorescent protein (referred to herein as GFP) was
supplied by collaborators at Oregon State University from the Ryan Mehl research
group. Strained, trans-cyclooctene, (4-nitrophenyl) 3-[(4E)-9bicyclo[6.1.0]non-4-
enyl]propanoate (referred to herein as s-TCO) and strained, cis-cyclooctene, (4-
nitrophenyl) 3-[(4Z)-9bicyclo[6.1.0]non-4-enyl]propanoate (referred to herein as s-
CCO) was supplied by University of Delaware collaborators from the Joe Fox
research group. Silicone elastomer and silicone elastomer curing agent (Sylgard 184
silicone elastomer kit) were purchased from Dow Corning Corporation (Midland, MI)
(the cured product, polydimethylsiloxane, will be referred to as PDMS). Dulbecco’s

Phosphate Buffered Saline without calcium and magnesium (10x) was purchased from

11



Mediatech, Inc. All water was de-ionized, distilled over quartz and filtered by a Milli-

Q water system (Millipore Co), which resulted in a resistivity of 18 MQ cm.?’

2.2 PDMS Stamp Synthesis

Patterned PDMS stamps were fabricated by pouring a mixture of Sylgard 184
elastomer and curing agent, utilizing a volume ratio of 10:1, into a 100-mL reusable
glass beaker. The PDMS elastomer and curing agent were thoroughly mixed for a
minimum of 45 seconds and then degassed inside a vacuum chamber for 2 hours. The
degassed elastomer was poured into a 35-mm by 10-mm tissue culture dish (Greiner
CELLSTAR) over a patterned silicon wafer master (the negative of the desired
pattern) that was manufactured in the Biomedical Micro-sensor Laboratory in North
Carolina State University. The elastomer and master were then cured at 70° C under
760 Torr for a period of 24 hours in a vacuum oven (VWR 1400E, Shelton
Manufacturing Co., Cornelius, OR). After the elastomer was cured it was carefully
removed from the master stamp by peeling, and cut to an appropriate size with a razor
blade, ensuring the patterned area on the PDMS stamp was retained. This process was
used with a master that produced a PDMS stamp containing alternating 80-pum-wide

raised lanes and 40-um-wide depressed lanes, approximately 1 cm in length.

2.3 Substrate Cleaning

Borosilicate glass cover slips (12Cir-2, Fisher Scientific) were pre-cleaned by
sonication in a solution of 1:1 acetone/ethanol for a period of fifteen minutes and
allowed to dry in ambient conditions within a fume hood. Dry glass slides were
immersed in a Piranha solution (v/v 7:3 98% H2S04:30% H20.) to remove organic

contaminants and placed on a 120-°C hotplate for 1 hour. Cleaned glass slides were

12



then rinsed three times with Milli-Q filtered water (18 MQ cm), sonicated for 50
minutes (milli-Q water replaced every ten minutes), blown dry with compressed argon
gas, and dried on a 120-°C hotplate for 30 minutes. Contact angle measurements (First
Ten Angstroms, Portsmouth, VA) were then taken with a RS170 camera using 3
sample slides, while the remaining slides were stored in a closed container until

further processing.
2.4 Silanization

2.4.1 Solution-Phase Silanization

To produce aminosilane-terminated glass substrates by a solution-phase
method, freshly cleaned glass substrates were transferred to a pure nitrogen
atmosphere and immersed in a mixture of 3-(aminopropyl)trimethoxysilane (APTMS)
(97%, Alfa Aesar, Ward Hill, MA) (100 pL) and dry toluene (20 mL) for a period of 3
hours. Substrates were then rinsed three times with dry toluene, removed from the
nitrogen atmosphere, rinsed three more times with toluene, dried with compressed
argon gas and allowed to further dry on a 70-°C hotplate for 60 minutes under ambient

atmosphere.

2.4.2 Vapor-Phase Silanization

To produce aminosilane-terminated glass substrates by a vapor-phase method,
freshly cleaned glass substrates were transferred to a Petri dish with one un-cleaned
glass slide. 50 pL of APTMS was aliquoted onto the un-cleaned glass slide, the Petri
dish was sealed, and the clean glass slides were exposed to the APTMS vapor for a

period of 24 hours. Contact angle measurements were then taken using 3 sample slides
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while the remaining slides were stored in a closed container in the vent hood until

further processing.

2.5 Micro-contact Printing of s-TCO or s-CCO

Patterned PDMS stamps with alternating 80-pum-wide raised lanes and 40-pum-
wide depressed lanes were cleaned by sonication in ethanol (200 Proof) for a period of
ten minutes and placed in a plasma cleaner for 90 seconds (Harrick PDC-32G, room
air bleeding). Wider raised lanes were selected to provide the ability to distinguish
between regions that had been contacted by the stamp (80-pm-wide lanes) and regions
that had not been contacted by the stamp (40-pum-wide lanes). Each stamp was then
exposed to a solution of either s-TCO or s-CCO, dissolved in CH2Cl; at a
concentration of 0.050 mg/mL, and allowed to dry for 5 minutes. These “inked”
PDMS stamps were then brought into contact with APTMS-modified glass slides for a
period of 30 minutes (200 g of weight was added to the PDMS stamp to increase
contact area and contact uniformity). The PDMS stamp was removed and the glass
slide was rinsed three times with ethanol (200 proof) and allowed to dry. An example

of the micro-contact printing scheme is shown in Figure 2.1.
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Substrate _ Substrate

Figure 2.1 Micro-contact printing patterning scheme.

2.6 Protein Adsorption

The functionalized side of individual glass samples were completely covered
with 300 pg/mL of either GFP-Tet or GFP, which was suspended in 1X-DPBS at
room temperature, and incubated for a period of 30 seconds. The substrates were then
rinsed three times with 1X-DPBS, rinsed for 15 minutes in 1X DPBS with 0.5%
Tween 20 (solution replaced every 5 minutes), and finally rinsed in Milli-Q filtered
water (18 MQ cm) for 15 minutes (water replaced every 5 minutes). Substrates were
analyzed immediately after protein adsorption. An example of the reaction scheme for

the entire functionalization process is displayed in Figure 2.2.
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Figure 2.2  Schematic of reactions used in the functionalization and adsorption of
GFP-Tet to the glass substrate. Molecular structures are not to scale.

2.7 Contact Angle Analysis

All water contact angles were obtained using a model FTA125 Contact Angle
Analyzer (First Ten Angstroms, Portsmouth, VA) with a RS170 camera and associated
software. Aliquots (3 pL) of Milli-Q filtered water (18 MQ cm) were pipetted onto
glass substrates using a Distriman adjustable repeater-pipette (model u100) with
Distritip (125 pL) under ambient conditions (~25% relative humidity and 25 °C).
Contact angles were measured and calculated within 10 seconds of pipetting (i.e., after
the water drop stopped advancing across the surface and maintained a stable shape)

using the fitting program included in the FTA32 v2.0 software package.

