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Glass microscope slides are considered by many as the
substrate of choice for microarray manufacturing due to
their amenability to various surface chemistry modifica-
tions. The use of silanes to attach various functional
groups onto glass slides has provided a versatile tool for
the covalent immobilization of many diverse biomolecules
of interest. We recently noted a dramatic reduction in
biomolecule immobilization efficiency on standard micro-
scope slides prepared using a well-characterized silaniza-
tion method. A survey of commercial soda-lime slides
yielded the surprising result that slides purchased prior
to 2008 had superior immobilization efficiencies when
compared to those purchased after 2008. Characteriza-
tion of the slides by X-ray photoelectron spectroscopy
(XPS), contact angle measurements, and atomic force
microscopy (AFM), revealed a significant correlation (R
> 0.9) between magnesium content, surface roughness,
and bioimmobilization efficiency. High performance slides
had higher magnesium content and higher root-mean-
square (rms) roughness (P < 0.005) than slides with
lower bioimmobilization efficiencies. Although the exact
mechanism of how magnesium content and surface rough-
ness affect silane deposition has not yet been defined, we
show that recent changes in the chemical and physical
properties of commercial soda-lime slides affect the ability
of these slides to be covalently modified.

Glass microscope slides are considered by many to be the
substrate of choice for microarray manufacturing due to their low
cost, stability at high temperatures, broad availability, non-porosity,
low intrinsic fluorescence, and amenability to various chemical
surface modifications. The wide variety of surface modifications
that is commercially available on glass microscope slides under-
scores the importance of slide surface chemistry to the advance-
ment of microarray technology.1-4 These methods include poly-
L-lysine coating,5 formation of self-assembled monolayers after
gold-coating,6 addition of three-dimensional matrices such as
polymers,7 agarose,8 and acrylamide-based hydrogels,9-13 hydro-

phobin coating,14 and silanization.3,15-20 In particular, the use of
silanes to attach various functionalities and reactive groups onto
glass slides has provided a simple and versatile tool for the direct,
covalent immobilization of different biomolecules such as oligo-
nucleotides, cDNA, proteins, antibodies, and other molecules of
interest,21,22 as well as for attachment of scaffolds (e.g., dextrans)
used in subsequent coupling reactions.23,24 The quality of the
silane coating is critical for determining uniformity and coupling
efficiency of the attached molecules and often determines the
overall success of the microarray experiment. Although high
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quality slides precoated with an appropriate silane are com-
mercially available, many microarray researchers custom build
their own arrays using well-defined protocols and inexpensive
borosilicate or soda-lime slides.2,25,26

We have utilized a silane-based attachment chemistry to create
arrays of immobilized biomolecules on glass slides for over 10
years.18-20,27 We recently noticed, however, a dramatic reduction
in immobilization efficiency when attaching both proteins and
peptides to standard soda-lime microscope slides using this well-
characterized method. After exhaustive evaluation of reagents,
buffers, solvents, and other materials used in this work, it was
determined that it was the glass slides that were solely responsible
for poor immobilization efficiency. Interestingly, it was slides
purchased after 2008 that had poor binding efficiency. Therefore,
we sought to determine the source of this disparity between slides
purchased before and after 2008 through a chemical and physical
survey of commercially available soda-lime slides, assessing
efficacy of biomolecule immobilization, silane deposition, chemical
composition, and surface characteristics such as contact angles
and roughness.

EXPERIMENTAL SECTION
Materials. Standard soda-lime glass microscope slides were

obtained from several sources (Table 1). Rabbit anti-lipid A
(Escherichia coli) IgG was purchased from AbD Serotec (Raleigh,
NC). (3-Mercaptopropyl)triethoxysilane (MTS), 4-maleimidobu-
tyric acid N-hydroxysuccinimide ester (GMBS), phosphate buff-
ered saline (PBS), pH 7.4, potassium hydroxide, Tween-20, bovine
serum albumin (BSA), dimethyl sulfoxide (DMSO), and methanol
were purchased from Sigma-Aldrich (St. Louis, MO).

