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ARTICLE INFO ABSTRACT

The uniformity of the protein patterns, their shape, and the contrast between the fluorescence signal of the
pattern and the background, critically modulate the quantitative accuracy of the microarray-derived data. While
significant research focused of the identification of the factors that impact the protein microarray patterns, these
studies usually have focused on the optimization of one set of these factors, e.g., how the spot uniformity is
affected by different additives, or by different surfaces. However, the complex interaction between proteins,
carrier fluids, surfaces, and patterning methodologies used would suggest a systematic and more comprehensive
study that considers all these parameters, as well as their inter-relationship. The present work compared the
patterning of two fluorescently-tagged proteins, i.e., IgG, BSA, on surfaces with different hydrophobicity and
chemistry, and printed by inkjet, pin, and microcontact printing (WCP). The quantification of the spot size
regularity, its morphology, the signal intensity and its distribution within spots were used to assess the quality of
a specific printing method, on a specific surface, with a specific solute of the printed protein. It was found that
the optimal uniformity for both droplet-based methods depend on surface chemistry, with glass slides modified
with 3-Glycidoxypropyl-dimethoxymethyl silane (GPS) and 3-(Aminopropyl)-triethoxy silane (APTES) ex-
hibiting the greatest uniformity, while uniformity of the uCP patterns was relatively independent of the surface
chemistry. For the inkjet and pin printing, the largest fluorescence signal and contrast with the background was
found on APTES modified glass slides, whereas for the pCP the fluorescence signal increased with increasing
hydrophilicity.
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2012), neuronal cell networks (Nicolau et al., 1999b), but also for on
chip enzyme microreactors (Qu et al., 2004), controlling the motion of
cytoskeletal filaments on molecular motor tracks (Nicolau et al., 1999a)

1. Introduction

Microarrays are widely-used analytical tools for drug discovery

(Kumble, 2007), biomarker detection (Lee et al., 2008), and diagnosis
(Babel et al., 2009; Harwanegg and Hiller, 2005). Owing to the critical
role of proteins in physiological processes and health conditions, cou-
pled with the emergence of alternative methods for sequencing DNA
not available for proteins protein-based microarrays constitute an at-
tractive technology for protein quantification (Anderson et al., 2011;
Bergeron et al., 2015; Miiller and Nicolau, 2005). While microarray
technology is, arguably, its largest ‘market’, protein patterning was used
for several decades for various applications, in particular for cell en-
gineering, e.g., stem cell constructs (Deforest and Tirrell, 2015), im-
munoaffinity-based circulating tumor cell capture (Launiere et al.,
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and for the analysis of protein-analyte interactions (Ricoult et al., 2014;
Romanov et al., 2014). Despite this large variety of applications, and
despite the wide range of technologies available, finding the optimum
conditions for protein patterning still requires extensive experimenta-
tion (Vasina et al., 2009), largely due to the very complex interaction of
proteins with surfaces (Hanson et al., 2017).

For protein microarrays, the appropriate parameters of the primary
protein layer, i.e., consistent spot size, uniformity within and between
spots, and morphology (Barbulovic-Nad et al., 2006) are critical to
enable an efficient and uniform binding of the secondary analyte, which
in turn results in a correct readout and high quality of microarray data.
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To improve its performance, which depends on the minimization of the
variability of technological parameters, microarray technology, a high
throughput technology par excellence, relied on an ever-increasing
automation and standardization, and on image analysis based on (i) the
output patterned spots adhering to the expected size and morphology,
and (ii) their reproducibility. However, these advances in robotics and
scanner precision, which led to a large increase in the throughput of
microarray data, cannot by themselves address the sheer complexity
and multitude of the physical and chemical processes involved that lead
to still noisy and imprecise microarray data (Moran-Mirabal et al.,
2007; Saeed et al., 2003). Indeed, the many interrelated input para-
meters e.g., the deposition technique, the surface chemistry and hy-
drophobicity of the substrate, the physico-chemical properties of the
carrier fluid, the drying process, the microenvironment, which all
modulate the spot size, morphology and uniformity, also add to the
inherent complexity of protein interactions with surfaces (Angulo,
2008; Askounis et al., 2015; Austin and Holway, 2011a; Barbulovic-Nad
et al., 2006; Bergeron et al., 2015; Cui et al.,, 2012; Dufva, 2005;
Ivanova et al., 2006; Moran-Mirabal et al., 2007; Mujawar et al., 2014,
2013, 2012; Yunker et al.,, 2011). In a previous protein microarray
study systematically evaluating different buffer and slide chemistries, it
was found that the analyte binding signal was tightly correlated to the
of signal of antibody (IgG) deposited on the surface (Bergeron, 2015),
indicating that the protein binding signal can serve as a proxy for mi-
croarray performance.