2.8 Molecular Analysis of Patterned Surfaces by ToF-SIMS
All static TOF-SIMS spectra and images were acquired on a TOF-SIMS IV
instrument (ION-TOF, GmbH; Munster, Germany), upgraded with a 25-keV Bi/Mn
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liquid metal ion gun source and an incident angle of 45 degrees to the surface plane.
lon spectra were acquired using Bis™ primary ions in the high-current bunched mode
(high mass resolution m/Am ~ 10,000 at m/z = 29). The typical target current of the
primary ion beam was ~0.4 pA, with a pre-bunched pulse width of 30 ns and a post-
bunching arrival pulse width typically less than 700 ps (calculated by the FWHM of
the H* peak). Data collection was achieved by rastering the primary ion beam over a
500 x 500 pm? area on each sample, with a typical pixel density of 128 x 128. To
ensure static SIMS conditions were met the dose density was kept below 1.0 x 10*2
ions/cm? for each sample. Because the samples were non-conductive a low-energy
(~20 eV) pulsed electron beam was used for surface charge compensation. Because
there were few GFP or GFP-Tet characteristic peaks in the negative-ion spectra, only
the positive-ion ToF-SIMS spectra were used for compound identification. All mass
spectra of the positive ion fragments were calibrated using the following spectral
features and m/z values: H" (m/z = 1.0078503), H,* (2.0157006), H3z* (m/z =
3.0235509), C* ((m/z = 12.000000), CH" (m/z = 13.0078503), CH>" (m/z =
14.0157006), CH3z* (m/z = 15.0235509), C2Hs" (m/z = 27.0235509), CsHs" (m/z =
41.0392515), C4H7* (m/z = 55.0549521), CsHs* (m/z = 65.0392515), CeHs* (m/z =
77.0392515), and C7H7" (m/z = 91.0549521). ToF-SIMS data processing was
performed using SurfaceLab 6.3 (ION-TOF, GmbH; Minster, Germany) software

package to obtain integrated peak areas.

2.9 Fluorescence Analysis by Fluorescence Microscope
Protein-patterned functionalized glass slides were imaged using a TE2000-s
inverted fluorescence microscope (Nikon Corp., Melville, NY) with 10x (NA 0.30)

Plan-Fluor objective, mercury excitation source, and CoolSNAP-Pro CCD camera
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(Roper Scientific Photometrics, Trenton, NJ). Images were captured and analyzed

using Image Pro Express v4.5 software package (Media Cybernetics).

2.10 Chemometrics

All principal components analysis (PCA) was performed using RStudio
(RStudio Team (2015), RStudio: Integrated Development for R. RStudio, Inc., Boston,
MA URL http://www.rstudio.com/.). The mass spectra of the positive-ion fragments
were all calibrated using the mass fragments listed above. For each ToF-SIMS
spectrum, positive-ion fragmentation peaks that could originate from the amino acids
of the surface-bound protein were identified (Table 3.2), integrated, and compiled. The
intensities of the relevant peaks from each spectrum were normalized to the total-ion
intensity of each spectrum to correct for variation in total secondary ion yields
between spectra.” Preprocessing of the sample matrix before PCA included mean
scaling and variance scaling. Mean scaling (often referred to as “mean centering”) of
the data at its origin ensures that the variance in the data set is due to differences
between the samples, and not differences within each sample mean.?® Variance scaling
ensures that the variance between each variable carries equal weight. For instance, if
within the raw data one variable had a variance associated with it that was much larger
than the rest of the variables, then that variance would dominate the first PC. The
compiled data matrices were imported into RStudio for PCA processing utilizing the
multivariate analysis package ChemometricsWithR (Wehrens, R., (2011).
Chemometrics With R: Multivariate Data Analysis in the Natural Sciences and Life

Sciences. Springer, Heidelberg.).
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Chapter 3

RESULTS & DISCUSSION

3.1 Contact Angle Measurement

Contact angles were used as a yes/no verification method to determine the
successful modification of the glass surface for all steps prior to micro-contact printing
as reported in literature.?®=3! Six contact angle measurements were made for each
reaction step (i.e., for each experiment) at ambient conditions (~25% humidity and
25°C) using the sessile-drop technique. Observed contact angles are summarized in
Table 3.1, and the contact-angle measurement scheme used to calculate angles is
shown in Figure 3.1. After the glass slides were cleaned in a Piranha solution to
remove organic residue and expose silanol groups, a water contact-angle measurement
was made. Using 3 prepared glass slide samples per experiment, a contact angle of 8.3
+ 2.4° (n = 48) was observed for the clean glass slides. The low contact angle
measured, consistent with previous unpublished work from this research group? (7.6
+ 0.6°, n = 30) indicated a highly hydrophilic surface, effective removal of organic
contamination, and successful creation of surface silanol groups. Sets of samples that
measured contact angles greater than about 14° were re-cleaned in Piranha solution.
This was rare.

Upon reaction with APTMS the surface of the glass slides significantly
changed from hydrophilic to moderately hydrophobic. Surfaces produced by a
solution-phase silanization method had an average contact angle of 55.> + 5.7° (n = 30)

while surfaces produced by a vapor-phase silanization method averaged 39.4 + 6.3° (n
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= 18). These data are in agreement with amino-terminated layers reported in literature
which have contact angle value up to 63 + 2° for 100 percent NH, coverage, 3229:33:3435
A statistical comparison of contact angles from the Piranha-cleaned glass slides in this
work compared to the APTMS-modified glass slides in this work showed that the two
data sets were significantly different at the 95% confidence level (p < 0.0001).
Together with ToF-SIMS results to be discussed later, we concluded that reactions
were successful at functionalization of the surface with APTMS, producing the
required amino termination required for the next reaction step.

Using a two-tailed t-test to compare the contact angles between the solution-
phase and vapor-phase APTMS methods, a p value of less than 0.0001 was calculated.
Not surprisingly, this p value indicates an extremely statistically significant difference
between solution-phase and vapor-phase APTMS methods. Solution-based
silanization methods have been shown to suffer from lower rates of reproducibility
due to water-catalyzed solution-phase polymerization followed by precipitation of
APTMS oligomers, as opposed to reaction of APTMS monomers with surface silanol
groups.® These reports are what led us initially to try the vapor-phase methods
described above. Vapor-phase methods preclude the possibility of oligomers
precipitation. Overall then, based on contact-angle results here, we conclude that the
resulting topography and accessibility of surface amine groups vary slightly between
these methods. The topography of the vapor-phase silanization method tends to be
more uniform and reproducible, but such surfaces have a lower effective surface
density of exposed amine groups, whereas the solution-phase silanization method

tends to be less reproducible, less uniform, and produce a higher effective surface
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density of exposed amine groups. This is consistent with previously reported

literature.3736:34

Table 3.1 Tabulated contact-angle measurements. *Estimated 100% NH>
coverage.*?

t-test two-tailed APTMS

Piranha- APTMS- modified solution-phase Vs vanor-
cleaned glass?® glass®® P P
phase
Literature
Results 7.6+£0.6° 63 + 2°* not renorted
n=30 n not reported P P
Experimental 55.2+5.7°n=30
solution-phase

83+24°

n= 48 39.4+ 6.3° n= 18 p<0.0001

vapor-phase
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~ 0.5 mm

Figure 3.1 Photomicrograph of contact-angle measurement scheme. Contact angles
0 were measured and calculated within 10 seconds of pipetting (i.e., after
the water drop stopped advancing across the surface and maintained a
stable shape) using the fitting program included in the FTA32 v2.0

software package.
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3.2 ToF-SIMS Characterization Results

3.2.1 APTMS-Modified Substrate

NH,

o

@)

MeO — S1— OMe

—(—cm—)—%

MeO —Si—OMe + MeOH

w

H’OH + MeO—
H70

Figure 3.2  Presumed reaction scheme for surface silanol groups and APTMS.