Cy3 Labeling of Purified Antibody (Model Protein). Rabbit
anti-lipid A was conjugated with Cy3 monoreactive dye (Amer-
sham-Pharmacia, Piscataway, NJ) following the manufacturer’s
instructions. Cy3-conjugated antibodies were purified from unin-
corporated dye by gel filtration on BioGel P-10 (BioRad, Hercules,
CA). Protein concentrations were determined according to the
manufacturer’s instructions.

Cleaning and Preparation of Glass Substrate. Slides were
first rinsed with distilled water while gently rubbing the surface
with gloved fingers to remove loosely bound contaminants. After

drying, slides were immersed in a solution of 10% KOH in
methanol and incubated static for 2 h. Slides were then removed
from the methanolic KOH solution and rinsed exhaustively with
distilled water until no schlieren lines were observed. Slides were
then dried, stored at room temperature, and used within 3 days.
Additional methods for cleaning of slides were assessed and are
described in Table S-1 in the Supporting Information.

Silanization and Attachment of Fluorescent Biomolecule.
Slides were patterned with varying concentrations of Cy3-labeled
IgG essentially as previously described.28 In this work, two
separate solutions were used in the silanization step, toluene and
methanol. Specifically, cleaned slides were placed within a Coplin
jar and covered with a solution of 2% mercaptopropyl triethoxy
silane in toluene. After a 30 min incubation under nitrogen, slides
were removed, rinsed three times in separate beakers of toluene,
and dried. Alternatively, a 2% silane solution was prepared in
methanol adjusted to pH 4 by addition of several drops of acetic
acid. The silanized slides were rinsed three times in methanol
before drying. Cross-linking was accomplished by placing the
dried, silanized slides into a Coplin jar containing 1.0 mM GMBS
in absolute ethanol and incubating for 30 min. Slides were then
rinsed thrice with deionized water and dried.

Slides were then placed in contact with poly(dimethylsiloxane)
patterning templates molded to contain multiple channels.29,30

Dilutions of Cy3-labeled antibody (10 ng/mL to 10 µg/mL in PBS)
were injected into each lane and allowed to incubate overnight at
4 °C; each concentration was patterned in duplicate. Each channel
was then rinsed with 1 mL of PBS containing 0.05% Tween-20 and
0.1% BSA (PBSTB), and the slides were removed from the
patterning template. After a brief rinse under distilled water, the
slides were dried and fluorescence was determined using a
ScanArray Express HT laser scanner (Perkin-Elmer, Waltham,
MA). Quantitative microarray analysis software was used for data
extraction and fluorescence intensity analysis. Mean fluorescence
values were determined from at least five different locations
spanning the length of each stripe (two stripes per slide) of
immobilized Cy3-antibody on duplicate slides.

Contact Angle Measurements. Goniometry was performed
using a static sessile drop technique on the different slide sets at
several points in the processing procedure: after an initial water
rinse to remove attached particulates, after cleaning with KOH/

(25) Grainger, D. W.; Greef, C. H.; Gong, P.; Lochhead, M. J. In Microarrays:
Volume 1: Synthesis Methods; Rampal, J. B., Ed.; Humana Press: NJ, 2007;
Vol. 381, pp 37-57.

(26) Seong, S.-Y. Clin. Diagn. Lab Immunol. 2002, 9, 927–930.
(27) Shriver-Lake, L. C. In Immobilized Biomolecules in Analysis; Cass, T., Ligler,

F. S., Eds.; Oxford University Press: New York, 1998, pp 1-14.

(28) Ngundi, M. M.; Taitt, C. R. Methods Mol. Biol. 2006, 345, 53–68.
(29) Feldstein, M. J.; Golden, J. P.; Rowe, C. A.; MacCraith, B. D.; Ligler, F. S.

J. Biomed. Microdevices 1999, 1, 139–153.
(30) Taitt, C. R.; Shubin, Y. S.; Angel, R.; Ligler, F. S. Appl. Environ. Microbiol.

2004, 70, 152–158.

