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Morphology and Amine Accessibility of (3-Aminopropyl)
Triethoxysilane Films on Glass Surfaces

WEI WANG and MARK. W. VAUGHN

Department of Chemical Engineering, Texas Tech University, Lubbock, Texas, USA

Summary: 3-Aminopropyl) triethoxysilane (APTES)
is commonly used to functionalize glass substrates
because it can form an amine-reactive film that is
tightly attached to the surface. In this study, we
investigated the morphology and chemical reactiv-
ity of APTES films prepared on glass substrates
using common deposition techniques. Films were pre-
pared using concentrated vapor-phase deposition, dilute
vapor-phase deposition, anhydrous organic-phase depo-
sition and aqueous-phase deposition. All films were
annealed, or cured, at 150°C. The morphology of the
films was quantified by fluorescence and by atomic
force microscopy (AFM). The optical equivalent of
the AFM images was computed and then used to
directly compare optical and AFM images. Reactive
amine density was determined by a picric acid assay
and by a method that employed N -succinimidyl 3-[2-
pyridyldithio]-propionamido (SPDP) cross-linked rho-
damine. Fluorescence and AFM images showed that
silane films prepared from dilute vapor-phase and
aqueous-phase deposition were more uniform and had
fewer domains than those deposited by the other meth-
ods. The ratio of picric acid-accessible amino groups to
SPDP cross-linked rhodamine-accessible groups varied
with the preparation method, suggesting reactant size-
dependent difference in amine accessibility. We found
a larger number of accessible amino groups on films
prepared by vapor-phase deposition than on those pre-
pared from solution deposition. The dilute vapor-phase
deposition technique produced relatively few domains,
and it should be a good choice for bioconjugation appli-
cations. There were appreciable differences in the films
produced by each method. We suggest that these dif-
ferences originate from differences in film rearrange-
ment during annealing. SCANNING 30: 65-77, 2008.
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Introduction

Silanization of solid surfaces with APTES is widely
used to prepare substrates for applications using immo-
bilized proteins and to prepare selective absorbents or
organic/inorganic hybrid materials (Kurth and Bein,
1995; Hu et al., 1996; Frey et al., 1997; Joos et al.,
1997; Szabo et al., 1998; Gyorvary et al., 1999; Falsey
et al., 2001; LeProust et al., 2001; Kim and Abbott,
2002; Matsumoto et al., 2002; Ek et al., 2003; Etienne
and Walcarius, 2003; Jin et al., 2003; Miyazaki ef al.,
2003; Wang et al., 2003; Vaidya and Norton, 2004;
Crampton et al., 2005; Chen et al., 2006; Enders et al .,
2007; Martin et al., 2007; Yu et al., 2007). Chemically
adsorbed silane on an inorganic surface provides a plat-
form for further chemical reactions through an amine
or other functional group opposite to the silane. Hence,
macromolecules like protein and DNA can be fixed
onto the platform by linking to the functional group.

Typically, a silane-modified surface is prepared by
depositing a silane compound onto a silica, glass or
aluminum oxide substrate to form a thin film of grafted
material. Silanes can be deposited from either solution
or vapor phases (Peanasky et al., 1995; Moon et al.,
1996; Ek et al., 2003). The film can then be annealed,
or cured, at an elevated temperature to form cross-links
between the substrate and silane molecules (Heiney
et al ., 2000; Falsey et al., 2001; Sun et al., 2002).

Silane film morphology can affect the accessibil-
ity of reactive groups, thereby altering the degree of
immobilization and possibly the properties of the subse-
quently immobilized molecules (Chechik and Stirling,
1998; Heiney et al., 2000; Zhuang et al., 2000). A
better understanding of the relationship between mor-
phology, amino group accessibility and the deposition
method could lead to more effective silane applica-
tion. Although silane films prepared by different meth-
ods might be expected to differ in morphology and
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in the accessibility of the amino groups, few stud-
ies have examined this relationship. In what follows,
we examine the structure of amino-terminated silane
films at the micro and submicroscale using fluorescence
microscopy and AFM, augmented by amine group
chemical availability measurements. Direct compari-
son between AFM measurements of surface topology
and fluorescently labeled features is enabled by con-
verting the AFM topology into an “optical equivalent”
image. This image approximates the image that would
be obtained if the optical features of the film resulted
from surface topography only.

Macroscale properties of silane films have been
characterized by use of Fourier transform infrared
(FTIR) spectroscopy (Kessel and Granick, 1991; Kanan
et al., 2002), X-ray photoelectron spectroscopy (Moon
et al., 1997; Allen et al., 2005; Crampton et al., 2005;
Chen et al., 2006; Metwalli et al., 2006; Martin et al.,
2007), UV-vis spectrophotometry (Moon et al., 1996,
1997), ellipsometry (Kurth and Bein, 1995; Moon
etal., 1996, 1997), and quartz-crystal microbalance
measurements(Kurth and Bein, 1995). These methods
have provided essential insight into film properties
but cannot describe the distribution of available amino
groups or the microscale morphology of the film. The
AFM has been used to provide nanoscale morphology
of silane films but not the accessibility and distribution
of amino groups.