The ToF-SIMS spectra obtained for APTMS-modified substrates were
primarily dominated by secondary-ion fragment peaks indicative of pure hydrocarbons
(i.e., CxHy), and silicon-, oxygen-, and nitrogen-containing hydrocarbons (i.e.,
CvHwNxOySi;). The most intense fragment peaks were observed at m/z 27.0229,
28.0184, 30.0343, 39.0228 and 41.0396, indicative of the fragments CoHs*, CH2N",
CH4N™, CsHs*, C3Hs", respectively. All of these fragment ions, and others, are
consistent with an APTMS-functionalized glass surface. Comparing the Si* peak at
m/z 27.9766 of a Piranha-cleaned glass surface (Figure 3.3, high-resolution inset) with

the same spectral region for an APTMS-modified surface (Figure 3.4, high-resolution
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inset) indicates the presence of two new features at m/z 28.0189 (CH2N") and 28.0302
(C2H4™). Although these peaks overlap, the mass accuracy of ToF-SIMS and excellent
S/N ratio of these spectra give us great confidence in the above assignments which
differ from their theoretical values only by 6.4 and 39.2 ppm, respectively. This
indicates that APTMS reacted with the surface of the Piranha-cleaned glass slide. As
mentioned above, negative-mode ToF-SIMS did not provide additional insightful

information and will not be discussed further.
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Figure 3.3  ToF-SIMS positive-ion spectrum of a clean borosilicate glass cover slip
with a high-resolution inset spectrum of the Si* fragment region. Note
that the inset spectrum shows no organic species, unlike the high-
resolution inset in Figure 3.4.
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ToF-SIMS positive-ion spectrum of an APTMS-modified borosilicate
glass cover slip with a high-resolution inset spectrum of the Si*
fragment region. Note that the inset spectrum shows the presence of
organic species, unlike the high-resolution inset in Figure 3.3.
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3.2.2 s-TCO-Modified or s-CCO-Modified Substrates

s-TCO s-CCO
Oi io s-TCO s-CCO
o) o)
or —_— OH
+ +
NO,  NO, o o o
NO,
APTMS HN NH

Figure 3.5 Strained, trans-cyclooctene (s-TCQO) or strained, cis-cyclooctene (s-CCO)
surface-modification scheme.

The ToF-SIMS spectra obtained for the s-TCO- or s-CCO-modified substrates
were similar to the APTMS-modified substrate in some ways upon cursory inspection:
they were also dominated by peaks indicative of pure (CxHy"), oxygen-containing
(CxHy0;"), and nitrogen-containing (CxHyN;") hydrocarbon fragments. The most
intense fragment peaks (and their assignments) were observed at m/z 29.0391 (C2Hs"),
41.0399 (C3Hs*), 55.0205 (C3H30*), 55.0555 (C4H7*), 67.0567 (CsH7*), and 79.0555

(CeH7™). All of these fragments are consistent with secondary ions from s-TCO or s-
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CCO, and the mass errors of the assignments ranged from only 0 to 38 ppm, making
assignment confidence extremely high. Represented in the inset spectra of Figure 3.6
are the high-resolution spectra of the nominal 57 and 81 m/z regions. Fragments of
C3Hs0", C4Ho", and CsHo™, not seen in ToF-SIMS spectra prior to reaction with s-
TCO or s-CCO, were also observed and are characteristic fragment peaks of s-TCO
and s-CCO.

Also notable from the ToF-SIMS spectra was that as s-TCO or s-CCO was
patterned over APTMS, many of the characteristic ion peaks for APTMS decreased in
intensity, while characteristic ion peaks for s-TCO or s-CCO increased. The decrease
in APTMS-related ion peaks is due to the APTMS being covered by a monolayer of
the s-TCO or s-CCO on the substrate, while the increase in s-TCO- and s-CCO-related

peaks is due to the addition of those on the surface by reaction with APTMS.
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Figure 3.6  ToF-SIMS positive-ion spectrum of s-TCO-modified or s-CCO-modified
glass cover slip (both molecules gave the same ToF-SIMS spectra and
are generally indistinguishable). The high-resolution inset spectra show
some characteristic mass fragments of s-TCO or s-CCO (black), while
APTMS (blue) is barely visible above the baseline at this vertical scale.
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3.2.3 GFP-Modified or GFP-Tet-Modified Substrate

GFP-Tet GFP GFP GFP-Tet
\ or / \ or /
s-TCO s-CCO
or

APTMS

Figure 3.7 GFP or GFP-Tet modification scheme. Following functionalization of
surface hydroxyl groups with amine-terminated APTMS and
functionalization of those surfaces by s-TCO or s-CCO, samples were
reacted with GFP or GFP-Tet. The above combined scheme shows all
four possible final surfaces.

It is known from the TOF-SIMS literature for surfaces modified by proteins
that TOF-SIMS does not generally produce spectra of high-mass molecular-ion peaks,
as for example does matrix-assisted laser desorption ionization (MALDI).2®
Molecular-ion peaks were not expected here for either GFP- or GFP-Tet-modified
surfaces.

Instead, a great deal of useful information about surfaces modified by proteins
has been extracted by TOF-SIMS data from such surfaces using known fragment
peaks of individual amino acids comprising those proteins. A comprehensive list of all
known peaks associated with the amino acids that comprise proteins was compiled

from literature and used here for identification, as shown in Table 3.2,38:39:40.41,42
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Following reaction with the protein GFP or the GFP-Tetrazine adduct, the
most intense mass fragments (and their assignments) were observed at m/z 28.0189
(CH2N"), 30.0401 (CH4N™), 41.0272 (C2HsN™), 55.0197 (C3H30"), and 70.0664
(C4HgN™), as seen in Figure 3.8 All of these species were consistent with mass
fragments identifiable in the constructed list of characteristic amino acid ion
fragments. One notable problem was that many of the observed amino acid ions were
also consistent with observed ions of both APTMS and s-TCO or s-CCO. This made
identification of specific secondary ion fragments due to protein alone (i.e., unique
protein marker peaks), more challenging.