Table 1. Summary of Commercially Available Soda-Lime Slides Investigateda

slide code name vendor cat. # lot # purchase date

A1 Daigger microslides, plain, precleaned Daigger G15975B <2008
B1 Fisherfinest premium microslides, plain Fisher Scientific 12-544-1 1690H <2008
C1 Fisherbrand plain microscope slides Fisher Scientific 12-550A <2008
D1 VWR micro slides selected, precleaned, plain VWR International 48300-025 <2008
A2 Daigger plain microslides, precleaned Daigger EF15975A >2008
B2 Fisherfinest premium microslides, plain Fisher Scientific 12-544-1 1899 >2008
C2 Fisherbrand plain microscope slides Fisher Scientific 12-550-A3 >2008
D2 precleaned gold seal microslides, plain Becton-Dickinson 3010 >2008

a Additional slides with limited analyses (bioimmobilization, water contact angle, and elemental composition) are described in Table S-3 in the
Supporting Information.
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methanol (and other methods), and after silane treatment (but
before cross-linking). Contact angle measurements were per-
formed at room temperature using a goniometer (AST Products,
Inc.), equipped with a microsyringe to control volume of the liquid
drop (2 µL). Four water drops were placed at different locations
on each substrate surface. Eight contact angle measurements
(each side of one water drop) were averaged, and the correspond-
ing standard deviations were calculated for each slide set.

X-ray Photoelectron Spectroscopy. Surface elemental and
chemical state analyses were performed on a K-Alpha X-ray
photoelectron spectrometer (Thermo Scientific). This instrument
is equipped with a microfocusing monochromator (Al KR X-ray
source, 1486.6 eV), which was operated at a spot size of 400 µm.
Analyzer pass energies of 200 and 25 eV, respectively, were used
for elemental survey and chemically sensitive narrow scan spectra.
K-Alpha’s charge compensation system was used during the
analysis, utilizing very low energy electrons and argon ions to
prevent any localized charge buildup. Spectra were referenced to
the main C 1s peak at 284.8 eV and quantified using Scofield
sensitivity factors.

Atomic Force Microscopy. Surface morphology was studied
at various scales using an atomic force microscope (Nanoscope
III, Veeco Metrology, Santa Barbara, CA) operated in tapping
mode. Surface images were obtained from 5 × 5 µm2 scans using
resolution of 256 × 256 pixels and a scan rate of 1.5 Hz. The
z-scale for as-received and KOH-treated glass was 10 nm,
whereas the scale for silanized glass was 50 nm. For a
quantitative evaluation of the topography changes, root-mean
square (rms) roughness was calculated from the surface height
data zi using

Rq ) [ 1
N ∑

i)1

N

|zi - z̄ |2]1/2

where z̄ is the mean height.

RESULTS AND DISCUSSION
Slide Survey-Biomolecule Immobilization Efficiencies.

The initial objective of this study was to identify commercially
available, inexpensive soda-lime slides that exhibit high protein
immobilization efficiency. Eight different lots of soda-lime slides,
purchased at different times (prior to 2008 or after 2008), were
compared. To evaluate lot-dependent slide properties, three
matched sets of slides were investigated: A1, B1, and C1
(purchased before 2008) and A2, B2, and C2 (purchased after
2008) (Table 1); although catalog numbers had changed, confir-
mation was obtained from the manufacturers that slides in set A1
were the same soda-lime glass slides as those in set A2 and
likewise with sets B1/B2 and C1/C2. Additional slides D1 (VWR;
purchased before 2008) and D2 (Becton-Dickinson; purchased
after 2008) were also tested. After cleaning, silanization, and cross-
linker treatment, protein immobilization efficiency was determined
for each slide set through fluorescence measurements of attached
Cy3-labeled antibody. Figure 1A (inset, upper right) shows
representative fluorescence images taken from slides purchased
before and after 2008. Dose-response curves for each slide type
(Figure S-1 in the Supporting Information) were used to determine
detection limits, defined as the lowest concentration tested at
which fluorescent signals were at least three standard deviations

above background. Figure 1A represents the mean net fluores-
cence from the highest concentration of Cy3-protein tested (10
µg/mL) on each slide set and shows that slides purchased before
2008 (sets A1-D1) demonstrated significantly higher protein
immobilization than those purchased after 2008 (sets A2-D2).
Detection limits for all batches of pre-2008 slides silanized in
toluene were 0.1 µg/mL, whereas those for slides purchased after
2008 were at least 5-fold higher.