To this end, we investigated how the deposition method, i.e., phy-
sical transfer to the target surface using pin, inkjet and microcontact
printing, the properties of the carrier fluid, i.e., various compositions of
the buffers and wash solutions, the properties of the immobilizing
surface, i.e., chemistry, contact angle, as well as the nature of the
protein, i.e., IgG and BSA, affect the quality of the resulting primary
protein pattern inferred from the spatial distribution of fluorescence
signal. The parameters compared in this work include the size and
morphology of the resulting spot, as well as signal intensity and the
spatial distribution of protein, i.e., uniformity, within a microarray
spot.

2. Materials and methods
2.1. Reagents

A standard phosphate buffered saline (PBS) solution was used as a
diluent for all printing methods. Additionally, a PBS solution with 2,3-
butanediol/2M betaine (PBSbb) was used with the inkjet and pin
printing methods. The concentrations of additives in the printing buf-
fers have been described elsewhere (Bergeron et al., 2015).

2.2. Proteins

Purified fluorophore-conjugated IgG (Cy5 Goat Anti-Rabbit IgG (H
+L), from Life Technologies), and fluorophore-conjugated BSA (Alexa
Fluor® 647), from Molecular Probes have been used for protein mi-
crorarays.

2.3. Surfaces

Glass slides (Fisher Scientific) were functionalized with 3-
Glycidoxypropyl-dimethoxymethyl silane (GPS), Trichloro(octyl) silane
(OTS), 3-(Aminopropyl)-triethoxy silane (APTES), and Trichloro
(1H,1H,2 H,2H-perfluorooctyl) silane (PFS). Glass slides have been also
treated by plasma to produce hydrophilic glass surfaces (P).

Contact angles were measured with a goniometer (OCA 15 EC,
Dataphysics).
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2.4. Inkjet printing

A non-contact piezo-microarrayer (Nanoplotter 2.0, GeSiM) with a
single nozzle was used to deposit 0.4 nL of protein solution on target
surfaces to create 8 X 8 arrays with a pitch of 200 um between spots,
for a total of 16 spots per concentration, per replicate slide
(Supplementary Figure SI 1). All printing was performed at room
temperature and 65% humidity.

2.5. Pin printing

Contact pin printing used a customized Nanoplotter 2.1 micro-
arrayer (GeSiM, Germany) equipped with collimator (Parallel
Synthesis, Santa Clara, CA). Four custome made silicon quill pins
(Laforte et al., 2013) were used simultaneously to create 5 x 5 arrays of
replicate 63-74 pL spots with a pitch of 200 pm for a total of 100 spots
per concentration, per replicate slide (Supplementary Figure SI 1).

2.6. Micro-contact printing (11CP)

A patterned silicon wafer was used to fabricate flat, 15 pm-wide
square masters with a pitch of 75 um between square posts. Poly(di-
methylsiloxane) (PDMS) stamps (Supplementary Figure SI 4) re-
plicating the masters were inked with 10 ul of the fluorophore con-
jugated protein solution, rinsed, dried and then used for printing by
placing a 25 mg weight placed on top.

2.7. Image acquisition and analysis

Fluorescent images were obtained using an Agilent G2565CA mi-
croarray scanner at a 2 um x 2 um resolution. The raw image files were
first segmented based on predefined search areas, then automatic
thresholding was performed, and the spots outside of the expected area
were eliminated.

The cross-section of the fluorescence signal across a spot was
quantified (Fig. 1A) by estimating a “coffee-ring’ ratio’, CRR (Fig. 1B),
i.e., the ratio between the number of pixels found in the outer 50% of
the spot vs. the number of pixels within the inner 50% of the spot. CRR
values of —1, 0 and + 1, represents the ‘coffee-ring’ morphology, a
perfectly even distribution of the fluorescent pixels within the spot, and
the ‘bull's eye’ morphology, respectively (Supplementary Information,
Glossary).

A comprehensive description of the methods and materials used is
provided in the Supplementary Information section.

3. Results and discussion
3.1. Microarray deposition techniques

While a multitude of deposition technologies have been proposed
for the fabrication of microarrays, e.g., pin printing (Austin and
Holway, 2011b), ink jet printing (McWilliam et al., 2011), microcontact
printing (Renault et al., 2002), electrospray deposition (Avseenko et al.,
2002), laser ablation (Ivanova et al., 2002; Nicolau et al., 2010), ar-
guably only the pin and jet printing technologies have received wide
spread usage in the fabrication of high throughput microarrays, due to
their technological simplicity and capacity for automation.

Indeed, pin printing, which was the pioneer microarray technology
(Schena et al., 1995), and which even led to a very high density protein
printing based on Atomic Force Microscopy (Lee et al., 2004) relies on
the contact between a pin, wetted with the analyte solution, and the
target surface. The delivery of a solution by pin printing is based on
capillary forces (Stulik, 2011). The advantages of pin printing are its
simplicity, and the spatial precision for the spot deposition, while its
disadvantages are the contact, at times deleterious, between the pin and
the substrate, and the complex process of transfer of the fluid from the
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By contrast, in inkjet printing (McWilliam et al., 2011) only the
droplets of analyte solution get in contact with the target surface, after
being ejected from a nozzle (Barbulovic-Nad et al., 2006). In piezo-
electric inkjet printing, a change in voltage alters the pressure in the
liquid reservoir and results in droplet formation (Romanov et al., 2014).
The advantages of inkjet printing are the very precise calibration of the
volume of the droplets, lack of contact between the dispenser and the
target surface (Romanov et al., 2014), and the independence of the
delivery from surface properties; and its disadvantages, compared with
those of pin printing, are the higher technological complexity and lower
precision in spot positioning and shape.