Represented in Figure 3.8 is a high-resolution inset spectrum of the nominal 43
m/z region, which shows the appearance of the ion at m/z 43.0421. This fragment can
be attributed to APTMS as well as to the amino acid lysine. However, because the
C2HsN™ ion signal was suppressed when s-TCO or s-CCO was patterned over the
APTMS layer, the reappearance of the fragment signal upon reaction with protein
indicates that the signal in this situation is highly likely due to the amino acid in the
protein, and not the APTMS as its source. The pattern of ions being suppressed after
application of s-TCO or s-CCO and then reemerging after application of the protein
layer was also observed for other amino acid mass fragments.

Also represented in the high-resolution inset spectrum in Figure 3.8 is the
appearance of a peak at m/z 43.0293 (CH2N_2"). This protein fragment peak is
indicative of arginine, and was only observed after the substrate had been incubated
with GFP or GFP-Tet, but not with prior reaction steps. Mass accuracy for this peak
was excellent, with the observed position differing by only 7.3 ppm from the

theoretical position of m/z 43.0297, providing extremely high confidence in this
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assignment. CxyHyN;" peaks with x greater than 3 were not seen in any surface layers
prior to the application of GFP or GFP-Tet, and were therefore identified as
originating from amino acids in GFP, in accordance with the compiled protein peak
list of Table 3.2.

In the case of oxygen-containing mass fragments that were found to be
associated with s-TCO or s-CCO and GFP-Tet or GFP, these fragment ions were not
used for protein identification. Only the unique characteristic amino acid fragments
(i.e., not also observed in prior substrate reaction steps) were utilized for identification

of the protein layer (GFP) or protein-tetrazine (GFP-Tet) layer.
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Table 3.2  List of characteristic amino acids and their secondary ion fragments used
for TOF-SIMS analysis. 203839404142

Amino Acid Abbrev. Fragment miz

Alanine Rla, B CzHeN® 44,0500

CeHsN® 41.0265

CHzN® 28.0187

Arginine Arg, R CHzN:" 43.0297
CzH7Ns" 73.0640

CaHaoN:" 100.0876

CsHaNs" 110.0718

CaH=N* 70.0657

CH=N:" 39.0434

CeHasNz" 101.0933

CsHasNsT 127.0032

Asparagine Bsn, N C:HaNO* 70.0293
CzH-N0% 87.0559

C:HsNO:" 280399

CaHaNO: 93.0242

Aspartic Acid ksp, D C:H:NO:" 48.0392
Cysteine Cys, C CzHaNS* 76.0221
CHS® 44,9800

C:H:57 59.0000

Glutamine Gln, Q CeHsNO® 34.0449
Glutamic Acid Glu, E CaHsNO* 84.0449
CaH:NO:" 102.0579

C3H40+ 36.0000

C=H-0" 83.0500

Glycine Gly, G CHaN™ 30.0343
Histidine His, H CaHaN: 81.0433
CaHNz* 220532

C=H:Ns* 110.0718

Hydroxyproline Hyp CsHzNO* 86.0606
Isoleucine Ile, I CHauzN® 26.0970
Leucine Leu, L CsHazN® 36.0970
CaHyN* 84.0000

Lysine Lys, K C=HuoN® 240813
CHaN® 43.0420

CHaN® 56.0500

C:H=NO* 240449

Methionine Met, M CzHsS™ 61.0004
CaH=NO:" 102.0600
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Table 3.2 (continued)

Phenylalanine Phe, F CzHaN* 1200813
CaH-0* 131.05735
CsH:0" 132.05735
Proline Pro, P CaHsN® 68.0301
CaH:N™ 70.0657
Serine Ser, S5 CzHsNO™ 60.0449
C:H:0:" 71.0133
Threonine Thr, T C.H-0" 69.0340
C:HzNO" 74.0606
Tryptophan Trp, W CaHaN® 130.0657
CaH=NO* 170.0606
CigHzaN* 159.1000
Tvrosine Tyr, ¥ CsH-0" 107.0497
CeHaaMNO™ 136.0777
Valine Val, V CaHapN® 72.0813
C=H-0" 83.0497
s-TCO/s-CCO-GFP-TET CaHy
| CHIN/CHs Z;'(F:T\OA/SS 0 Gy 72 15 1061
CHaNz* 43.0421 counts
CHAN/CHe 43.022‘ \' |‘
C;H;0* |
\- CHN® CHOYCHaNy  GHN' | 30181 g [y
2 % CaHy* s |
‘,f \x "\.
T az00 4305
1 CaHsNO*/CsHyoN*
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‘ ‘ ‘ \ ‘ i J CsHgN5™
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Figure 3.8 ToF-SIMS positive-ion spectra of an s-TCO- or s-CCO-modified glass
cover slip that has been incubated with GFP-Tet. The high-resolution
inset spectrum is displayed to show the appearance of the CH3sN2" peak
which is a characteristic secondary ion associated with several amino
acids, but not with prior reaction steps.
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3.2.4 ToF-SIMS Image Analysis

As described in the introduction, analysis of ToF-SIMS data can be done for
data in spectrum or image formats. Because surfaces were patterned here using micro-
contact printing, and since the length scale of the patterned features was a few tens of
micrometers, the collection of ToF-SIMS data in image format offered an excellent
opportunity to obtain molecular information on an appropriate lateral length scale.
This is certainly one of the great strengths of ToF-SIMS.

One way to think about ToF-SIMS data in image format is to imagine that the
analysis area in the x, y plane of the sample surface is divided into many small square
regions. The work herein used 128 by 128 such regions, totaling 16,384 regions. In
each region or pixel, all data for an entire high-resolution mass spectrum is contained.
It is the analysis of such data that we discuss below.

Finally, we selected a PDMS stamp pattern that provided an unambiguous
means of identifying and distinguishing reacted patterned regions and unreacted
patterned regions. Wider raised lanes (i.e., those that make contact with the surface
during the printing step) were selected to provide the ability to distinguish between
regions that had been contacted by the stamp (80-um-wide lanes) and regions that had
not been contacted by the stamp (40-pum-wide lanes), as seen in Figure 2.1.

When examining a ToF-SIMS spectrum of an APTMS maodified glass surface,
the predominant ion in the spectrum was SiOH™. By assigning each pixel a color based
on this ion’s intensity in that pixel, a false-color image can be used to represent the
presence and local coverage of APTMS, as shown in the representative image of
Figure 3.9(A). Because of the surface-sensitivity of ToF-SIMS, the image of this mass
fragment (or any other mass fragment) is associated with the top 1-2 monolayers of

the surface. Upon micro-contact printing of s-TCO (fascile reaction with terminal
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amine groups of APTMS is expected) or s-CCO (fascile reaction with terminal amine
groups of APTMS is not expected), a clear emergence of the CsHg™ ion signal,
assigned to a green false-color scale, was observed in representative images (e.g.,
Figure 3.9(B)). In the wide lanes (s-TCO- or s-CCO-patterned), this image shows a
high green intensity (CeHq", a marker for s-TCO and s-CCO) and a low red intensity
(SiOH*, a marker for APTMS). In the narrow lanes (not s-TCO- or s-CCO-patterned),
the image also shows a low green intensity and a high red intensity in the unpatterned
lanes (i.e., regions of the substrate that did not contact the inked stamp). From these
results, we conclude that s-TCO and s-CCO reacted with APTMS only in regions
contacted by the stamp, as expected.