Some silanes, such as octadecyltrichlorosilane (OTS)
can form smooth, monolayer-like films on SiO,,
(Tidswell et al., 1991; Legrange et al., 1993; Peanasky
et al., 1995; Wang and Lieberman, 2003; Koga et al.,
2005) although the type of film formed depends on
the experimental conditions (Legrange et al., 1993;
McGovern et al., 1994; Peters et al., 2002; Fan et al.,
2003; Rozlosnik et al., 2003; Koga et al., 2005). Par-
ticularly important is the amount of water in the sys-
tem (Legrange ef al., 1993; McGovern et al., 1994;
Ulman, 1996; Peters et al., 2002; Foisner et al., 2003;
Wang and Lieberman, 2003) and the nature of the sol-
vent (McGovern et al., 1994; Fan et al., 2003; Rozlos-
nik et al., 2003). (3-Aminopropyl) triethoxysilane was
originally thought to form an ordered monolayer with
adjacent silanes bound by Si—O-Si bonds, (Waddell
et al., 1981; Kurth and Bein, 1993; Moon et al., 1996).
However the APTES-Si0O, interaction is complicated.
The film formed can be multilayered (Kang and Blum,
1991; Moon et al., 1997), and the properties of the
layer are strongly influenced by several major fac-
tors. These factors include silane bond-length mis-
match in the assembled 2D film, (Stevens, 1999) water
on the substrate surface or in solution, (White and
Tripp, 2000; Zhang and Srinivasan, 2004; Howarter
and Youngblood, 2006) silane concentration, (Kang and
Blum, 1991; Etienne and Walcarius, 2003; Zhang and
Srinivasan, 2004; Howarter and Youngblood, 2006)
reaction time for film formation (Moon et al., 1996,

1997; Heiney et al., 2000; Howarter and Youngblood,
2006), reaction temperature, (Howarter and Young-
blood, 2006) and amine—glass interactions (Vanden-
berg et al., 1991; White and Tripp, 2000; Kanan ef al.,
2002). An important factor in the behavior of APTES
is its propensity to form intermolecular siloxane cross-
links (Crampton et al., 2005; Howarter and Young-
blood, 2006, 2007).

Atomic force microscopy has been used in a number
of morphological studies of silane films. Studies have
focused on factors that affect film formation, evolution
and structure, (Sun et al., 2002; Benitez et al., 2003;
Rozlosnik et al., 2003; Zhang and Srinivasan, 2004;
Allen et al., 2005; Jung et al., 2005; Howarter and
Youngblood, 2006) film growth mechanisms, (Simon
et al ., 2002; Foisner et al., 2003; Wang and Lieberman,
2003; Crampton et al ., 2005; Metwalli et al., 2006) and
mechanical properties (Nakagawa et al., 1994; Xiao
et al., 1995).

Allen et al. (2005) studied self-assembled 3-amino
propyl trimethoxysilane (APTMS) films by the use
of XPS, SIMS and AFM. In their work, AFM was
used to measure nanoscale surface homogeneity and
three-dimensional assembled film features. They were
interested in whether the film was continuous or com-
posed of island structures. Their AFM images indicated
that the APTMS film was homogeneous, without pits
or defects. Benitez et al. (2003) investigated octade-
cylamine multilayers on mica with AFM. They found
that multilayer films were formed, exposing terraces
with alternating frictional and wear properties due to
methyl and amino group terminations. They proposed
the growth mechanism as micellar formation in the
ethanol solution and subsequent deposition onto the
mica. Howarter and Youngblood (2006) used AFM to
study the effect of reaction temperature, solution con-
centration and reaction time on the structure and mor-
phology of APTES films. They found three basic mor-
phologies: smooth thin films, smooth thick films and
roughened thick films. Jung et al. (2005) used AFM
to examine the vapor-phase self-assembled monolayer
and found that the vapor-phase treated substrates had
fewer aggregates of the silane molecules on the sur-
face. Rozlosnik et al. (2003) used AFM to examine the
effect of solvents and concentration on the formation
of OTS monolayers. They found that OTS in heptane
could form a fully covered monolayer on hydrophilic
silicon oxide, whereas OTS in dodecane results in mul-
tilayer films. Sun et al. (2002) studied the structural
evolution of octyltriethoxysilane (OTE) films on glass
surfaces by the use of pulsed-force mode AFM. They
found that the films formed at room temperature were
flat and featureless, but the samples annealed at 145 °C
showed formation of “islands”. The size and number
of these islands increased with the annealing time.

Crampton et al. (2005) considered factors affecting
the functionalization of mica with aminosilanes. Their
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contact mode AFM scratching experiments showed that
the monolayer structure of silane film existed when the
relative humidity (RH) was below 25% and the bilayer
structure film existed when the RH was above 25%.
The discontinuity at 25% RH appeared to be correlated
with the appearance of liquid water on the surface.
Both structures were found to bind DNA. Crampton
et al. (2005) also investigated the structural changes
of the two layer types after annealing at 150 °C. They
found that the structural changes that occurred during
annealing could prevent DNA from binding to silane-
modified mica. Wang and Lieberman (2003) used AFM
and XPS to investigate OTS monolayer formation.
They found that film formation from a dry solution of
OTS in Isopar-G occurred through a “patch expansion”
process that terminated once a single monolayer was
formed. However, when a small amount of water was
present in the solution, OTS formed plate-like islands
on the surface. Octadecyltrichlorosilane films formed
in wet solutions covered the surface much faster than
those formed in dry solutions. Additionally, they found
that wet-solution films were not monolayers and that
longer deposition time resulted in increased roughness.
Aqueous and anhydrous deposition of APTES was
investigated by Simon et al. (2002) who found that
the most stable films were formed by deposition
from anhydrous solution. Foisner et al. (2003) studied
the growth of alkylsiloxane monolayers from various
concentrations in toluene by the use of tapping mode
AFM and ellipsometry. They found that irregular rough
films with a maximum surface coverage of 70% could
be formed from a high concentration of OTS solution.