Microcontact printing (LCP) makes use of a polydimethylsiloxane
(PDMS) stamp to print several spots in parallel directly to the surface
(Bernard et al., 1998), and therefore is different from the pin (or con-
tact) and inkjet printing in that it is not a serial, but a parallel tech-
nique. The process of pCP involves first the creation of a stamp with the
desired pattern on which the protein solution is then adsorbed. Transfer
of the solution from the patterned stamp surface to the substrate surface
is performed via conformal physical contact and does not require the
use of viscous protein solutions (Michel et al., 2001), but is constrained
to transferring from a low to a high energy surface, unless humidified
microcontact printing is used (Ricoult, 2014). Additionally, uCP, which
is capable of printing high resolution, high contrast protein patterns
(Filipponi et al., 2016), has the advantage of a soft contact between the
carrier, i.e., the stamp, and the target surface. pnCP has however the
disadvantage of difficult washing of the PDMS stamps, and thus the
difficulty of printing high density arrays.

Given the extensive use of pin and inkjet printing in microarray
fabrication, as well as the promise of pCP, but also the large differences
between the parameters specific to each of these deposition methods, a
comprehensive mapping of the quality of protein microarray patterns
produced by these techniques is fully justified, and perhaps overdue.

3.2. Input parameters modulating the patterns of protein microarrays

Aside of the physico-chemical processes specific to the used printing
technology, the input parameters that also modulate the spot size,
morphology and uniformity have three sources: (i) the deposited pro-
tein, (ii) the carrier fluid; and (iii) the surface on which the protein is
deposited (Bergeron et al., 2015; Ivanova et al., 2006; Moran-Mirabal

Uniform binding of 2° analyte
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Fig. 1. Conceptual illustration of the image acquisition
analysis and the parameters quantifying the protein de-
position within a spot. A. The analysis focuses on a set of
microarray spots with digitized intensities able to measure
the fluorescence intensity profile across the spot. Scale
bars are 200 um. B. Calculation methodology for ‘coffee-
ring’ ratio, from various intensity profiles across the spot,
from the coffee-ring, to bull's eye pattern, respectively.
The spatially uniform distribution of the intensity first
layer of the protein will result in a uniform binding of the
second analyte.
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et al., 2007; Mujawar et al., 2014, 2013, 2012). These three classes of
input parameters have been analyzed as follows.

3.2.1. Protein parameters

3.2.1.1. Molecular shape and molecular weight. It was observed
(Mujawar et al., 2012) that IgG, with a longer, Y-shaped molecule,
produces more uniform spots than BSA, which has a more spherical
molecular shape (Supplementary Information, Figure SI1). This is
somehow counterintuitive, as layers comprising spherical objects are
expected to be more compact (Yunker et al., 2011), thus more uniform.
However, the molecular shape relevant to the interaction between the
protein and the adsorption surface is the result of the envelope of the
molecule by an object with very large radius, i.e., infinite for a
geometrically-perfect flat surface, rather than the molecular shape
derived from atom-level resolution mapping (Nicolau et al., 2013).
Also, both the molecular surface and the molecular surface-to-volume
ratio are in a near-univoque relationship with the molecular weight of
the protein (Nicolau et al., 2013), which are 150-170 kDa, and 66 kDa,
for IgG and BSA, respectively. This results in an actual surface-to-
volume ratio, for a near-flat surface (average roughness of 2nm), of
approximately 2 103 nm ™~ for IgG and approximately 5 10~ nm !
for BSA (Nicolau et al.,, 2013). Consequently, and relative to their
overall molecular weight, IgG appears to be more compact than BSA,
but the flexibility of the molecular conformation, in particular when the
protein is in contact with an adsorbing surface, could have an
overriding influence.

