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Abstract

The stability of self-assembled monolayers (SAMs) and multilayers formed on silicon surface by amino-terminated silanes and SAMs
formed by alkyl and glycidyl terminated silanes were investigated in vitro with saline solution°&@ & up to 10 days. FTIR and XPS
results indicated that amino-terminated SAMs and multilayers are very unstable if the alkyl chain is shelg)(@Hile stable if the
alkyl chain is long ((CH)11). On the other hand, alkyl-terminated SAMs are very stable regardless of the alkyl chain length, and glycidyl
terminated SAM retained approximately 77% of the organosilane molecules after 10 days. Hydrogen bonding between the organosilan
monomer and silicon surface and among the organosilane monomers is believed to contribute to the instability of the SAM and multilayer
formed by amino-terminated silane with a short alkyl chain (§%3) Therefore, the widely used (3-aminopropyl) trimethoxysilane (APTMS)
SAM and multilayer may not be suitable for implantable biomedical applications.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction ing and electrocatalysis as w¢ll0]. Typically SAMs are
formed in anhydrous environmenitsl], while multilayers

Modification of solid surfaces has found tremendous ap- @re formed if water is present in the reaction solufiéh
plications in many areas. Among the various surface modifi- 1" biggest concerns in the field of implantable biomed-
cation techniques, deposition of a self-assembled monolayeric@l devices are their stability and biocompatibility. It has
(SAM) or multilayer of organosilane is very versatile, and it Peen agreed that the surface properties of materials, such
has demonstrated numerous benefits over ofigrdviany as hydrophilicity, chemical composition, microphase separa-
types of organosilanes have been used to form SAMs or mul-tion. and adsorbed water content, are key factors that medi-
tilayers on the surfaces, and among them amino-terminateg®te the mtert_;lctlons_, between the physiological environments
SAMs and multilayers are of particular interest. They have and the foreign objectii]. The outermost surfaces of the
been used to modulate the nucleation and growth of miner- alien devices were often modified not only to enhance their

als[2], promote the attaching and spreading of neuihs stability, but also to promote or inhibit specific tissue/cell re-
fix antigen/antibody4], attach peptides to promote cell ad- SPONSES. Depositing an organosilane SAM or multilayer on
hesion[5], tether DNA oligonucleotidef5], immobilize he- the device surface has been a popular approach to achieve
parin and hyaluronan to enhance biocompatibfI], and desired surface properties. Silver et[al3,14] investigated
maintain the bioactivity of enzymes on alloy surfa'1¢9}s the effects of the chain length and terminal functional groups

They have been widely used in the applications of biosens- of the SAMs on blood biocompatibility. However, the stabil-
ity of various SAMs and multilayers formed by organosi-

lanes has not been systematically studiis].
* Corresponding author. Fax: +1 313 577 3810. Silicon has been dominant in the biomedical applications
E-mail address: sng@wayne.ed(K.Y.S. Ng). of implantable neural prosthesd$,17], but our previous in
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vivo tests in rat brains indicated that the reaction of glial cells purified by vacuum distillation before use, while the other
and tissues to silicon was elevated as compared with shamorganosilanes were used as received. Chloroform (HPLC
control. The silicon surface was also noticeably corroded grade) was purchased from Burdick & Jackson (Muskegon,
while staying in the rat brain for 10 daysTherefore, both MI). Sodium chloride (NaCl), dioxane and toluene (anhy-
the biocompatibility and biostability of silicon need to be drous)were obtained from Fisher Scientific (Pittsburgh, PA).
improved if long-term applications (e.g., neural prostheses)
are to be possible. To achieve these tasks, protective and/oR.2. Deposition of silane multilayers and monolayers
biocompatible SAM deposition on the silicon surface is one
promising option. Our in vitro tests demonstrated that the ~ The pre-cut silicon pieces (approx21x 1.2 cnf) were
biocompatibility of silicon could be enhanced by the deposi- rinsed with ethanol, acetone and then cleaned by the RCA
tion of SAMs formed by NH(CH;)3Si(OCHg)s (APTMS) method[19,20], with hydroxyl groups on top of the silicon
and CH(CHy)17SiCl3 (OTS)[18]. oxide layer (SiQ) afterwardg21,22] Thus treated silicon