Nakagawa ef al. (1994) used AFM to investigate
the topography of OTS on mica surfaces. They found
that the film could be imaged repeatedly without being
damaged when the scanning force was set at about
1 nN. They also found that the film had pinholes
that ranged in size from several nanometers to about
100 nm. Xiao et al. (1995) determined the structure and
mechanical stability of OTE monolayers on mica with
AFM. They found that the films could be removed with
sharp AFM tips by applying a load above 10 nN. They
concluded that the mechanical strength of the films
formed by OTE was due to inter-siloxane cross-linking
rather than to chemical bonding to the mica substrate.

The purpose of this paper is to compare the mor-
phology of APTES films prepared by commonly used
methods and to evaluate the chemical accessibility of
the amine groups on those films. Fluorescence tech-
niques provided microscopic and macroscopic surface
density information: macroscopic information through
the intensity distribution and microscopic information
through the concentration dependence of intensity. The
accessibility of the silane amino groups was evalu-
ated by assays using amine-reactive compounds: picric
acid and fluorescently tagged SPDP. Atomic force
microscopy was used to characterize film topography.

Materials and Methods
Chemicals

N -Succinimidyl-3-(2-pyridyldithio) propionate was
purchased from Pierce Biotechnology (Rockford IL).
APTES, rhodamine-B-isothiocyanate (RITC), DL-1,4-
dithiothreitol (DTT), cystine, cysteine and high-perfor-
mance liquid chromatography (HPLC)-grade water,
were purchased from either Acros (Fisher Scientific,
Houston) or Sigma-Aldrich (St. Louis).

Substrate Preparation

Borosilicate glass microscope cover slides (24 mm
X 40 mm) (Fisher Premium #1 coverslips, Fisher
Scientific, Houston) were cleaned with 100 °C piranha
solution (a mixture of 2/3 concentrated H,SO4 and 1/3
30% H,0,) for 6 h, then washed and stored in deionized
water. All slides were used within 1 week of cleaning.
Prior to use, slides were dried in a 120°C oven for 2
h, then cooled to room temperature.

Silane Film Preparation

Silane films were prepared by methods described
elsewhere with slight modifications (Wikstrom et al.,
1988; Falsey et al., 2001).

Method 1: concentrated vapor-phase deposition. Two
clean slides were put inside a clean, horizontal 200 mL
glass bottle that contained 50 puL. of APTES. The bottle
was sealed and placed in a 150 °C oven for 20 h.

Method 2: dilute vapor-phase deposition. A solution
of 0.1 mL APTES in 10 mL dry toluene was prepared.
Two clean slides were put inside a clean, horizontal
200 mL glass bottle that contained 50 pL of the
APTES—toluene solution. The bottle was sealed and
placed in a 150°C oven for 20 h.

Method 3: organic-phase deposition. Toluene was
dried by adding five grams anhydrous Na,SO4 to
50 mL toluene for 10 min. (3-Aminopropyl) tri-
ethoxysilane was added to the dry toluene to make a
2% APTES-toluene solution. Clean glass slides were
immersed into the solution and reacted at room temper-
ature for 2 h on a rocking mixer. The slides were then
removed, washed with toluene and dichloromethane
and placed in bottle. The bottle was sealed and placed
in a 150°C oven for 20 h.

Method 4: aqueous-phase deposition. Clean slides
were soaked in a 2% APTES solution for 2 h on a
rocking mixer. The slides were removed, washed with
deionized water, then placed in a bottle. The bottle was
sealed and placed in a 150 °C oven for 20 h.
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Amine Density

Amino group density of the APTES film was char-
acterized by two methods.

Method 1: the picric acid method. We followed
the procedure described by Gisin (1972). Briefly, two
APTES coated glass slides were neutralized with 5%
(v/v) diisopropylethylamine in dichloromethane for 6
min, then washed with dichloromethane for 2 min.
The slides were treated with 0.1 M picric acid for
10 min and washed five times with dichloromethane
for 2 min each time. The picrate was eluted with
diisopropylethylamine solution for 6 min. The solution
absorption at 358 nm was measured spectrophotomet-
rically. The concentration of the amino groups in the
solution was obtained by comparing the absorption at
358 nm of the unknown solution with that of a standard
picrate solution.

Method 2: the SPDP/RITC method. The reaction
scheme is shown in Figure 1. This method was devel-
oped in order to investigate the amine groups accessible
to bioconjugation, especially bioconjugation of pep-
tides, oligonucleotides and other bulky groups. The pro-
cedure is modified from a SPDP protocol given by Her-
manson (1999). The APTES coated glass slides were
activated by immersing in a SPDP-DMSO (dimethyl
sulfoxide) solution (5 mg/10 mL) for 3 h. Unreacted
SPDP was removed by washing the slide with DMSO.
The cystine linker was attached by reacting in 20 mL
of 0.1 M cystine in HPLC grade water for 3 h. The
slides were then immersed in RITC solution in 40
mM phosphate buffer solution for 3 h. Finally, the
slides were treated with a 0.1 M DTT solution for 3
h to reduce the cystine disulfide bond and release the
rhodamine from the surface. The concentration of the
amino groups in the solution was obtained by compar-
ing the final solution fluorescent intensity to that of a
standard RITC solution prepared from an equal molar
ratio RITC—SPDP-cysteine mixture diluted with 0.1
M DTT.