3.2.1.2. Hydrophobicity and distribution of charges. Other, perhaps more
important protein molecular parameters than the molecular surface,
weight, and shape, impact on the final structure of the protein layers on
surfaces, such as hydrophobicity and distribution of charges. It was
found (Nicolau et al., 2014) that only the hydrophobicity manifested on
the protein molecular surface is relevant to protein immobilization on
surfaces, with the rest of, inner, bulk hydrophobicity having no
statistical relevance. The hydrophobicity manifested on the protein
molecular surface, both in terms of area and absolute value, is
considerably higher for IgG than it is for BSA. Indeed, the
hydrophobic areas are approximately 200, and 2 A% for IgG and BSA,
respectively; and the ratio of hydrophobic/total area are approximately
0.2 and 0.02 for IgG and BSA, respectively (Nicolau et al., 2014). In
contrast with hydrophobicity, which is involved in strong, but short
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Fig. 2. Printing of proteins on different surfaces of varying chemistries by pin and inkjet printing, and by uCP. A. Schematic illustrating the molecular structure of
silane-functionalized glass surfaces, together with their respective contact angles. The contact angle of plasma-treated glass surface is very close to zero. B.
Representative images of pin (top), inkjet (middle) and pCP (bottom) printing of 25 ug/ml of BSA on each surface. Scale bars are 100 um. C. Spot size resulting from
UCP, inkjet, and pin printing on plasma-treated glass (P), or GPS-, APTES-, OTS- and PFS-functionalized glass of increasing hydrophobicity (from left to right). D.
Mean fluorescence of IgG and BSA spots (25 ug/ml) printed on plasma treated glass (P), GPS-, APTES-, OTS-, and PFS-functionalized glass slides by nCP, inkjet, and
pin printing. Note: neither inkjet- nor pin-printing was performed on simply plasma-treated glass slides.

range interactions with the surface, charges will operate through
electrostatic interactions, which are weaker, but long range.
Consequently, the overall, bulk charges (modulated by the pH of the
carrier fluid), rather than those on the molecular surface, will be more
relevant to protein immobilization. In that regard, IgG and BSA are
again very different, with their isoelectric points at 7.3 = 1.2, and
4.65, respectively.

To conclude, IgG and BSA are both largely used in protein arrays,
for very different functions, but they are also very different in molecular
properties, thus constituting valuable case studies.

3.2.2. Parameters of the carrier fluid

To investigate the importance of buffer conditions, IgG and BSA in
either PBS or PBSbb have been deposited on organosilane-functiona-
lized surfaces. For inkjet printing, there was no noteworthy difference
in the size, or eccentricity of the spots between the two different buffers
(Supplementary information Figure SI 4A-B). A more detailed study for
the pin printing, also involving the impact of the protein concentration,
led to the same conclusion (Supplementary information Figures SI 5 A-
D, and SI 6 A-D). However, large increases in the average fluorescence
intensity, and a decrease in the ‘coffee-ring’ ratio (reflecting an increase
in uniformity of fluorescence across a spot) were observed for the
PBSbb buffer compared with PBS. This provides evidence that hygro-
scopic additives present in PBSbb increase protein adsorption and de-
crease the variation of protein density within the spot, which is con-
sistent with previous reports (Bergeron et al., 2015; Dufva, 2005).
Moreover, the increase in the fluid viscosity has two follow-up effects.
First, a higher viscosity delays the drying process, thereby increasing
reaction time with the surface. Second, a higher viscosity will result in a
lower diffusivity of the proteins, and therefore will delay their move-
ment towards the edge of the spot. The overlaps of these phenomena
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result in an increased protein adsorption to the surface and uniformity
of deposition.

The impact of the pH of the carrier fluid has possibly important
impact on protein adsorption (Nicolau et al., 2014; Ostuni et al., 2001).
For instance, the neutral pH of the buffers used in this study is close to
the pl of the IgG (7.3) resulting in a near perfect balance between the
positive and negative charges of the protein. For BSA however, with a
pl at 4.65, the neutral pH will result in a net negative charge of the
protein. Consequently, electrostatic interactions will have a smaller
impact on the adsorption of a protein with charges in equilibrium, e.g.,
1gG, which will present a more pronounced propensity for adsorption
on hydrophobic surfaces. Conversely, these interactions will play a
stronger role for the adsorption of charged proteins, e.g., BSA, in par-
ticular if the adsorbing surface present complementary charging.

The optimization of the wash buffer was also performed. For all
surfaces tested, the use of the PBST wash buffer decreased the eccen-
tricity and variability of signal intensity within the spot by both droplet-
based techniques when compared to washing the slide with simply PBS
(Supplementary information SI 7-10). Consequently, in all further
analysis comparing inkjet and pin printing, the results are from protein
solutions in PBSbb washed with PBST.

3.2.3. Surface parameters

While an increased hydrophobicity of the surface increases the
protein adsorption (Ostuni et al., 2003), it also contributes to protein
denaturation, via strong hydrophobic interactions with the hydro-
phobic ‘core’ of the adsorbed proteins (Hanson et al., 2017; Nicolau
et al., 2014). Conversely, hydrophilic surfaces preserve better the pro-
tein conformation on the expense of decreased overall protein adsorp-
tion (Ostuni et al., 2001).

Self-assembled monolayers (SAMs) are commonly used to change
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the physical and chemical properties of a surface by the modification of
the chemical groups on the surface. Organosilanes are a widely used for
glass or silicon following plasma activation surfaces, since they can
form monolayers on multiple surfaces with free hydroxyl groups
(Awsiuk et al., 2013; Glass et al., 2011). They are composed of a surface
reactive group at one end that chemically binds to the hydroxylated
surfaces, a hydrocarbon chain of varying length, and then terminate
with a functional group at the other end (Fig. 2A). The terminating
functional group is chosen based on the desired application of the
surface, e.g., it can promote biomolecular immobilization on the sur-
face, either by physical adsorption, and/or covalent binding, or con-
versely, it can minimize biomolecule interaction, e.g., a non-fouling
surface (Chiu et al., 2010; Kannan et al., 2006).