In this paper, we report our systematic stability test results is referred as RCA Si hereafter. They were blown dry with
for various SAMs and multilayers deposited on a silicon sur- nitrogen before SAM or multilayer deposition.
face, performed in vitro in saline solution at 3Z for up to To obtain an APTMS multilayer, the RCA Si pieces were
10 days. The organosilanes used in our study are listéa-in ~ put in 1% APTMS/dioxane (wt/wt) solution in the presence
ble 1 GTMS was chosen because it offers an alternate routeof 0.2% water at 68C for 1 h. They were then cleaned un-
to introduce primary amine groups on the surface by react- der ultrasonication at room temperature in dioxane for two
ing with diamines. Although SAMs formed by alkylsilanes 5-min cycles and in toluene for two additional 5-min cycles
(e.g., PTMS and OTS) are typically inert, biopolymers, such to remove physically adsorbed APTMS monomers and ag-
as proteins, heparin and hyaluronan, can still be covalently gregates. To obtain an APTMS SAM, the RCA Si pieces
attached on top of them by UV-based photo-immobiliza- were put in 1% APTMS/toluene (anhydrous) solution for
tion [18]. This serves as our preliminary screening step prior 4 min at 60°C, followed by cleaning under ultrasonication at
to the in vivo animal experiments. The quality of these room temperature for four 5-min cycles in toluedé. The
SAMs and multilayers was examined by atomic force mi- EDS SAM was prepared according to Stile et al.'s approach
croscopy (AFM) and contact angle measurement, and their[23]. The RCA Si pieces were put in 1% (v/v) EDS solu-
stability was evaluated by X-ray photoelectron spectroscopy tion in 94% methanol (containing 1 mM acetic acid) and 5%
(XPS) and Fourier transform infrared spectroscopy (FTIR). water for 5 min at room temperature, followed by rinsing

We found that the widely used APTMS was unable to three times with methanol and baked for 15 min at 120
produce stable SAM or multilayer at all. However, SAM The procedures to prepare the AUTMS multilayer and SAM
and multilayer formed by aminounidecyl trimethoxysilane were similar to APTMS, except that the AUTMS concentra-
(AUTMS) are much more stable, and SAMs formed by alkyl tion was 1.5%.
silanes or epoxy-terminated silane demonstrate considerably The OTS SAM was obtained by subjecting the RCA Si
better stability than APTMS as well. pieces to freshly prepared 7 mM OTS solution in 4:1 (v/v)
CCly:n-hexadecane in a sealed Teflon bottle for 10 min at
room temperature. The pieces were then rinsed and washed
with chloroform 5 times. The PTMS SAM was prepared by
putting the RCA Si pieces in 1% PTMS/toluene (anhydrous)
solution for 1 h at 68C, followed by washing with toluene
5times. The GTMS SAM was prepared by putting the RCA

One-side polished N type silicon (111) wafers (test grade, Si pieces in 2% GTMS/toluene (anhydrous) solution for 1 h
with resistivity 1-2 ohmcm and thickness 475-575 mi- at 65°C, followed by washing with toluene 5 times.
crons) were purchased from Wafer World, Inc. (West Palm  In the presence of water (even trace amount), the organo-
Beach, FL). Deionized water (DI water) with resistivity of silane molecule (R-SixX X = Cl or OCHg) quickly hydro-
18 M cm was obtained with a Barnstead Nanopure Systemlyzes into an intermediate product containing three hydro-
(Dubugue, 1A). OTS (97.5%) was purchased from United Xyl groups connecting to the silicon atom (i.e. R—Si(@H)
Chemical Technologies (Bristol, PA). Carbon tetrachloride which is highly reactive. These trihydroxyl intermediate
(anhydrous),n-hexadecane (anhydrous), APTMS (97%), molecules have high tendency to crosslink with one an-
EDS (97%), PTMS (98%), and GTMS (98%) were pur- other to build a 3-dimensional network structure (i.e. mul-
chased from Sigma—Aldrich (St. Louis, MO). AUTMS was tilayer), competing with the SAM (commonly viewed as
a gift from CK Witco Corp. (Greenwich, CT). AUTMS was 2-dimensional) formation at the liquid—solid interface. How-
ever, in anhydrous environment, the reaction between the
organosilane monomers and hydroxyl groups on the RCA

2. Materialsand methods

2.1. Materials

1 The in vivo biocompatibility and biostability study of silicon was done

with our collaborators, Jie Li, Kelley Darren, Carolyn Black, Paul Finlayson
and James P. McAllister (School of Medicine, Wayne State University, De-
troit, MI).