Fluorescence Microscopy

All optical images were taken with an Olympus
IX71 fluorescence microscope through a 40 x 0.6 NA
long-working distance lens using an Olympus Q-Color
3 CCD camera. Photomicrographs were taken using
a 100 W mercury arc light source with a standard
fluorescein (488 nm excitation/510 nm emission) fil-
ter set or a standard rhodamine (540 excitation/605
emission) filter set (Chroma, Rockingham, VT). Gray-
scale images were obtained from the color CCD pho-
tographs from the green channel (510 nm emission) or
red channel (605 emission) using NIH ImageJ (Ras-
band, 1997-2007).

Reaction A
SPDP

Q N:
&Z’H’\’S‘S’@
0 ° +

-

N
Y\/S\S’Q

H H H
NH TH NH NH T

Silane film Silane film

E4
—z
I

Reaction B

HO
Y NH,
o
é H
TH

v,

/
Cystine
H © H — H ]
TH NH NH TH TH
Silane film Silane film
Reaction C
[o] Q
HO HO H
Vi »
, Rhodamine B 0,
isothiocyanate (RITC)
[o] —_— o
TH TH
Silane film Silane film

Reaction D

o]
i z +
12}
DTT gt
o - . o
TH TH
Silane film Silane film

Fig 1. Reaction scheme for determining accessible amine den-
sity using N -succinimidyl-3-(2-pyridyldithio) propionate (SPDP)
cross-linked rhodamine to react with amine groups on a
(3-aminopropyl)triethoxysilane film. After attachment and visu-
alization, rhodamine can be released for quantification by reduc-
ing the linker disufide bond.

Atomic Force Microscopy

The AFM images of silane films were taken with a
PSIA XE-100 Scanning Probe Microscope. The sample
was mounted on an XY scanner and scanned in contact
mode. Triangular Veeco MLCT-AUHW Microlever
Probes with nominal constant of 0.01-0.03 N/m were
used for imaging. The X,Y and Z voltage were set
low to obtain a lateral resolution of 0.76 nm and a
vertical resolution of 0.125 nm. The scanning force was
set between 1 and 10 nN and the scanning rate was
set between 0.7 and 0.9 Hz. Each sample was scanned
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several times to get a representative image. The image
size was typically 5 by 5 um?. All images represented
a 1024 by 1024 matrix of values, resampled to 256 by
256 pixels.

Optical Equivalent Atomic Force Microscopy Images

The optical equivalent of the AFM images was
obtained by projecting each AFM pixel as a point-
source of light, the intensity of which was proportional
to its height.

A point-source of light is transformed to an Airy
disk as a result of the finite wavelength of light and
diffraction-limited optics. The first root of the Airy
disk is located at rajy = 0.61A/NA, where NA is
the numerical aperture of the objective and A is the
wavelength of the light. (Keller, 2006) For the objective
used for our images, rajry = 0.56 um. The normalized
Airy disk intensity can be expressed as

I(r) = [2]1(1.2271r/rAily)/(1.2271r/rAiry)]2 (1)

where J; is a Bessel function of the first kind, order
one. (see, e.g. Born and Wolf, 1980, p. 396) Numeri-
cally, this is well approximated (integrated intensities
differ by less than 0.01%) by the Gaussian function
16 (r)=exp(—(r/rairy)*/20%), where r is the radial coor-
dinate of the diffraction-limited spot and o = 0.4301 in
¥ /T ajry UNts.

The AFM height data were convolved with the point-
spread function /g (r) by applying a standard “Gaussian
blur” filter to the acquired image. Many graphical soft-
ware packages including the free, cross-platform pack-
ages ImagelJ (Rasband, 1997-2007) and the Gnu Image
Manipulation Program, GIMP (http://www.gimp.org)
implement this filter. A region sampled at s =d/n
m/pixel, where d is distance (the image size) and
n is the number of pixels required a Gaussian filter
with a pixel “width” given by its standard deviation,
oG = 0.4301r4;yn/d. For example, the 5 um x 5 pm
images below were sampled at 256 x 256 pixels with
d =5 mm and n = 256 pixels. Their equivalent optical
image was obtained by applying a Gaussian filter with
a “radius” o of 12 pixels. Optical and optical equiva-
lent AFM images were compared after the intensity of
the equivalent image was scaled so that mean intensity
equaled that of the corresponding microscope image
and the contrast adjusted so that the image variance
equaled that of the optical microscope image.

Results and Discussion
Intrinsic Fluorescence of APTES Films

All four silanization methods produced natively fluo-
rescent films. Since a clean glass substrate is completely

dark when observed through a fluorescence microscope,
the fluorescence comes from the film. Figure 2 shows
images of the intrinsic fluorescence of APTES films
prepared using the four deposition methods. All sam-
ples were annealed, or cured, at the same conditions:
20 h at 150°C. Many silanization procedures do not
call for annealing. (see Joos et al., 1997; Simon et al .,
2002; Howarter and Youngblood, 2006, for example).
However, if the film is not annealed, the APTES should
be considered absorbed to the hydrated glass surface,
rather than covalently bound (Waddell et al., 1981;
Zhang and Srinivasan, 2004). Nonannealed silane films
can differ significantly in structure from annealed films,
(Sun et al., 2002; Zhang and Srinivasan, 2004, Cramp-
ton et al., 2005) because of flow, diffusion and dewet-
ting during the annealing process (Fan et al., 2003).
Figure 2, shows that the fluorescent intensity depends
on the film deposition method. For a monolayer APTES
film, there should be no fluorescence. The fluores-
cence appears to be a result of a three-dimensional
silane structure on the glass substrate (Bekiari and
Lianos, 1998; Uchida et al., 2000). Therefore, the fluo-
rescent intensity should increase with the film thickness
and indicates a multilayer film. The film prepared by
concentrated vapor-phase deposition Figure 2(A), was
the most fluorescent, whereas the film prepared by
aqueous-phase deposition, Figure 2(D), was the least