3.3. Output parameters of the protein pattern

3.3.1. Spot size

To enable the fully automated analysis and quantification of mi-
croarray images, the geometrical aspects of the spots should follow an
expected shape and be highly reproducible in size (Draghici et al.,
2003). Beyond just data processing, the reproducibility of the primary
protein spot size ensures that there is an equal spot surface area ac-
cessible to secondary biomolecules for binding, with further beneficial
impact on the reliability of detection.

Both droplet-based techniques produced spots with distinctly dif-
ferent characteristics. First, as expected, the spot sizes resulting from
pin and inkjet printing were considerably larger than those obtained by
nCP (Fig. 2B,C). Second, the spot size resulting from both droplet-based
techniques was in an inverse relationship with the contact angle of the
surface, whereas for uCP, the spot size does not depend on surface
hydrophobicity (Fig. 2C). This general trend with droplet-based tech-
niques agrees with previous investigations into the relationship be-
tween the size of a droplet and the target surface (Mujawar et al., 2013;
Vafaei and Podowski, 2005). The size of the spot produced by puCP is
determined by the conformal contact of the calibrated stamp to the
surface, whereas for the droplet-based techniques the spot size is de-
pendent on the shape of the droplet on the surface, which, in turn, is
dependent of the surface tension of the adsorbing surface.

Due to the large differences in sizes of the spots produced by droplet
techniques, on one side, and uCP on the other, the analysis will treat
these cases separately.

In the present study, the automatic segmentation of the spots from
the background was aided by a priori information on the expected spot
size. The printing that produced a consistent spot size meant that any
fluorescent artifacts on the slide outside of the expected size range
could be automatically removed from analysis. Therefore, the auto-
matic spot segmentation and analysis is aided when there is a limited
expected size range of the printed spots. To quantify the regularity of
spot size, the relative standard deviation of the spot size was calculated
by dividing the standard deviation from each triplicate measurement by
its mean spot size, i.e., relative standard deviation = (standard devia-
tion)/mean.

Spot size regularity, i.e., the ratio between the standard deviation of
the spot size by its mean (Supplementary information, Glossary), is
dependent on the surface hydrophobicity and the protein concentration
(Supplementary Figure SI 11). In general, the size variability increases
as the surface hydrophobicity increases, which can be statistically at-
tributed to a decrease in spot size, and subsequent quantification errors.
Using this metric, the inkjet printing presents a lower variation in the
relative standard deviation compared to pin printing (with the excep-
tion of PFS surfaces). These observations can be explained by the use of
more than one pin in pin printing, as compared to the single nozzle used
in inkjet printing (Supplementary Figure SI 5, SI 6, and SI 12).

3.3.2. Signal intensity
The quantification of the protein surface concentration on each
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surface was performed by measuring the intensity of the fluorescence
signal of the two different fluorescent-labelled proteins. As expected,
for each protein, the surface, and method used, the mean fluorescent
intensity decreased with the decrease of the concentration of protein in
solution (Fig. 2D, and Supplementary information, Figs. S1 13). For
both droplet-based techniques, the spots presented the highest mean
intensity of BSA and IgG on APTES slides than on any other substrate
(Fig. 2D). This observation supports the evidence that using APTES is an
efficient surface modification method to promote protein immobiliza-
tion (Anand et al., 2010; Awsiuk et al., 2012, 2013).

The fluorescence signal of IgG and BSA patterns on the hydrophilic
GPS-functionalized surfaces using the droplet-based techniques was
particularly low (Fig. 2D). Because previous works have found that
proteins can form covalent bonds with the GPS epoxide group, the low
level of immobilization on GPS surfaces could be a result of the slow
reaction kinetics at neutral pH (Awsiuk et al., 2012) and short in-
cubation time (two hours).

Interestingly, the adsorption of both IgG and BSA on the hydrophobic
OTS and PFS surfaces is lower than on the hydrophilic APTES surface,
likely due to the differences in their surface chemistry. The hydro-
phobic OTS substrate is composed of a long hydrocarbon chain that will
minimally bind with the hydrophilic molecular surface of proteins
(Russo et al., 2011). Additionally, the binding with the bulky hydro-
carbon chain of OTS lowers the entropy of proteins remaining in so-
lution by means of steric hindrance (Russo et al., 2011). Also, PFS is
commonly used to create water and oil-repellent surfaces and to pre-
vent PDMS from irreversibly adhering to another layer of PDMS when
replicating a PDMS pattern (Glass et al., 2011; Pujari et al., 2014).
Previous studies have shown that these surface modifications prevent
the non-specific adsorption of proteins, e.g., BSA, streptavidin, R-phy-
coerythrin, to the surface (Kim et al., 2011; Kira et al., 2009; Takashi
et al.,, 2005). These observations offer explanations for the low im-
mobilization levels for BSA and IgG on both OTS and PFS surface.