The CsH12N™ ion (observed m/z: 86.1016; theoretical m/z: 86.0970; mass error
54 ppm), a known fragment of leucine, was used for protein identification in ToF-
SIMS images, and assigned a blue false-color scale. Figure 3.9 (C) is a representative
ToF-SIMS image of a sample that had been functionalized with APTMS, micro-
contact printed with an uninked (i.e., no s-TCO or s-CCO applied), and then incubated
with GFP or GFP-Tet. Such a sample served as a control for any effect that
contamination transferred from the stamping process might have had on the sample’s
reactivity with protein (GFP) or protein-tetrazine (GFP-Tet). This image shows no
spatial contrast in the various false-color schemes, indicating that very little, if any,
such contamination-driven protein adsorption or reactivity occurred.

Figures 3.9 (D) and (E) display representative ToF-SIMS images of samples
that had been functionalized with APTMS, then micro-contact printed with s-CCO
(Figure 3.9 (D)) or s-TCO (Figure 3.9 (E)). Both sample types were then incubated

with GFP-Tet. Fascile reaction of s-CCO with GFP-Tet is not expected in s-CCO
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lanes. Fascile reaction of s-TCO with GFP-Tet is expected in s-TCO lanes. The high
red intensity in the 40-um-wide (the narrower lanes) of these images indicates that
GFP-Tet did not adsorb on or react with the APTMS regions, as expected. This result
is the control experiment for non-specific protein adsorption on APTMS.

Continuing our discussion of the ToF-SIMS images in Figures 3.9 (D) and (E),
the virtual replacement of green intensity (CsHq", a marker for s-CCO and s-TCO) by
blue intensity (CsH12N*, a marker for GFP-Tet) in the 80-um-wide wide lanes
indicates that protein adsorption and/or reaction occurred on the s-CCO and s-TCO
lanes. The ideal but unrealistic experimental result would have been one in which
Figure 3.9 (D) consisted of narrow red lanes (indicating APTMS only with no protein
reaction in these narrow lanes), and wide green lanes (indicating no protein adsorption
nor reaction with s-CCQO), since reaction of the protein-tetrazine adduct with the cis-
cyclooctene moiety is not expected. Likewise, the ideal but unrealistic experimental
result for Figure 3.9 (E) would consist of narrow red lanes (indicating APTMS only,
with no protein reaction in these narrow lanes), and wide blue lanes (indicating fascile
reaction of the GFP-Tet with s-TCO).

The above results, while ideal, are not realistic because they do not take into
account the competing effects of non-specific adsorption of GFP-Tet with s-CCO
regions and the reaction of GFP-Tet with s-TCO regions. While it might have been
possible to tease out these different phenomena based on their different kinetic time
scales, such incubation experiments were not performed. The fact that the resulting
ToF-SIMS images in Figures 3.9 (D) and (E) were very similar under the conditions
used here indicates either one of two likely outcomes: 1.) non-specific physical

adsorption of protein (GFP-Tet) on the s-CCO regions resulted in a surface very
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similar to reactive chemical adsorption of protein (GFP-Tet) on the s-TCO regions; or
2.) any chemical adsorption of protein caused by the reaction of GFP-Tet with s-TCO,
the desired reaction pathway, was overwhelmed by the concurrent or subsequent
physical adsorption of protein, regardless of whether that adsorption occurred on s-
CCO or s-TCO. Additional light is shed on these alternatives in experiments described

below.
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Figure 3.9 ToF-SIMS positive-ion images, 500 um by 500 um, of reaction steps
associated with the functionalization of glass slides using single,
characteristic fragment ion peaks for image contrast. The narrow lanes
(40-um-wide) are regions that were not contacted with the PDMS stamp,
whether inked or not. The wide lanes (80-um-wide) are regions that were
contacted with the PDMS stamp, whether inked or not. A red false-color
scale is used above to represent SiOH™ intensity, a good marker for both
clean glass, and, in this case, APTMS. A green false-color scale is used
above to represent CeHo" intensity, a good marker for both s-CCO and s-
TCO. A blue false-color scale is used above to represent CsHi2N*
intensity, a good marker for leucine in protein. (A) APTMS-modified
substrate. (B) s-TCO-modified or s-CCO-modified substrate (images of
both species were indistinguishable). (C) Substrate stamped with clean
(i.e., uninked) PDMS stamp, followed by incubation in GFP or GFP-Tet
(images of both species were indistinguishable). (D) Micro-patterned s-
CCO-modified substrate (wide lanes) incubated with GFP-Tet. (E)
Micro-patterned s-TCO-modified substrate (wide lanes) incubated with
GFP-Tet.
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3.3 Fluorescence Imaging of Protein Patterns

Protein patterns of GFP and GFP-Tet were imaged by fluorescence microscopy
and a sample set of images is shown in Figures 3.10 (A) — (D). The micro-contact
patterning process produced visible spatial contrast in fluorescence images of
alternating 40-pum-wide lanes of amine-terminated groups from APTMS and 80-um-
wide lanes with one of four conditions, as described in the caption of Figure 3.10, to
be discussed shortly. In order to quantify the image contrast between the different
resulting patterned surface chemistries, an analysis of the fluorescence intensity in all
image pixels was carried out. Figure 3.11 is a schematic diagram of the method used
for the following analysis, shown with an example fluorescence image. The images
were first background corrected for autofluorescence in the glass slides by a pixel-
wise subtraction of the average pixel intensity from a clean, unfunctionalized glass
slide with all other experimental parameters held constant. Images were then
converted to 24-bit contrast using ImagePro Express v4.5 (Media Cybernetics). For
each sample, 8 areas of interest were selected to comprise alternating regions of the
patterned surfaces consisting of equal areas of the same lanes (case A: GFP-only lanes
separated by amine-terminated lanes; case B: GFP-Tet lanes separated by amine-
terminated lanes). Pixel intensity histograms were then plotted using ImageJ v1.48
(Schneider, C.A., Rasband, W.S., Eliceiri, K.W. "NIH Image to ImageJ: 25 years of
image analysis". Nature Methods 9, 671-675, 2012.), giving lprotein (in GFP-only or
GFP-Tet lanes) and Ibackground (in amine-terminated lanes). These values were obtained
by locating the centroid of the pixel intensity histogram derived from pixels in the
relevant lanes. Histogram intensities in the narrow lanes were easily distinguished
from those in the wide lanes. Each group of pixel intensities was calculated and is