Si surface is more competitive than the reaction among the
organosilane monomers themselves. Therefore SAMs were
typically formed in anhydrous condition. Even if there are
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Table 1
The full names and chemical structures of the organosilanes used in this study
Abbreviation Full name Molecular structure
APTMS (3-aminopropyl) trimethoxysilane NIICH,)3Si(OCHg)3
AUTMS (11-aminounidecyl) trimethoxysilane N¥ICH2)11Si(OCHg)3
PTMS propyltrimethoxysilane C#{CH>)2Si(OCHs)3
EDS N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane NECH2)oNH(CH»)3Si(OCHg)3
O
7/ N
GTMS (3-glycidyloxypropyl)trimethoxysilane l€,—CHCH,O(CH>)3Si(OCHz)3
oTS octadecyltrichlorosilane CHICHy)17SiCl3

some excess organosilane aggregates on the surface after The FTIR spectra were obtained with a Nicolet Magna-IR
SAM preparation, they can be readily removed by using soft 560 single beam spectrometer equipped with a mercury—
cotton cloth or tissue paper and other approa¢®é25] cadmium—telluride (MCT-A) detector operated at 4 ¢m

All of the silane multilayer and SAM deposited surfaces resolution with 200 scans for the SAMs and multilayers be-
were blown dry with compressed nitrogen before stability fore and after the stability test. Attenuated total reflection

test and characterization. (ATR) and transmission modes were used for SAMs and
multilayers, respectively. A silicon 45trapezoidal prism

2.3. Sability test of various SAMs and multilayers on with dimensions of 50< 10 x 2 mm or 50x 10 x 3 mm

silicon was used to obtain the ATR spectra. The integrated area cor-

responding to the absorption peaks of the symmetric and
asymmetric stretching of C—H bond was used to quantify the
amount of organosilane molecules on the surface.

SAMs and multilayers obtained as described above were
immersed in a saline solution (0.9% NacCl in DI water) sta-
tically at 37°C for up to 10 days. Afterwards, the samples
were washed with saline solution twice and DI water twice,
before being blown dry with nitrogen. They were then char-

acterized by XPS, FTIR and AFM. 3. Results

2.4. Surface characterization 3.1. AFM results

AFM images were acquired using a Nanoscope llla (Dig-  The AFM images of selected SAMs and multilayers on
ital Instruments, Santa Barbara, CA) in tapping mode. Only RCA Si are shown irFig. L AFM images of the SAMs
the height images are presented here. An E-scanner (maxiformed by PTMS, OTS and EDS are not shown, since there
mum scan size of 1& 16 um) and a silicon probe (length: is no noticeable morphological difference between them and
125 um, resonance frequency: between 244 and 366 kHz)the RCA Si surfaceKig. 1a). The root-mean-square (RMS)
were used. The probe was washed with ethanol and illumi- values for these surfaces, which indicate the surface rough-
nated under UV light by a fiber optical illuminator (Dolan- ness, are listed ifTable 2 The deposition of these SAMs
Jenner Industries, Inc., Lawrence, MA) for more than 5 min and multilayers all increased the roughness of the RCA Si
before use, as recommended by the manufacturer. surface, as the RMS of RCA Si is only 0.045 nm. The

The surface hydrophobicity was measured with a Rame- SAMs formed by PTMS, OTS and EDS are very smooth
hart NRL contact angle goniometer (Model 100, Landing, (RMS < 0.2 nm) at the atomic level, while SAMs formed
NJ) in the laboratory atmosphere. A 20 pl DI water droplet by APTMS and AUTMS are somewhat rougher (0.23 am
was placed on the substrate and the static contact angles werBMS < 0.25 nm) {Table 3. GTMS produced the rough-
measured on both sides of the droplet. Three droplets wereest surface (RMS- 0.3 nm) among all the SAMs studied,
placed at various spots on the substrate surface and the avewhich is attributed to the presence of the bulky epoxy group
age readings and standard deviations are reported. at the end of GTMS monomer. Meanwhile, the RMS val-