In contrast with the droplet-based techniques, the spots produced by
UCP showed a decrease in mean intensity as the contact angle of the
surface increased (Fig. 2D). This confirms that pCP in dry conditions has
the greatest transfer efficiency from a low-energy (hydrophobic) PDMS
stamp to a high-energy (hydrophilic) substrate (Romanov et al., 2014).

3.3.3. Spot morphology

For the majority of microarray investigations, the analysis of the
spot quality is qualitatively determined based on the spot circularity
and/or by calculating the percent standard deviation of the fluores-
cence signal, i.e., the standard deviation of fluorescence within the spot
divided by the mean fluorescence (Bergeron et al., 2015; Bietsch et al.,
2004; Moran-Mirabal et al., 2007; Mujawar et al., 2013). However, the
limitations of these metrics include the possible human bias, and that
the percent standard deviation does not provide any information on the
type of spot inhomogeneity. Consequently, a more comprehensive
analysis is warranted.

The uneven deposition of protein solutions during the drying pro-
cess can result in “coffee-ring” spots, i.e., higher deposition at the
contact line; or ‘bull's eye’ spots, i.e., higher deposition of solutes in the
center of the spot (Fig. 3). The evaporation of a droplet on a solid
surface is governed by gravity, hydrodynamic flow, Marangoni flow (if
a temperature or concentration gradient arises during drying), and the
pinning at the liquid-air interface, i.e., the contact line (Erbil, 2012).
The ‘coffee-ring’ spots result when the evaporating droplet has a pinned
contact line, high evaporation rate at the surface of the droplet, and/or
when there is a suppressed Marangoni flow (Hu and Larson, 2006).
Conversely, rapid evaporation and the absence of a pinned contact line
results in increased deposition in the middle of the spot (a ‘bull's eye’
feature).

The eccentricity, defined as the ratio of the distance between the
center of a spot and its major axis length (Supplementary information,
Glossary), quantifies the deviation of a spot shape from a perfect circle.
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An eccentricity value of zero represents a perfect circle with a constant
radius around the central axis, and a value of one represents a line.

A significant increase in the eccentricity of the spots has been ob-
served, for both droplet-based methods, for those printed on hydro-
phobic surfaces (OTS and PFS), as opposed to those printed on hydro-
philic ones (GPS and APTES). Inkjet printing on the GPS surface
produced spots with significantly lower eccentricity than on any other
surface. In addition, spot eccentricity increased with surface hydro-
phobicity. For pin printing, there was no significant difference in the
eccentricity between hydrophilic surfaces, although eccentricity did
significantly increase on hydrophobic surfaces. Between the two dro-
plet-based techniques, pin printing produced significantly more ec-
centric circles than inkjet printing on all substrates, except PFS (Fig. 3).
The fact that pin printing produces less circular spots, may be the result
of the square footprint of the silicon pin touching the surface while
depositing a droplet. The eccentricity measure for both methods did not
significantly differ across protein concentration (Supplementary in-
formation Figure SI 6).

3.3.4. Spot uniformity

The uniformity of the fluorescence within a spot was dependent, in a
complex manner, on the droplet-based printing method, surface prop-
erties (as presented in Fig. 3), and the concentration of the protein in
solution (Fig. 4 for OTS surfaces, and Supplementary information
Figures SI 7-10, in the context of analysing the effect of the washing
conditions).

For both droplet-based methods, the delineation of the spot edge,
i.e., image contrast, was the highest on the APTES surface, followed by
the GPS one. As the hydrophobicity of the surface increases, the re-
ceding of the inkjet droplet from the initial contact line to the center is
apparent by a shallow slope of the signal intensity that creates a less
defined spot edge. In addition to the surface properties impacting the
delineation of the spot edge, the contrast of the spot was clearer for the
inkjet than for pin printing due to a steeper slope of the intensity pro-
file. The inkjet printing of BSA on hydrophobic surfaces (OTS and PFS)
exhibited a quasi-step-wise fluorescent pattern (Fig. 4 and
Supplementary Figure SI 9-10). It was argued (Askounis et al., 2015)
that this drying morphology is due to a ‘stick-slip’ mechanism that, like
in the ‘coffee-ring’ pattern, is the result of pinning at the liquid-air in-
terface. However, the process differs from the ‘coffee-ring’ morphology
since the contact line is pinned at one side only. As evaporation occurs,
a critical contact angle is reached and the droplet recedes to a new
liquid-air interface line towards the immobilized contact line. This
process results in a pattern comprising concentric rings, or the ‘half-
moon’ morphology. Also the pattern is more pronounced on
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hydrophobic surfaces that have a higher critical contact angle
(Askounis et al., 2015).