The solvent in which silanization is performed plays a signifi-
cant role in determining both the concentration and the quality
of the silane coating on a glass surface.31-33 Although toluene
(used here; gray bars in Figure 1A) is a common solvent for
silanization of silica-based materials,34 many researchers have used
acidic methanol for silane deposition.32 Therefore, we repeated
the survey of bioimmobilization efficiencies using a methanol-
based silanization protocol (white bars in Figure 1A; Figure S-1
in the Supporting Information). In all cases, fluorescent signals
from slides silanized in the methanolic solvent were significantly
lower than those silanized in toluene (P < 0.001), with a
consequent 10-fold increase in detection limits (1 µg/mL for pre-
2008 slides and 10 µg/mL for post-2008 slides); in some cases,
no fluorescence signals were detected at even the highest protein
concentration tested (Table S-3 in the Supporting Information).
As for the toluene-processed slides, the trend for slides purchased
prior to 2008 outperforming the newer slides was again observed.
However, the differences appeared to be more marked in the
methanol-silanized slides. Slides silanized in acidic methanol
exhibited an average 13-fold difference in protein binding between
pre- and post-2008 slides, whereas, the difference was only 5-fold
when toluene was used. In short, toluene improved protein
immobilization more on the low performance slides than on the
high performance slides, thereby reducing the overall performance
variance between pre- and post-2008 slides. However, even under
optimal silanization conditions, protein immobilization efficiencies
of the post-2008 slides were still well below that of the older slides.

To ascertain that inadequate cleaning was not responsible for
this effect, we conducted a study of eight well-characterized
cleaning methods on the slides prior to silanization, cross-linking,
and biomolecule immobilization (Table S-1 in the Supporting
Information). Although some variations were observed between
cleaning protocols, the same trend of higher immobilization
efficiency in pre-2008 slides was observed, independent of cleaning
method (Figure S-2 in the Supporting Information). For all
subsequent experiments, the optimal cleaning and silanization
methods were used (cleaning in 10% KOH/methanol for 2 h,
followed by silanization in toluene).

Results from the bioimmobilization study suggested that the
most significant difference in protein binding efficiency was
correlated to the manufacture lot and, presumably, the manufac-
ture date of the slides. Even with careful selection of microscope
slides and optimization of reaction conditions, the protein im-
mobilization efficiencies of post-2008 slides could not be improved
to those of corresponding pre-2008 slides. This raised the
possibility that elemental impurities and/or compositional dispari-

(31) Chen, T. M.; Brauer, G. M. J. Dent. Res. 1982, 61, 1439–1443.
(32) Hermanson, G. T. Bioconjugate Tech.; Academic Press: Oxford, 2008.
(33) McGovern, M. E.; Kallury, K. M. R.; Thompson, M. Langmuir 2002, 10,

3607–3614.
(34) Welch, K. J.; Hoffman, N. E. J. High Res. Chromatogr. 1986, 9, 417–419.
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ties are associated with a recent change in the manufacture of
soda-lime glass slides.

X-ray Photoelectron Spectroscopy (XPS). To identify el-
emental disparities in the glass surface, relative atomic surface
compositions of pre- and post-2008 soda-lime slides were deter-
mined by XPS (Table 2); XPS was also used to determine the
efficiency of silanization, as the sulfur in the thiol silane provided
a unique XPS-identifiable element. All slides exhibited the major
elements of glass, carbon, silicon, and oxygen, as well as trace
amounts of sodium, nitrogen, and calcium. Furthermore, both pre-
and post-2008 slides exhibited an increase in both sulfur and
carbon content after silane treatment (attributed to the addition
of the silane layer), with a corresponding drop in contributions
from other components as the original glass substrate became
shielded with silane deposition. High resolution XPS analyses
confirmed that the sulfur on the glass surfaces was present as
the reactive thiol form (SH). However, slides purchased prior to
2008 revealed significantly higher concentrations of magnesium
compared to the corresponding slides purchased after 2008
(Figure 1B and Table 2; P < 0.001). The older slides also exhibited
higher degrees of silanization than newer slides based on sulfur
and carbon composition (P < 0.05), and a significant, positive
correlation between magnesium content and silanization efficiency
was observed (R ) 0.780; P < 0.05). Moreover, the high
magnesium content was strongly related to biomolecule im-

mobilization, as calculated based on detection limits of im-
mobilized IgG (R ) 0.942; P < 0.001); results from four additional
lots of soda-lime slides purchased at different times showed the
same correlation (Table S-3 in the Supporting Information; R )
0.9, P < 0.001). These results suggest that a high concentration
of magnesium in soda-lime glass is linked to higher silane
coverage density on the slide surface, thereby affecting subse-
quent protein binding.