=
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Fig 2. Photomicrographs of the intrinsic fluorescence of
annealed (3-aminopropyl) triethoxysilane surfaces produced
by different deposition methods: (A) concentrated vapor-phase
deposition, (B) dilute vapor-phase deposition, (C) organic-phase
deposition, (D) aqueous-phase deposition. Uniform intensity sug-
gests a uniform layer. The exposure time of images A—D are 3,
5, 5 and 8 s, respectively, chosen to give similar average inten-
sity. The scale bar is 5 um long. This figure is available in colour
online at www.interscience.wiley.com/SCA.
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fluorescent. These films should be the thickest and the
thinest, respectively. Figure 2(A) and (C) show a num-
ber of micrometer-sized bright regions that we suggest
are islands or domains formed during the annealing
process, (Crampton et al., 2006). The bright intrinsic
fluorescence of these regions suggests that the domains
have a well-defined three-dimensional structure.

Atomic Force Microscopy Images of APTES Films

Although bright regions in the fluorescent images
suggest the presence of islands or domains, fluores-
cent images provide only two-dimensional microscale
information. Therefore, the surface topography of these
features was quantified with AFM. Figure 3 shows typ-
ical images of the surface topography. Like Figure 2,
these images suggest that domains exist in films pro-
duced by all four deposition methods. The height
and the number of the domains differed according
to preparation method: domains in the dilute vapor-
phase deposited films (Figure 3(B)) were smaller in
lateral extent and spaced more regularly than those
in liquid deposited films. Domains similar to those of

Figure 3(B) have been reported for films of OTE (Sun
et al., 2002) where they appeared to be induced by
annealing. Although the OTE film domains (Sun et al.,
2002) were similar in size to those measured here, their
surface number density was higher and their interdo-
main spacing was less regular than the domains we
found for the dilute vapor-phase deposited films.

Figure 3 indicates that the APTES films prepared by
vapor-phase deposition methods had a domain height
of 5-10 nm, whereas the domain height was 2 nm
for the aqueous-phase deposition method and 50 nm
for the organic-phase deposition method. These values
refer to the heights of the feature, not the thickness of
the underlying film. The film surface prepared using
aqueous-phase deposition was comparatively flat and
featureless, consistent with the fluorescence microscope
images Figures 2 and 4.

RITC-labeled APTES Films

To determine the microscale morphology of the
amine-reactive sites, the APTES films were labeled
with RITC, which reacted with the amine groups of the

Fig 3. Atomic force microscope image of annealed (3-aminopropyl)triethoxysilane surfaces produced from different deposition
method: (A) concentrated vapor-phase deposition, (B) dilute vapor-phase deposition, (C) organic-phase deposition, (D) aqueous-phase
deposition. The ordered islands in the vapor-phase deposition are probably formed during annealing. Each image is 5 um square. This
figure is available in colour online at www.interscience.wiley.com/SCA.
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APTES film by forming a thiourea bond. (Hermanson,
1999) After RITC attachment, the fluorescence was
more intense than that of the unlabeled film. Figure 4
shows images of typical RITC-labeled APTES films.
As in Figure 2, bright regions are prevalent on slides
prepared from the concentrated vapor-phase deposition
and organic-phase deposition methods. Figure 4 sug-
gests that the microscale RITC-accessible morphology
is different from that responsible for the intrinsic flu-
orescence of Figure 2, since the RITC-labeled fluores-
cence of the solution-deposited films was less uniform
than the intrinsic fluorescence.

Features responsible for bright regions in the unla-
beled samples, Figure 2 are not necessarily responsi-
ble for the bright regions of RITC-labeled samples
of Figure 4. There is no assurance that high intrinsic
fluorescent intensity correlates with a high density of
accessible amine groups. High intrinsic intensity could
indicate a film that is thick and dense in APTES, but
whose amine groups inaccessible.

Even if bright intrinsic fluorescence correlated with
highly accessible amine-groups, self-quenching from
resonance energy transfer between attached rhodamine
groups could reduce the intensity so a quantitative
relationship between the two optical images would

Fig 4. Photomicrographs of the of rhodamine isothiocyanate-
tagged annealed (3-aminopropyl) triethoxysilane fluorescence
surfaces produced from different deposition methods: (A) con-
centrated vapor-phase deposition, (B) dilute vapor-phase deposi-
tion, (C) organic-phase deposition, (D) aqueous-phase deposi-
tion. Because the amine groups may be buried and the rho-
damine isothiocyanate can self-quench, the domains indicated
by intensity differ from those of Figure 2. The exposure
times of the films in panels A-D was 1.5, 1, 0.6 and 0.5
s, respectively. This figure is available in colour online at
www.interscience.wiley.com/SCA.