The plateau of the fluorescent intensity profile, or its minimal cur-
vature, was again dependent on the droplet printing method, the sur-
face properties, and the concentration of the protein in solution. The
pin printing produced spots with the smoothest profile on APTES, while
inkjet printing produced the smoothest profile on the GPS surface.
Interestingly, the profiles of the BSA spots were smoother than those for
IgG on the hydrophilic surfaces, whereas the opposite was observed on
hydrophobic surfaces.

On hydrophilic surfaces, i.e., APTES and GPS, a positive ‘coffee-ring’
ratio, CRR, indicating a ‘bull's eye’ spot morphology, was regularly
produced by both droplet-based methods (Fig. 3). Based on the CRR,
the inkjet printing produced more uniform spots on hydrophilic sur-
faces than those produced by pin printing. Conversely, on hydrophobic
surfaces, i.e., OTS and PFS, the spot morphology was dependent on the
method used (Figs. 3 and 4). Inkjet printing produced a positive CRR of
higher value, pointing to an even more pronounced ‘bull's eye’ mor-
phology than that observed on hydrophilic surfaces. The pin printing
patterns are characterised by a negative CRR when dilute protein so-
lutions were printed on hydrophobic surfaces, exhibiting a ‘coffee-ring’
spot morphology. The strength of the CRR as a metric to measure dif-
ferences in the type of spot homogeneity is evident by the fact that it
can delineate between, and quantifies of the differences in signal irre-
gularities that would be difficult to decipher by the human eye alone.

The fact that pin printing creates a negative ‘coffee-ring’ ratio on
hydrophobic surfaces could be the result of the transfer of proteins from
the edge of the pin. In pin printing, the pin touches the substrate, then
transfers the droplet on the surface. The volume of this droplet is
governed by the contact angle of the substrate. On a substrate with a
higher contact angle, the resulting droplet has a smaller contact area
with the surface than the area that the pin head originally contacted. At
high protein solution concentrations this results in a very small spot of
high intensity within the printed spot. This spot morphology would
normally be considered ‘bull's eye’-like, however, it has a zero, or ne-
gative ‘coffee-ring’ ratio because the number of pixels in this very small
spot within the overall spot are not large enough to offset all the pixels
in the outer 50% of the spot. A separate spot morphology at lower
protein concentrations on OTS and PFS presents a concentric circle or
‘half-moon’ pattern that explains the resulting negative ‘coffee-ring’
ratio.

The relative standard deviation (RSD) of the signal intensity is an-
other metric used to quantify its uniformity (Diehl et al., 2001). Based
on the RSD, the PFS surface induced the highest signal non-uniformity
for printing of both proteins, by both droplet-based methods, and for all
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Fig. 5. Uniformity analysis of protein spots
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concentrations of proteins in solution. The RSD, like the CRR, was de-
pendent on the protein concentration. Instances where the RSD was
high were due to the large signal intensity differences between replicate
trials, i.e., slide-to-slide variations. The calculation of RSD within each
slide would provide further information on intra-slide variations, but
still would not provide any information regarding the inhomogeneity
within a spot.

3.3.5. Spot analysis for micro-contact printing

The uCP technique was analyzed separately because the resulting
spots were approximately a hundred times smaller than those resulting
from the droplet-based techniques. The results (Fig. 5) show that a
relatively uniform protein layer is produced, with a high contrast be-
tween the signal and the background. However, the top of the profile is
not smooth, suggesting that more protein is transferred at the one edge
of the PDMS, possibly due to the uneven pressure applied to the stamp.

The uniformity of the uCP spots was superior on a plasma-treated
glass surface when compared to the spots resulting from the droplet-
based techniques on the APTES surface (Supplementary information,
Figure SI 14, for all surfaces; and Figure SI 13). As presented in Fig. 5,
the uniformity of the pCP spots, based on spot size variability and the
‘coffee-ring’ ratio, was comparable to the droplet-based techniques.

3.4. Overall comparison of spot parameters

The price for the elegance and simplicity of microarray technology
is the high phenomenological complexity of the processes involved in
protein patterning on surfaces. Additionally, the technological input
variables have very different nature. For instance, the deposition
methods and the proteins are ‘classes’ of experimental variables,
whereas the concentration of the proteins in solution can be numeri-
cally quantified. Other input variables, e.g., surfaces, can be partially
compared using one important, but not exclusive, parameter, e.g.,
surface hydrophobicity quantified by their contact angle. The com-
plexity of the phenomenological processes and technological input
variables involved in microarray fabrication asked, by necessity, a
combinatorial experimentation approach. Indeed, in this study, six
input technological variables, i.e., deposition methods (3), proteins (2),
protein concentrations (7), buffers (2) surfaces (5), and washing solu-
tions (2), have been mapped to assess the performance of various
combinations of the microarray technological process. The mapping of
these technological variables resulted in more than 800 separate ex-
periments, each with at least five replicates to ensure the statistical
relevance of the results. The comprehensive nature of the mapping of
the input variables is mirrored by the variety of the technological
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output variables for microarray fabrication, which quantifies its per-
formance, namely spot size, size variability, eccentricity, mean in-
tensity, coffee ring ratio, contrast, and smoothness. To this end, in order
to synthetically assess the modulation of microarray protein spots by
input technological parameters, IgG and BSA protein patterns produced
by inkjet, pin, and uCP, on silane-functionalized and plasma-treated
glass, have been analyzed versus the seven process performance output
variables.