Contact Angles. To determine if the disparity in Mg content
was correlated with other differences in surface properties (e.g.,
surface hydrophilicity) of the soda-lime slides, goniometry was
used to qualitatively assess surface wettability of KOH-cleaned
slides (Figure 1C; Table S-3 in Supporting Information). Low
magnesium slides (sets A2-D2), displayed low contact angles
(WCA < 5°), with most exhibiting total wetting, recorded as WCA
≈ 2°. In contrast, high magnesium slides (sets A1-D1) displayed
a mean contact angle of 27.49 ± 0.10°. It should be noted that the
mean contact angle values for “as-received” slides (no treatment)
were only slightly higher than KOH-cleaned slides (≈ 5.0°),
indicating that the considerable difference in contact angle values
between the pre- and post-2008 slides was not due to KOH
treatment. The results suggest compositional and structural
differences at the surfaces, either of which can be attributed to
surface contaminants or alkali leaching. XPS analyses performed
after additional cleaning treatments designed to remove heavy

Figure 1. Survey of commercial soda-lime microscope slides. (A) Immobilization efficiency of Cy3-IgG (10 µg/mL) on commercial soda-lime
slides. Slides A1 through D1 were purchased prior to 2008 and slides A2 through D2 were purchased after 2008. The average fluorescence
intensity and the standard deviation were determined from five different locations spanning each stripe on two replicates of each protein
concentration tested on two duplicate slides. Although absolute values of fluorescence varied between sets of slides, the trend of higher
immobilization on older slides was representative of all concentrations. White bars: silanization in acidic methanol; gray bars: silanization in
toluene. Inset, image of representative Cy3-IgG patterned slides B1 (left) and B2 (right). Lower limit of detection for slides silanized in acidic
methanol: pre-2008 ) 1 µg/mL, post-2008 ) 10 µg/mL; slides silanized in toluene: pre-2008 ) 0.1 µg/mL, post-2008 ) 1 µg/mL. (B) Atomic
concentration (%) of magnesium and (C) water contact angle measurement of pre- and post-2008 slides after KOH cleaning.
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metals from glass surfaces35 confirmed that the high magnesium
content of slides A1, B1, C1, and D1 was preserved and, thus,
magnesium is not a surface contaminant but appears to be found
throughout the bulk. In addition, XPS data show equivalent carbon
concentrations across all KOH treated slides (Table 2) and, thus,
no adventitious carbon due to organic contaminants is responsible
for the increased contact angles.

Atomic Force Microscopy. An additional variable affecting
contact angle is surface roughness. In general, surface roughness
increases the water contact angle for a droplet on a hydrophobic
surface (i.e., WCA > 90°), whereas it tends to decrease the contact
angle for a droplet on a hydrophilic one (i.e., WCA < 90°),36,37 a
phenomenon driven primarily by capillary action of the roughened
surface.38 AFM was used to examine surface topography and
determine the root-mean-square (rms) roughness of a representa-
tive matched slide set, slides B1 (pre-2008, high Mg) and B2 (post-
2008, low Mg). Figure 2A shows the topography of as-received
slide sets B1 and B2. Surprisingly, set B1 exhibited a significantly
rougher surface than set B2 as evidenced by the rms roughness
value of 0.63 ± 0.07 nm, which is about twice the value observed
for B2 slides (0.27 ± 0.02 nm; P < 0.002). Additional AFM analysis
on larger areas of 10 × 10 µm2 and 20 × 20 µm2 indicated that
the differences of the surface morphology are independent of
scanned area and are, thus, glass specific. KOH treatment
(Figure 2B) resulted in an approximate 3-fold increase in the rms
roughness value of B1 slides (1.71 ± 0.42 nm; P < 0.005), which
is consistent with previous reports for KOH-etching.39 In contrast,
B2 slides exhibited minimal change in surface roughness after