not exist. Self-quenching is important for fluorophores
that are separated by distances on the order of
the Forster distance, which is about 5.5 nm for
the rhodamine—rhodamine pair (Macdonald, 1990).
The images in Figure 4 suggest that self-quenching
probably plays a role, since the exposure times show
an opposite trend to that of the intrinsic fluorescence.
For the RITC-tagged fluorescence, the image exposure
times of Figure 4 were 1.5, 1, 0.6 and 0.5 s, for con-
centrated and dilute vapor-phase, organic- and aqueous-
phase deposition, respectively. The thick concentrated
vapor film had the least intense RITC fluorescence.
Figure 5 shows the intensity histograms for the
optical images of Figures 2 and 4. These histograms
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Fig 5. Microscale film heterogeneity as measured by inten-
sity variation. A histogram of fluorescent intensity for con-
centrated vapor-phase deposition; dilute vapor-phase deposition;
organic-phase deposition; and aqueous-phase deposition. The
solid line is the intrinsic (3-aminopropyl) triethoxysilane film
fluorescence and the dashed line is the rhodamine-tagged fluo-
rescence. The curves are the log of the binned intensity (gray
value, scaled 0—255) with the average intensity scaled to 100
and the count normalized to unit area under each curve. A per-
fectly uniform layer would be indicated by a single sharp peak
at 100.
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provide a measure of microscale morphology for the
APTES films. They show the pixel count, binned from 0
(no light) to 255 (maximum brightness), with the mean
intensity normalized to 100 and the count normalized
to unit integrated area. The logarithm of the count
is plotted. If the film were uniform in thickness and
interconnectivity, the fluorescent intensity would be
uniform and the histogram would show a single narrow
spike.These histograms quantify the intensity variation
to the limit of the optical resolution. Optical features
such as bright spots of a few nanometers or less can
be detected by fluorescence microscopy; but the spots
cannot be resolved to less than the optical resolution.
Films prepared by the dilute vapor-phase deposition
method showed the most compact intensity distribution,
indicating that the microscale structure and thickness of
these films was the most uniform. The histograms of
films prepared from the concentrated vapor-phase depo-
sition method and organic-phase deposition method
show much wider intensity variation, suggesting that
those films were less uniform than films prepared from
aqueous and dilute vapor-phase deposition methods.

Accessible Amine Groups

Knowledge of the density of available reactive
groups on a functionalized surface is important for
many applications. Although cartoons of APTES func-
tionalized glass often show a uniform monolayer, it
is unlikely that such films exist. The amine group
itself has a high affinity to the glass surface, (Vanden-
berg et al., 1991; White and Tripp, 2000; Kanan et al.,
2002) so it is likely that many of the APTES molecules
are oriented with the amine group on the glass. Further-
more, water catalyzes silane—silane bond formation,
and trace amounts of water are present in either the sol-
vent or adsorbed on the glass surface (Pantano, 1985).
Therefore, it is likely that solution deposition results
in the attachment of some prepolymerized assemblies.
For many applications, particularly those in which the
attached group is strongly charged (such as DNA and
many proteins), it is important to cover the glass sur-
face completely. This is true even at the expense of
forming a multilayer film. The functionalized surface
may consist of nonuniform, nonaligned regions, molec-
ular voids, and multilayer islands. This lack of order
may result in inaccessible amine groups, or in a film
that contains defects, so that the amine accessibility
varies with the molecular size of the reactive group.
This “jumbled-structure” view of the reactive amine
groups agrees with suggestions from previous stud-
ies of APTES/glass interactions (Vandenberg et al.,
1991; White and Tripp, 2000; Kanan et al., 2002). We
agree with the disordered film arrangement suggested
by White and Tripp (2000), although our films were
much thicker than the monolayers sketched there.

We evaluated the density and accessibility of the
amino groups by reaction with either picric acid or
with SPDP cross-linked RITC (SPDP-RITC). The
picric acid method is an established spectrophotometric
method to evaluate the amine density on the substrate
surface. Primary amine groups on the film react with
picric acid to form the colored picrate group, which is
released from the surface into the solution. The density
of amine groups is calculated from the characteristic
absorption of picrate at 358 nm. Since the method
involved separate reaction and elution steps with an
intermediate rinsing of unreacted picric acid, elution of
bound picrate did not expose unreacted amine groups
to further reaction.

We developed a similar method that may provide a
better measure of functionalizable amines. This method
is based on SPDP, which is widely used in con-
jugating macromolecules with active amine or thiol
groups (Ngo, 1986; Gaur and Gupta, 1989; Herman-
son, 1999). The optical absorption of the released
pyridine-2-thione group can be used to quantify the
amount of SPDP cross-linked. However, for the sur-
face coverage here, the pyridine-2-thione concentra-
tion was too low. Instead, we used SPDP cross-linked
RITC to evaluate the exposed amine density. It may
be possible to measure low amine-density directly by
attaching an amine-reactive fluorophore (Nashat et al.,
1998). However, such a technique will fail for most
fluorophores, because of self-quenching at high con-
centration. Quenching by the surface is also possible,
especially if the films are thin (Drexhage, 1970). By
detaching the rhodamine, quenching can be overcome
and the surface density determined from solution fluo-
rescent intensity.

N -succinimidyl 3-[2-pyridyldithio]-propionamide
molecules were fixed to the surface by reacting them
with exposed amine groups. The free end of SPDP
was then reacted with cystine to introduce a cleavable
linker. Finally, the amine group was reacted with RITC,
resulting in thodamine attached to the surface through a
cleavable cystine disulfide bond. This scheme is shown
in Figure 1.