For a synthetic comparison, all of the investigated parameters were
integrated into a radar chart to visualise their impact on the key per-
formance parameters of microarray protein patterns (Fig. 6). The spot
size and eccentricity values used for comparison are based on the
printing with a 12.5 ug/ml solution, as these values were the most
consistent with regard to these two performance criteria. The results
from the 25 pug/ml solution were used to compare the mean intensity
values since below this concentration pCP resulted in very low values.
Since there was no clear trend for the ‘coffee-ring’ ratio, or spot size
variability with concentration, the value of each of these variables was
added across concentrations for each method to produce the resulting
value used for comparison. The qualitative measurements of smooth-
ness and contrast observed in the intensity profiles of the 25 pg/ml
spots were given a value of 1-4, wherein 1 represented a profile without
significant intensity for comparison, and 4 represented the best method
on that surface. For variables where a number close to zero reflected a
better printing method, i.e., ‘coffee-ring’ ratio and eccentricity, the
quantified value was subtracted from 1, and therefore a higher value
represents better performance. The spot size is the one variable where
the value was used for direct comparison and does not reflect one
method being better than another. All quantitative values were nor-
malized to 1. The results of this comparison are presented in Fig. 6.

Inkjet printing produced spots with a higher contrast between the
spot and background signal, on all surfaces, as compared to pin
printing, as demonstrated by a steeper slope of their profile of the
fluorescence signal. The size of the spots produced by inkjet printing
was more uniform than those produced by pin printing. Also, the ne-
cessity of having multiple pins to enable higher throughput increases
the variability between spots. On hydrophobic surfaces pin printing
produced ‘coffee-ring’ spots, whereas inkjet printing produced ‘bull's
eye’ spots. The smoothness of the fluorescent profile and the cumulative
‘coffee-ring’ ratio across concentrations were comparable for both pin
and inkjet printing demonstrating that the two methods produce spots
of similar uniformity during the deposition process.

The use of the hygroscopic additives betaine and 2,3-butanediol
increased the circularity, uniformity, and mean fluorescence intensity
of the spots printed using a droplet-based method, as previously
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Fig. 6. Performance of deposition techniques. Radar charts show how the three methods, i.e., uCP (red), inkjet (green), and pin (blue) printing, compare against the
seven performance criteria investigated in this work, for printing IgG (left), and BSA (right), on GPS- (A, B), APTES- (C, D), OTS- (E, F), and PFS-functionalized (G, H)
glass slides. For each parameter, except size, a larger area covered represents a better performance of the method for this parameter. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).

demonstrated (Bergeron et al., 2015). A wash buffer following printing
that included the detergent Tween-20 decreased the variability in the
size and uniformity of the printed spots when compared to a mild wash
buffer without detergent. This highlights the importance of buffer
composition and printing parameter optimization to produce high
quality protein microarrays.

The comparative analysis of the spots produced by uCP is more
difficult, due to the small stamps used, and consequently the fewer
pixels per spot. However, when a higher resolution image is considered,
a clearer contrast was evident. This demonstrates that uCP can produce
much smaller spots with comparable uniformity to inkjet and pin
printing. In future work the results of using larger stamps to create spots
of comparable size to the droplet-based techniques should be

investigated to adequately compare methods.

4. Conclusion

To map the modulation of microarray protein spots by technological
parameters, IgG and BSA protein patterns produced by inkjet, pin, and
microcontact printing (uCP) on silane-functionalised glass have been
analyzed versus spot size, size, eccentricity, mean fluorescence in-
tensity, ‘coffee-ring’ ratios, and the contrast and smoothness of the
fluorescence intensity profile.

The printing on APTES-functionalized glass using droplet-based
techniques produced superior quality spots than any other surface.
Inkjet printing resulted in a higher quality of the spots on the widest
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range of surfaces compared to pin printing, largely because the de-
position of the protein solution does not depend on the substrate sur-
face. uCP was also shown to produce quality spots that are much
smaller than what either inkjet, or pin printing, are capable. However,
the high transfer efficiency of the uCP was limited to hydrophilic, high
energy surfaces, consistent with prior results (Ricoult et al., 2014).

Whereas other factors, such as secondary biomolecule binding and
microenvironment conditions, could affect the final efficacy of the
microarray, the strong correlation between immobilized protein and
binding signal suggests that the strongest and most homogeneous sig-
nals generally lead to the best performing microarrays. This work in-
troduces a systematic approach for the assessment of the quality of spot
microarrays and the results presented can be used as a methodological
template for the optimization of the development of future protein
microarrays. Depending on the specific microarray application, future
work is need to further study, using similar procedures as detailed here,
the impact of input parameters on the secondary microarray pattern, so
that the best combination of the printing method, surface and carrier
fluid can be chosen.
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