the KOH-etch (0.40 ± 0.17 nm; P > 0.2), with pre-2008 slides still
exhibiting significantly greater nanoscale roughness. After si-
lanization, the rms roughness values for both slide sets were not
significantly different: 1.36 ± 0.03 nm and 1.35 ± 0.01 nm for B1
and B2 slides, respectively (Figure 2C; P > 0.5). Here, however,
one should consider this similarity with caution: the presence of
large, isolated peaks in the post-2008 slides can skew the rms
values. The images in Figure 2C clearly differ in topography and
line scans taken at various locations (Figure S-3 in the Supporting
Information) also indicate a difference. For the latter, it appears
that if one considers only the areas between the large, isolated
peaks on the surfaces of the post-2008 slides, they are smoother
than the pre-2008 slides. Although the differences are difficult to
quantify from only the images and select lines scans, it is
reasonable to assume that over much of the scanned areas, the
substrate surface roughness is preserved through the silane layer.

Effect of Physicochemical Surface Properties of Soda-
Lime Glass on Bioimmobilization. Our experimental results
show that the contact angles, surface roughness, and chemical
composition of the sets of investigated slides (purchased before
and after 2008) are different. Even though the complex relation-
ship between glass surface characteristics and biomolecule im-
mobilization is not thoroughly understood, the results suggest
that a high concentration of magnesium in soda-lime glass slides
is linked to higher silane coverage density on the slide surface,
thereby affecting subsequent protein binding.

It is well-known that the chemical composition of glass, i.e.,
the presence of alkali metal oxides (e.g., Na2O, K2O) and alkaline
earth oxides (e.g., MgO, CaO), affects the mechanical and
dissolution properties of glass.40-43 In general, the incorporation(35) Kern, W.; Puotinen, D. A. RCA Rev. 1970, 31, 187–206.

(36) Johnson, R. E., Jr.; Dettre, R. H. In Advances in Chemistry Series: Gould,
R. F., Ed.; American Chemical Society: Los Angeles, CA, 1964, pp. 136-
144.

(37) Busscher, H. J.; van Pelt, A. W. J.; de Boer, P.; de Jong, H. P.; Arends, J.
Colloids Surf. 1984, 9, 319–331.

(38) Kamusewitz, H.; Possart, W.; Paul, D. Colloid Surf., A 1999, 156, 271–
279.

(39) Rädlein, E.; Frischat, G. H. J. Non-Cryst. Solids 1997, 222, 69–82.

(40) Dietrich, E.; Oudadesse, H.; Lucas-Girot, A.; Le Gal, Y.; Jeanne, S.;
Cathelineau, G. Applied Surface Science: The First International Symposium
on Surfaces and Interfaces of Biomaterials 2008, 255, 391–395.

(41) Dietrich, E.; Oudadesse, H.; Lucas-Girot, A.; Mami, M. J. Biomed. Mater.
Res., Part A 2009, 88A, 1087–1096.

(42) Oelkers, E. H.; Schott, J. Geochim. Cosmochim. Acta 2001, 65, 1219–1231.

Table 2. Relative Atomic Concentrations and Standard Deviationsa of the Measured Elementsb (C, Si, O, Mg, S) on
KOH-Cleaned (KOH) and Mercaptosilane-Treated (Si) Soda-Lime Slidesc

slide/treatment C (%) Si (%) O (%) Mg (%) S (%) p-valued LOD (µg/mL)

A1/KOH 13.60 ± 0.40 19.91 ± 0.80 48.91 ± 1.20 13.87 ± 1.29 NDe

A2/KOH 12.98 ± 0.09 26.94 ± 0.15 56.47 ± 0.31 1.06 ± 0.04 ND
A1/Si 23.36 ± 2.34 20.69 ± 0.91 44.98 ± 2.25 5.33 ± 2.04 2.40 ± 0.39 0.1
A2/Si 15.45 ± 5.19 27.21 ± 0.89 52.57 ± 2.03 0.21 ± 0.25 1.63 ± 0.61 p < 0.05 1.0