Although RITC reacts directly with exposed amine
on the APTES film, it is difficult to quantitatively
break the resulting thiourea bond and remove the rho-
damine. This bond is reported to be easily hydrolyzed,
(Banks and Paquette, 1995) but, at least for APTES
conjugation, our experience suggests that it may be
sterically protected. Removing directly attached RITC
requires hydrolysis using a high concentration of
NaOH at 80°C, and under those conditions, much
of the rhodamine is also destroyed. Milder hydroly-
sis using boiling water, or boiling aqueous solutions
of triethanolamine or ethylenediamine leave consider-
able surface fluorescence. However with SPDP cross-
linking, the attached rhodamine can be easily cleaved
by reducing the disulfide bond with DTT, leaving little
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residual fluorescence on the surface. Thus, the density
of accessible APTES can be calculated from fluorescent
intensity of the cleaved rhodamine in solution.

Figure 6 shows the density of reactive amines eval-
uated by the picric acid and the SPDP-RITC meth-
ods. The higher amine density from picrate may
result from steric hindrance and entropic effects of
the SPDP molecules, which are much larger than
picric acid (trinitrophenol). It would be more diffi-
cult for SPDP molecules to react in regions where
amine access depends on molecular- or nanoscale film
defects. There may also be equilibrium and nonsteric
kinetic differences between the reactions, Therefore,
this method should be viewed as only semiquantita-
tive. Figure 6 shows that vapor-phase deposition pro-
vides more accessible amine groups than the solution-
based treatments. The molar ratio of reacted picrate
to reacted SPDP-RITC was ~ 4 for concentrated and
dilute vapor-phase deposition. The ratio was 2.2 and
6.5 for organic- and aqueous-phase deposition, respec-
tively. The aqueous-phase deposition method produced
the greatest difference in amine reactivity between
picric acid and SPDP-RITC, which suggests hetero-
geneity in available amine. This method also produced
the thinest and smoothest films (Figures 2—-4).

The accessibility of the amino group on APTES
surface is important for bioconjugation and macro-
molecular immobilization. The concentrated vapor-
phase deposition method provides a high density of
available amine groups (see Figure 6), but has many
domains. Both dilute vapor-phase and aqueous-phase
deposited films provide less amine reactivity, but a
more uniform morphology. The organic-phase deposi-
tion produced the fewest SPDP/RITC-reactive groups,
and it is the most nonuniform. Since the dilute vapor-
phase deposition showed the most uniformity in both
intrinsic and labeled fluorescence, it may be the best
method for many applications.

350 1 [ Picric Acid
300 1 B RITC/SPDP

Accesible amine per
100 nm?

Toluene Water
solvent solvent

Concentrated  Dilute
vapor vapor

Fig 6. Accessible amine groups of (3-aminopropyl) triethoxysi-
lane functionalized glass as measured by reaction with picric acid
and with SPDP cross-linked rhodamine isothiocyanate. The dif-
ferences in the ratio of SPDP—rhodamine cross-linked amine to
the picrate available amine suggest differences in accessibility.

Atomic Force Microscopy Equivalent Optical Image

Insight to the chemical and physical structure of the
films can be obtained from the optical equivalent of the
AFM images. By the procedure outlined, see section on
Methods, an estimate of the optical appearance of the
film can be obtained in which the equivalent optical
intensity is proportional to the physical AFM topog-
raphy measurements. Therefore, the optical-equivalent
image shows thick regions as bright spots. Figure 7
shows the optical equivalent of the AFM images of
Figure 3, compared to gray-scale regions from the
intrinsic and RITC-labeled optical images of Figures 2
and 4.

The optical equivalent AFM image (Figure 7A-E)
shows many more domains in the vapor-phase depo-
sition samples than shown by the optical images, sug-
gesting that the fluorescent images do not capture the
actual roughness of the sample. For the intrinsic flu-
orescence, this is understandable: most of the fluo-
rescence is likely from the bulk film rather than the
surface region. However, the RITC-labeled film should
show similar roughness, since the image is of acces-
sible amine that should be primarily on the surface.
The expected intensity variation is not seen, and the
histograms of Figure 5 suggest that the RITC-labeled
intensity variation is even less than that of the intrinsic
film. The lack of intensity variation, taken together with
the large number of SPDP—RITC available amines and
the low RITC fluorescent intensity (indicated by the
long exposure time required) strongly suggest that the
fluorescent features of the vapor-phase deposited layer
are quenched by the high surface rhodamine density.

Atomic force microscopy and both fluorescent
images show that the film deposited from the organic
phase is rough and has many domains. Although
there are domains both at the micro and nano scales
(Figure 7C), and the domains are 5 to 10 times thicker
than those of the vapor-phase deposition samples,
the organic-phase deposited film has the fewest reac-
tive amine groups and the least difference between
picrate accessible and SPDP—RITC-accessible amines
(see Figure 6). Taken together, these suggest a rough
film with relatively few exposed amines. Such a film
may be effective in rendering a glass surface inert but
may be a poor choice for bioconjugation.

The aqueous-deposited film was the smoothest by
both AFM and intrinsic fluorescence (Figure 7D).
Atomic force microscopy measurements indicated a
roughness similar to that of glass (data not shown).
This smoothness, in view of the grainy appearance
of the RITC-labeled image suggests film defects at
the submicron level, possibly resulting from film rear-
rangement (Sun et al., 2002) or density changes dur-
ing annealing. There was also a large difference in
the ratio of picrate and SPDP—RITC-accessible amines
(see Figure 6), which further suggests the presence
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Fig 7. Optical equivalent appearance of the AFM images, assuming optical brightness is proportional to feature height. The equivalent
optical image of h 5 um square AFM scans, Figure 3, is compared with 5 um square samples of fluorescent images for the intrinsic
and (3-aminopropyl) triethoxysilane fluorescence surfaces from Figures 2 and 4. The panels from top to bottom are (A) concentrated
vapor-phase deposition, (B) dilute vapor-phase deposition, (C) organic-phase deposition, and (D) aqueous-phase deposition. For each
image, the label (I) indicates intrinsic fluorescence, (R) rhodamine-tagged fluorescence, or (E) equivalence optical appearance of the
AFM topology. Intensity and contrast of the equivalent image were scaled to that of the normalized optical images.

of molecular or nanoscale features that affect amine
accessiblity to SPDP—RITC. Individual nanoscale fea-
tures that bind RITC can be resolved with optical
microscopy if the features are separated by distances
greater than the optical resolution. Therefore, molecular
or nanoscale defects such as fissures or surface defects
induced by density changes during annealing will be
distinguishable if their spacing is sufficiently large.