shown in Table 3.3. For example, the s-TCO-GFP and s-CCO-GFP slides were
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prepared from the same group of glass slides that were prepared on the same day with
APTMS. This helped ensure consistency and uniformity of APTMS within the set of
slides used for each experimental condition. Table 3.4 shows the calculated relative
protein contrast defined by the ratio (Iprotein/lIbackground) for all experimental groups

combined.*®
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Figure 3.10 Representative fluorescence microscopy images of micro-contact

patterned samples. Image contrast is derived from the presence of green
fluorescent protein, GFP. The narrow lanes (40-pum-wide) are regions
that were not contacted with the PDMS stamp, while the wide lanes (80-
pum-wide) are regions that were contacted with the PDMS stamp. (A)
micro-contact printed s-CCO in the wide lanes, followed by incubation in
GFP (no GFP-Tet). This served as a control for non-specific adsorption
in the absence of both the tetrazine adduct required for reaction with
cyclooctene, and the unreactive cis- isomer, s-CCO. (B) micro-contact
printed s-TCO in the wide lanes, followed by incubation in GFP (no
GFP-Tet). This served as a control for non-specific adsorption in the
absence of the tetrazine adduct required for reaction with cyclooctene,
but in the presence of the reactive trans- isomer, s-TCO. (C) micro-
contact printed s-CCO in the wide lanes, followed by incubation in GFP-
Tet. This served as a control for non-specific adsorption in the presence
of the tetrazine adduct required for reaction with cyclooctene, but with
the unreactive cis- isomer, s-CCO. (D) micro-contact printed s-TCO in
the wide lanes, followed by incubation in GFP-Tet. This served as the
sample condition in which both the tetrazine adduct required for reaction
with cyclooctene, and the reactive trans- isomer, s-TCO was present in
the wide lanes.
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Figure 3.11 Representative schematic diagram of the method used to calculate pixel
intensity of fluorescent intensity.
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3.3.1 GFP-Modified Substrate

GFP GEP
s-TCO s-CCO
or
APTMS

Figure 3.12 GFP modification scheme.

Unmodified GFP (i.e., no tetrazine adduct) was used as a control for
fluorescence studies, selected so that the interactions between this protein and the
surface were associated with non-specific binding only. The experiment is depicted in
Figure 3.11. Without the tetrazine adduct, the GFP protein cannot react with the
surface, regardless of whether the wide lanes contain s-CCO or s-TCO. The intensity
ratios for the first pair of results in Table 3.3 were both around 3.2 to 3.3, with no
significance in the difference (p = 0.0517). In the absence of reactivity, non-specific
adsorption results in about the same amount of protein adsorption, as expected.

For specific, reactive bonding, bioorthogonal conditions are defined as the
15,16,44-46

inverse electron-demand ligation between tetrazine and trans-cyclooctene.

The experiment is depicted in Figure 3.12. The second and third pair of results in
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Table 3.3 show the relative contrast in fluorescence (lprotein/ Ibackground) for both s-TCO-
and s-CCO-functionalized wide lanes (Iprotein) VS. amine-terminated narrow lanes
(Ibackground). The first pair of results was obtained by the solution-phase APTMS
method, while the second pair of results was obtained by the vapor-phase APTMS
method. A two-tailed t-test of fluorescence intensity ratios between functionalized and
amine-terminated lanes was calculated to be statistically different (p < 0.0001, two-
tailed) for both solution-phase and vapor-phase APTMS, indicating that the
fluorescence associated with non-specific adsorption was greater in the functionalized
lanes than in the amine-terminated lanes. A slightly better protein contrast was

observed for the solution-phase APTMS than for the vapor-phase APTMS.
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3.3.2 GFP-Tet-Modified Substrate

GFP-Tet GFP-Tet

s-TCO s-CCO
or

APTMS

Figure 3.13 GFP-Tet modification scheme

The location of bound tetrazine in relation to the fluorophore of GFP causes
the GFP-Tet adduct’s fluorescence to be quenched approximately 11-fold compared to
GFP without the tetrazine.’® When the tetrazine reacts with s-TCO via inverse
electron-demand ligation, there is removal of conjugation in the m-electron system that
causes the fluorescence quenching, thereby leading to greater fluorescence intensity
after reaction.® This effect operates in the same direction as that of increased protein
adsorption due to reaction.

As seen in Table 3.4, comparison of the pixel intensities in lanes of s-TCO
reacted with GFP-Tet vs. that in lanes of s-CCO showed that when utilizing the
solution-phase APTMS method, there was, on average, (42.9 +0.9)/(4.9 +0.5) =8.8 +
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0.1 times more pixel intensity in the s-TCO lanes. The vapor-phase method produced
pixel intensities that were, on average, (29.0 £ 0.7)/(8.5 £ 0.6) = 3.41 + 0.07 times
greater in the s-TCO lanes than in the s-CCO lanes. These results were consistent with
expectations that the GFP-Tet reacts with s-TCO and not s-CCO, resulting both in less
fluorescence quenching for the former, and a greater local protein concentration for
the former, due to reaction.

The GFP-Tet that adsorbed in the s-CCO-patterned lanes did so though non-
specific adsorption, and the fluorescence remained quenched due to the n-electron
system of tetrazine in the unreacted GFP-Tet. As was discussed previously, the
method in which APTMS is applied to the surface affects the surface density of
accessible amine groups, which in turn affects the surface density of s-TCO or s-CCO
reactive sites in the patterned lanes. The differences between fluorescence intensities
between these two functionalization methods for APTMS (i.e., solution- vs. vapor-
phase) suggests that there was a higher surface density of s-TCO molecules for GFP-

Tet to react with when the solution-phase APTMS method was used.
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Table 3.3

Protein contrast comparison and summary. Each set of samples in the

Experimental Conditions row are tabulated from a set of samples that
were silanated together on a specific day (ex. s-TCO-GFP and s-CCO-
GFP were reacted with glass slides that were silanated and functionalized
on the same day and within the same experiment as APTMS conditions
vary from experiment to experiment)

Experimental Conditions Binding Amine Lane t-test, two-tailed
Surface Experiment Lane Pixel Pixel Torotein/Ibackground s-TCO vs. s-CCO
Chemistry Design Intensity Intensity Intensity ratio
STCO-GFP 425:16 | 12.7+0.8
(solution-phase . 3.32+0.08
Control for cis- n=12 n=12
APTMS method)
vs. trans- CCO p=0.0517
s-CCO-GFP
) w/o Tet 30.5+1.1 9.6+0.6
(solution-phase =14 =14 3.19+0.07
APTMS method) - N
S-TCQ-GFP-TEt Control for cis- | 42.9+0.9 14.1+0.6
(solution-phase 3.04 +0.05
vs. trans- CCO n=15 n=15
APTMS method) .
with Tet p <0.0001
s-CCO-GFP-Tet .
] (solution- 49+0.5 33+0.5
(solution-phase hase) = 16 = 16 1.5£0.2
APTMS method) P N N
sTCO-GFP-Tet | 29.0£0.7 | 13.3:06
(vapor-phase Control for cis- =14 =14 2.18 £ 0.05
APTMS method) | wvs. trans CCO - - <0.0001
s-CCO-GFP-Tet with Tet p<t
8.510.6 5.4+0.5
(vapor-phase (vapor-phase) =14 =14 1.6+0.1
APTMS method) N N
Uninked (clean) No lane No lane
PDMS stamped Control: pattern; pattern;
. : ; ; + .
g|a§s slide APTMS only 16406 16406 1.0+0.6 Not applicable
(solution-phase n=4 n=4
APTMS method) - -
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Table 3.4 Ratio of s-TCO/s-CCO pixel intensities.