B1/KOH 13.86 ± 0.71 19.21 ± 0.88 48.55 ± 0.69 16.67 ± 1.44 ND
B2/KOH 14.95 ± 0.83 25.68 ± 0.29 54.28 ± 3.16 0.81 ± 1.14 ND
B1/Si 24.42 ± 3.45 20.99 ± 0.30 44.96 ± 0.69 5.55 ± 1.14 2.95 ± 0.55 0.1
B2/Si 18.68 ± 1.04 25.84 ± 1.55 49.40 ± 3.16 0.28 ± 0.11 2.14 ± 0.13 p < 0.05 1.0

C1/KOH 15.81 ± 0.04 22.25 ± 0.12 50.66 ± 2.01 9.84 ± 0.49 ND
C2/KOH 13.14 ± 0.36 26.67 ± 0.52 56.57 ± 0.43 0.86 ± 0.25 ND
C1/Si 20.80 ± 1.05 23.01 ± 1.11 46.71 ± 1.91 5.44 ± 0.72 2.17 ± 0.11 0.1
C2/Si 16.36 ± 3.45 27.11 ± 0.19 51.65 ± 0.26 1.65 ± 0.19 1.94 ± 0.15 p < 0.05 1.0

D1/KOH 12.99 ± 0.64 20.01 ± 0.44 50.36 ± 0.17 16.65 ± 0.93 ND
D2/KOH 13.07 ± 0.28 26.97 ± 0.22 56.67 ± 0.95 0.69 ± 0.05 ND
D1/Si 23.85 ± 1.81 21.11 ± 0.96 44.65 ± 0.85 6.13 ± 0.45 3.07 ± 0.42 0.1
D2/Si 17.77 ± 1.13 26.41 ± 0.72 50.30 ± 1.35 0.77 ± 0.30 2.16 ± 0.26 p < 0.005 1.0

a Standard deviations of four to five replicate measurements for silane-treated slides. Standard deviations of two replicate measurements for
KOH-etched slides. b Calcium, sodium, and nitrogen were present in many samples and are included in Table S-2 in the Supporting Information.
c Lower limit of detection (LOD) for protein immobilization corresponding to each silane-treated slide. d Comparison of carbon and sulfur atomic
composition of silane-treated slides: A1 and A2, B1 and B2, C1 and C2, and D1 and D2. e Not detected.
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of any alkaline oxide in glass results in the modification of the
three-dimensional siloxane (Si-O-Si) network. Alkali cations
break siloxane bonds and form nonbridging oxygens, leading to
the formation of highly reactive silanol groups (tSi-OH). But
during the initial stages of glass dissolution, alkali metal cations
(e.g., Na and K) tend to preferentially leach out of the glass. This
process initiates the rearrangement of the leached layer network
structure and promotes the reformation of siloxane bonds.44 In
contrast, alkaline earth cations (e.g., Mg and Ca) have demon-
strated the ability to block alkali diffusion, thereby preserving the
silanol groups in the leached layer, and increase glass durability.43,45

Depending on the chemical composition of the glass, the
leaching stage of glass dissolution proceeds in different steps. In
general, the equilibrium reaction rates for bonds broken by water

absorption decreases as follows Na-H > Ca-H > Mg-H > Al-H
> Si-O.42,45 According to manufacturers’ specification data, soda-
lime glass is composed of (approximately) 72% silicon dioxide,
14% sodium oxide, 6% calcium oxide, 4% magnesium oxide, and
<2% aluminum oxide, potassium oxide, sulfur trioxide, and iron
oxide. However, the XPS elemental analysis showed that the two
categories of soda-lime glasses (pre- and post-2008) had signifi-
cantly different atomic concentrations of silicon, oxygen, and
magnesium at the surface. (The analysis depth of XPS is ∼9 nm.)