Why Different Treatments Produce Different
Properties

Our results show substantial differences in the
morphology and reactivity of APTES films deposited

by different methods. In this section, we propose mech-
anisms to explain these differences. We suggest that
the differences between films produced by different
deposition methods depends on the interaction of the
film and retained solvent (or lack of solvent) during
the annealing process, and the tendency for the inter-
APTES reaction to form siloxane cross-links (Crampton
et al ., 2005; Howarter and Youngblood, 2006, 2007).
Both the amine and the triethoxy groups of the
APTES show affinity to glass (Vandenberg et al., 1991;
White and Tripp, 2000; Kanan et al., 2002). Further-
more, APTES is a small molecule so there is little ten-
dency for alkyl chain interactions to induce film order,
such as that seen in OTS. Together these suggest that
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the initial deposition of the APTES film is disordered.
If a solvent such as water or toluene is present, the
lower density provides space for solvent entrapment in
the deposited film. We view this solvent entrapment
as similar to that occurring in thin spun-cast polymer
films, where retained solvent can alter the mobility and
properties of the polymers (Richardson ef al., 2003).
Furthermore, in spun-cast films the mole fraction of
the retained solvent increases as the film thickness
decreases into the nanometer range (Garcia-Turiel and
Jerome, 2007), so the thickness of the deposited film
will affect the fraction of solvent retrained.

The aqueous-deposited film was thin, as indicated
by low intrinsic fluorescence (Figure 2) and feature-
less AFM measurements. (Figure 3) During annealing,
some of the APTES will react with glass silanols,
inducing order in the film that lasts over several lay-
ers. The ethoxy groups of unreacted APTES will tend
to the air—film interface to avoid the hydrophobic
environment of the propyl chains in the interior of
the film. At the surface, intra-APTES siloxane bonds
form. This molecular rearrangement of silanol dur-
ing annealing will render many amines inaccessible.
Also, the film density will increase during anneal-
ing, as entrained water is baked out. As the thin film
becomes more dense, it shrinks and fissures and cracks
will develop, exposing some buried amines to suffi-
ciently small amine-reactive groups. These processes
will result in a smooth film that shows nanoscale defects
and a preference for smaller amine-reactive groups.
Small nanoscale fissures and defects would not have
shown on AFM scans at our lateral resolution. How-
ever if some defects are large enough to allow RITC
penetration, an image like that seen in Figure 4(D) will
be expected.

The organic-phase deposited films appeared rela-
tively thick, from our intrinsic fluorescence measure-
ments (Figure 2) and they had the largest island peaks,
as measured by AFM (Figure 4). As films annealed, the
ethoxy groups would rearrange to the glass and air sur-
faces to avoid the strongly hydrophobic toluene—propyl
chain interior of the film. Intra-APTES siloxane cross-
links would form in the regions of high siloxane den-
sity. Since these films were thick there would be less
substrate-induced order but solvent would still be avail-
able to facilitate mobility. Islands formed in past studies
of annealing (Sun et al., 2002; Crampton et al., 2006),
and the large islands shown by our imaging techniques
support the idea that silane molecules are mobile. When
the film is sufficiently thick it can cross-link without
forming fissures or defects. Therefore, the annealed film
would be rough film with a high density of ethoxy
groups at the air—film interface and little difference
between picrate and SPDP—RITC reactivity.

The concentrated and dilute vapor-phase deposited
films did not have entrained solvent, so they would
be less mobile during annealing and more likely to

form inter-APTES cross-links in place. Amines at the
air—film interface would be less likely to be displaced
by migrating ethoxy groups and would remain acces-
sible. This reduced mobility of APTES is suggested
by the small, regular island formation shown in
Figure 3(A) and (B). The concentrated vapor-phase
film was thicker, so the APTES mobility would be
less constrained by order induced by the glass surface,
than the dilute vapor-phase deposited film. Therefore,
the concentrated vapor-phase film would have larger
islands, though in both cases more amine groups will
be accessible than for solvent deposited films.

Conclusions

In summary, there were considerable differences in
the morphology and accessibility of APTES films pre-
pared from the four methods. We suggest that these
differences are the result of film thickness and the
differences in the mobility of the APTES during the
annealing process. Films prepared by dilute vapor-
phase deposition were the most uniform and had many
available reactive amines. Films prepared from the con-
centrate vapor-phase deposition method appeared to
be the thickest and had the most accessible amine
groups. Films prepared by organic-phase deposition
were thick, rough, and relatively inert. Films prepared
by aqueous deposition were thin and smooth, but did
not have a high density of reactive amine available to
larger molecules. For bioconjugation or macromolecule
immobilization applications, dilute vapor-phase deposi-
tion method produced APTES films that were uniform
and had a high density of accessible amino groups.
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