Pixel Intensity

Surface Chemistry Experiment Design Ratio n
s-TCO-GFP or s-CCO- Control for cis- vs.
GFP trans- CCO w/o Tet 1.39£0.05 8
Control for cis- vs.
s-TCO-GFP-Tetors- | 4 ons- cCO with Tet 88401 27

CCO-GFP-Tet (solution-phase)

Control for cis- vs.
trans- CCO with Tet 3.41 +0.07 28
(vapor-phase)

s-TCO-GFP-Tet or s-
CCO-GFP-Tet

3.4 Chemometrics

Up until this point, all analysis has consisted of univariate analysis of ToF-
SIMS and fluorescence images and ToF-SIMS spectra. By careful selection of unique
marker peaks for APTMS, cyclooctene, and protein we have shown that differences
exist in s-CCO lanes compared to s-TCO lanes. However, interpretation of those
observed differences has been somewhat limited to arguments concerning differences
in non-specific protein uptake by lanes printed with the reactive vs. unreactive forms
of strained cyclooctene (i.e., s-CCO vs. s-TCO). Next we focus on the multivariate

method Principal Components Analysis, PCA, introduced earlier.

3.4.1 Data Preprocessing

PCA was utilized to evaluate variations in the relative intensities of amino acid
fragmentation patterns collected from ToF-SIMS spectra. The differences in relative
intensities can in principle provide information regarding the orientation of the
surface-bound protein, a long-standing goal of the surface analysis community. For

each sample spectrum, 28 characteristic amino acid peaks that originate from the
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surface-bound protein was compiled (Table 3.5). This peak is a subset of the more
comprehensive list in Table 3.2. As is customary in the field, the intensities of each
amino acid fragment were first normalized to the total ion intensity of its spectrum in
order to correct for variation in total secondary-ion yields between spectra.’
Preprocessing of the sample matrix before PC analysis included mean scaling and
variance scaling. Mean scaling (often called mean centering) of the intensity data at
the origin ensures that the variance in each data set is due to differences in the sample
variances and not differences in each sample mean.?® Variance scaling (i.e., for all
samples, dividing each mass fragment raw intensity mean value by the mass
fragment’s standard deviation) ensures that the variance between each variable carries
equal weight. For instance, if within the raw data one variable had a significantly
larger variance than the rest, then that variance would dominate the first principal

component (PC1).

48



Table 3.5  Characteristic positive-ion ToF-SIMS peaks selected for principal
component analysis.

Amine Acid Mass Fragment Index Fragment m'z
Cysteine (C) 1 CoH38™ 39.0000
Serine (8) 2 C:H4NO™ 58.0293
Methionine (M) 3 CoHs8™ 61.0094
Serine (8) 4 C:HsNO™ 60.0449
Asparagine (N) 5 C:HNO™ 70.0293
Asparagine (N) 6 CiHgNO:™ 88.0399
Aszpartic Acid (D)
Asginine (R) 7 CsHioN5* 1000876
_;::;ﬁ{;) g CaHioNz" 72.0813
Asparagine (W) 9 C4H4NO™ 98.0242
Tryptophan (W) 10 C4H:0~ 69.0340
Proline (P) 11 CqHeN™ 68.0301
Glutamine (Q)
Glotamic Acid (E) 12 CaHsNO™ 84.0449
Lyszine (K)
Proline (P) 13 CqHgN™ 70.0293
Methionine (M)
14 CqHNO2™ 1020800
Glotamic Acid (E)
Ii::fﬂ(;} 15 CsHuN™ 84.0813
Arginine (R) 15 CsHuNg" 1270932
Izoleucine (T)
17 CsHiaN* 86.0970
Leucine (L)
Arginine (R) 18 CsHisNg* 129.1140
Glu::mh'iz(:iz @ 19 CsH70™ 83.0497
Arginine (R) 21 CeH1gNO~™ 1120762
Tyrosine (Y) 22 CH0™ 107.0497
Phenylalanine (F) 23 CaHiN™ 1200813
Tyrosine (Y) 24 CgHpgNO™ 136.0777
Tryptophan (W) 25 CoHalN™ 1300640
Aszparagine (W) 26 CH;NO* 44.0136
Arginine (R) 27 CHaN7™ 44.0375
Arginine (R) 28 CHsN:™ 39.0433
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3.4.2 Data Processing using PCA

Although ToF-SIMS has major benefits when analyzing biological systems
such as proteins, there are also some drawbacks. One such obstacle is the challenge of
interpretation in ToF-SIMS spectra of proteins. Protein spectra are a challenge due to
the high abundance of low=mass (0-200 m/z) fragments and the relative absence of
high-mass protein fragments that might be unique to a biomolecule.*” The amino acids
that are part of the protein as a whole do display characteristic fragmentation patterns
and have been studied in some depth.*®® These characteristic amino-acid fragments
can be used to identify a particular amino acid, but not to identify a specific protein
due to the fact that all large proteins consist of the same 20 amino acids. We postulate
that by evaluation of the secondary-ion fragmentation patterns of amino acids
associated with a particular protein bound to a surface in a particular manner, and
knowledge of the binding or adsorption state of each protein, the patterns of peak
intensities can be indicative of the orientation of the protein bound to the surface. For
example, in the covalent reaction scheme used herein, the protein will prefer a
particular orientation on the surface, resulting in similar patterns of secondary-ion
fragmentation. For the non-specifically adsorbed protein, the protein will not likely
have the same uniformity of orientation on the surface since the non-specific physical
adsorption of proteins is driven largely by hydrophobic interactions.* The patterns of
secondary-ion fragmentation of this protein’s amino acids will likely differ from those
of the covalently bound proteins. The ability of PCA to find such patterns in the

differences between samples makes it ideally suited to the intended task here.