We speculate that the different dissolution properties of high-
and low-Mg soda-lime slides produce distinct etch profiles
comprising peaks and valleys representing regions of Mg enrich-
ment and Na depletion, respectively.46 This hypothesis is sup-
ported by the AFM measurements showing differences in the
surface roughness of untreated pre- and post-2008 slides, presum-
ably due to nonuniform leaching of the high-Mg slides in the(43) Koenderink, G. H.; Brzesowsky, R. H.; Balkenende, A. R. J. Non-Cryst. Solids

2000, 262, 80–98.
(44) Scholze, H. Glass - Nature, Structure, and Properties; Spinger-Verlag: New

York, 1991.
(45) Sinton, C. W.; LaCourse, W. C. Mater. Res. Bull. 2001, 36, 2471–2479.

(46) Sharma, A.; Carnali, J. O.; Lugo, G. M.; Jain, H. J. Non-Cryst. Solids 2002,
311, 93–98.

Figure 2. Surface roughness as a function of treatment conditions on set B1 slides (purchased before 2008) and set B2 slides (purchased
after 2008). Representative AFM three-dimensional images for slides (A) “as-received” with no treatment (NT), (B) after KOH-cleaning treatment
(KOH), and (C) after silanization in toluene. Averaged rms roughness values and standard deviations were calculated from three measurements
at different locations on untreated, KOH-methanol cleaned, and silanized slides.
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presence of atmospheric moisture (Figure 2A). As expected, the
nonuniformity of the high-Mg slides become even more pro-
nounced after KOH-etching (Figure 2B, left panel);47 on the other
hand, more uniform glass dissolution in low-Mg slides produce
only a slight increase in roughness (Figure 2B, right panel). The
correlation between surface roughness and Mg content suggests
a physical explanation (i.e., increased surface area) for improved
silanization efficacy on the high-Mg soda-lime slides. In addition,
differences in surface reactivity due to the distinct chemical
composition of the slides purchased prior to 2008 may also play
a role in enhanced biomolecule immobilization.

Successful and reproducible silane monolayer assembly re-
quires reactive silanol groups (tSi-OH), which are readily
available on a clean, KOH-treated glass surface. Such a surface is
typically characterized by low water contact angles (WCA < 10°).
Therefore, it was unexpected that the high performance, pre-2008
slides showed higher contact angle values than the post-2008
slides. However, the surfaces are still considered hydrophilic for
both pre- and post-2008 slides, and the contact angle values of
the silanized surfaces were similar (mean contact angles of
68.25 ± 2.74° and 66.34 ± 1.46°, respectively). Although XPS
confirmed that silanization had occurred on all slides, further
examination of the atomic concentrations of carbon and sulfur of
the silanized surfaces suggested better silanization of the pre-
2008 slides. These results are consistent with bioimmobilization
data that clearly showed increased protein binding efficiency on
these slides. These findings also suggest that the amount and
the density of surface silanol groups in the pre-2008 slides are
higher. It should be noted that their concentrations and distribu-
tion were not quantified.

One possible explanation for the observed phenomenon is that
for mixed alkali silica glass, where the magnesium in the leached
layer is preserved, the condensation of silanol groups is limited
and, thus, a higher concentration of surface hydroxyls is formed.
As a result, the relative silane deposition of the high-Mg slides is
enhanced, as compared to the low-Mg soda-lime slides. Another
factor that may influence the silanization efficacy of the pre- and
post-2008 slides, taking into account their inherent differences in

chemistry and morphology, is the formation of different forms of
silanols (e.g., single, germinal, and vicinal) on silica that differ in
interaction energy48,49 and acidity.50

CONCLUSION
This work presents a physicochemical survey of commercial

soda-lime microscope slides commonly used for immobilization
of biomolecules in microarrays. To our surprise, it was observed
that all the lots of commercial microscope slides that were
purchased before 2008 had significantly higher immobilization
efficiencies than those purchased after 2008 and that these high
immobilization efficiencies correlated positively with chemical
composition (high magnesium content) and surface morphology
(roughness). To our knowledge, this is the first time these
correlations have been documented in a survey of commercial
substrates. The results indicate variations in the chemical com-
position of commercial soda-lime slides have a profound effect
on the ability to immobilize biomolecules utilizing covalent silane
chemistry. We anticipate that our results will be of great interest
to researchers and industries involved in the custom-preparation
or commercial fabrication of soda-lime slide-based arrays using
standard silane chemistry.
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