50



0 5-CCO &
as-TCO A
S o A
-~
— \
-r:. &
—l
(& A e o
[« (=] -
3 A a
s |° a
L] =] (]
v o
[ Tp < [+
=]
(=]
T T T T
5 10 15 20
Sample Index
B
[a=]
L= ]
P=

-0.05

-0.15

Loadings PC1 (71.1 %)
0.10

-0.20

| | T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Mass Fragment

Figure 3.14 (A): PC1 scores for each sample from a PCA analysis of ToF-SIMS data
for reaction of GFP-Tet with s-CCO (black “0” data symbols) and s-TCO
(red “A” data symbols). (B): Loadings of PC1 mapped to the 28 possible
mass fragments, showing which amino acid fragments are most
responsible for the observed differences between samples for this new
variable (PC1).
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Table 3.5 is a complied list of identified amino acid fragments used to
construct a data set for PCA analysis. The mass fragment index within Table 3.5 is
merely a naming method for the amino-acid fragments and is used in all loadings plots
herein (Figure 3.14 and Figure 3.15). The PC1 scores and loadings plots for the GFP-
Tet protein on s-TCO (reactive) and s-CCO (unreactive) substrates are displayed in
Figure 3.14. The PC1 scores plot accounts for about 71.1% of the variance in the data
between samples (differences in ratios of secondary ion fragmentation peaks of amino
acids). There is an observable separation between the covalently bound GFP-Tet (s-
TCO-modified substrate) from that of the non-specifically adsorbed GFP-Tet (s-CCO-
modified substrate). This separation signifies a difference in the ratio of amino acids
that are ionized on the surface during ToF-SIMS analysis. Based on PC1 loadings plot
(Figure 3.14) the majority of amino acid fragmentation peaks have a negative loading,
the two most intense being CoHgNO™ (serine) and C4sHsNO™ (glutamine, glutamic
acid, and lysine), while there are two with positive loadings, CsH-O" (valine and
glutamic acid) and C7H;O™ (tyrosine). The direction and intensity of the amino acids
in the loadings plot then correlates to the samples position on PC1 scores plot. The
position of the covalently bound GFP-Tet within PC1 scores indicates higher,
positively correlated, ratios of the three positively loaded amino acids. The position of
the non-specifically adsorbed GFP-Tet within PC1 scores then indicate higher ratios of
the two negatively loaded amino acids. This is one indication that the orientation of
the covalently bound GFP-Tet allows for a higher ratio of CsH;0" and C7H-O" while
the non-specifically adsorbed GFP-Tet allow for a higher ratio of C;HsNO™ and
CsHeNO™,
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Figure 3.15 displays the cross-plot of PC1 (x-axis) versus PC2 (y-axis) with the
loadings for PC2 beneath. Evaluating PC2 scores there is a tight grouping of the non-
specifically adsorbed GFP-Tet as well as a separation of s-TCO from the s-CCO
bound protein. From the position of the non-specifically adsorbed GFP-Tet it can be
noted that the fragmentation ratios of amino acids tend to group similar across PC1 as
well as PC2 while that of the covalently bound protein does not. The importance of
this is that the s-CCO control group only adsorbs proteins non-specifically, which
means the hydrophobic domains that allow for the adsorption of the protein to the
substrate surface is the dominant pathway leading to adsorption which, in this case,
causes a consistent orientation of the protein to the surface.*® The factors that
influence the binding of the protein in the s-TCO-modified system include both the
site-specific binding area of the GFP-Tet as well as hydrophobic interaction of the
protein with the surface. Because of the size of the protein in relation to the single site
specific binding area and the fact that there are competing hydrophobic domains both
processes of covalent binding as well as adsorption in the s-TCO system are taking
place. The positioning of the GFP-Tet bound to s-TCO in the PC2 scores plot shows
the influence of the hydrophobic interactions dominating adsorption for some samples
where covalent binding dominates in others.

Principal component analysis of characteristic secondary ion amino acid peaks
showed that there is a difference in the low mass fragmentation patterns of those ions.
The difference in fragmentation patterns is attributed to the availability of amino acids
within the protein being analyzed, and as such the orientation of the protein bound to

the surface.
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Figure 3.15 (A): PC1 vs. PC2 scores plot from a PCA analysis of ToF-SIMS data for
reaction of GFP-Tet with s-CCO (black “0” data symbols) and s-TCO
(red “A” data symbols). (B): Loadings of PC2 mapped to the 28 possible
mass fragments, showing which amino acid fragments are most

responsible for the observed differences between samples for this new
variable (PC2).
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Chapter 4

CONCLUSIONS

Several techniques within the scope of this work were used to verify the
successful functionalization and binding of proteins to a solid support. Statistical
comparison of contact angle measurements before and after APTMS modification
were consistent with contact-angle measurements observed in previous unpublished
work and confirmed the successful functionalization of amine-terminated silanes. Both
solution-phase and vapor-phase methods used for APTMS-modification were
compared. The solution-phase silanization method resulted in a more hydrophobic
surface that indicated a higher density of accessible amine groups. ToF-SIMS analysis
of the APTMS-modified surfaces further confirmed the successful functionalization
through evaluation of unique secondary ions.

ToF-SIMS molecular imaging displayed successful micro-contact patterning of
cyclooctene moieties and covalent or non-specific adsorption of a site-specifically
modified tetrazine-protein within the functionalized lanes. Spectrum analysis of
secondary ion fragments characteristic to amino acids further confirmed adsorption of
GFP-Tet within micro-contacted lanes. By combining ToF-SIMS spectrum and
fluorescent microscopy imaging functionalized proteins were confirmed to be more
densely localized to the micro-contact patterned regions of the functionalized slides (s-
TCO-modified or s-CCO-modified lanes). In addition, fluorescent microscopy showed
the quenched fluorescence of GFP-Tet returning after binding of the Tetrazine to the s-

TCO-modified substrate. The non-specifically adsorbed proteins in the s-CCO system
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retained a smaller ratio of fluorescence between the functionalized and amine
terminated lanes. The magnitude of quenched fluorescence in the s-CCO substrate
indicated that the © system within the Tetrazine remained primarily unreacted resulting
in the fluorescence of the GFP-Tet to remain quenched. The magnitude of difference
in fluorescence intensity confirm covalent or non-specific adsorption of GFP and
GFP-Tet to the surface.

Principal component analysis was utilized in conjunction with ToF-SIMS
spectrum of characteristic amino acid fragments to evaluate the orientation of bound
proteins on the s-TCO or s-CCO functionalized surface. Analysis of PC1 scores and
loadings indicated a separation between the covalently and non-covalently bound
proteins based on the availability of three amino acids. While PC1 showed a clear
separation of covalently and non-covalently bound protein, PC2 did not. PC2 scores
and loadings indicated that there were similarities between both systems. While
covalent binding is preferential in the s-TCO-modified substrate and hindered in the s-
CCO-modified substrate, non-specific binding is occurring on both surfaces. The
similar non-specific binding of GFP or GFP-Tet results in the similarities of amino
acid fragmentation ratios observed in PC2.

Future work for the functionalization of surfaces and ability to control the
orientation of proteins to that surface will include procedures to control the amount of
non-specifically adsorbed proteins to the surface. One possible route will be to
combine poly(ethylene) glycol (PEG) architecture to the surface which has been

proven to reduce non-specific protein adsorption.>
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