XPS analysis of the surfaces was conducted with a ues for APTMS and AUTMS multilayers are 1.226 and
PHI 5500 Spectrometer (Perkin—Elmer, Wellesley, MA) 1.132 nm respectively, and significantly larger than all the
equipped with an aluminunK«o X-ray radiation source  SAMs. Many aggregates, ranging from 20 to 100 nm in di-
(1486.6 eV) and AugerScan system control (RBD Enter- ameter, were observed on these multilayer-covered surfaces.
prises, Bend, OR). The pressure in the chamber was below After the saline test for 10 days, the APTMS multilayer
2 x 107° Torr before the data were taken, and the voltage surface became much smoother (AFM image not shown),
and current of the anode were 15 kV and 13.5 mA, respec-and the RMS value decreased from 1.226 to 0.371 nm. A few
tively. The take-off angle was set at45The pass energies small aggregates were still observed. However, there was no
for survey and multiplex scans were 117.40 and 23.50 eV, noticeable change of the surface morphology of the AUTMS
respectively. The binding energy scale was referenced bymultilayer after the saline test for 10 days, which still ap-
setting the Cd peak maximum at 285.0 eV. peared to be relatively rough, with an RMS value over 1 nm.
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Fig. 1. The AFM images of (a) RCA Si; (b) APTMS SAM; (c) APTMS multilayer; (d) AUTMS SAM; (e) AUTMS multilayer; and (f) GTMS SAM on RCA Si.
The scan area is & 1 um for all the surfaces. Therange is 5 nm for (a), (b), (d) and (f), and 20 nm for (c) and (e). The multilayers formed by APTMS and
AUTMS are significantly rougher than all the SAMs, and many aggregates were observed on them.

Table 2 for the SAMs and multilayers on RCA Si are listedTa-
Static contact angle with water and RMS (obtained from AFM) for various  ple 2 RCA Si is very hydrophilic, with a measured contact
SAMs and multilayers on RCA Si angle of 2. OTS SAM deposition increased the surface hy-

RMS Contact angl@ (°) drophobicity most effectively (to 107, and the other SAMs

(hmy* Before After 10 days and multilayers increased the surface hydrophobicity with
RCA Si 0045 20+ 05 - contact angles ranging between°Zhd 72. Interestingly,
APTMS SAM 0242 481+13 595+15 the APTMS multilayer is slightly more hydrophobic than
APTMS multilayer 1226 530+15 612+10 its SAM, while the AUTMS multilayer is less hydrophobic
AUTMS SAM 0.230 708+0.7 777+13 han its SAM. Besides the chemical th ;
AUTMS multilayer 1132 621+ 1.0 795407 than its - besides the chemical groups on the surface,
EDS SAM 0139 471408 588+ 0.7 surface roughness plays an important role in determining
PTMS SAM Q173 577+04 602+1.0 the hydrophobicity{26]. The contact angle results for OTS
OTS SAM 0183 1070+ 05 106704 SAM agree well with those reported in the literat{28,27]
GTMS SAM 0298 439407 535+1.8

For amine-terminated surfaces, the reported contact angles
& RMS values were obtained on the AFM images with area 1L um vary widely. For instance, 220 68 have been reported for
before stability test. APTMS SAM[11]. The reading may depend on whether the
Static contact angle with DI water. measurement was made after the SAM prepardfidh All
the contact angle measurements on our SAMs and multilay-
ers were performed within 30 min after their preparation.
The static contact angles on the SAM and multilayer
3.2. Contact angle results surfaces after saline test for 10 days are also liste@iain
ble 2 The increment of hydrophobicity is more apparent
The static contact angle measured with DI water indicates on amino-terminated surfaces (i.e. APTMS, AUTMS and
the surface hydrophobicity. The contact angles measuredEDS), consistent with Petri et al.'s findin§sl]. However,

These results agree well with the XPS results (discussed
later).
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Fig. 2. ATR-FTIR spectra of the SAMs formed by (a) PTMS, (b) OTS, (c) APTMS, and (d) AUTMS. (a) and (b) were obtained &rl@ 5B mm silicon
ATR crystal, and (c) and (d) were obtained on 500 x 2 mm silicon ATR crystal.

Table 3

FTIR adsorption peak assignments for various SAMs on RCA Si (unit:
—1

cm—)

v(CH3) va(CHp) vs(CH2) 2
oTS 2959 2918 2851 3
PTMS 2957 2924 2854 g
APTMS 2932 2859 g
AUTMS 2921 2852 4

the contact angle essentially did not change on OTS SAM
surface, and increased slightly (from 57.1b 60.2) on

PTMS SAM surface. The increase of hydrophobicity on the Titne (days)
GTMS SAM surface was substantial as well.

|# OTS © AUTMS = PTMS & APTMS|

3.3. FTIRresults Fig. 3. Integrated area corresponding to the C—H vibration (from 3010 to
2778 cntl) for SAMs on silicon ATR crystal formed by OTS, PTMS,
Fig. 2 shows the 2700-3100 cth region of the ATR- APTMS and AUTMS versus time in saline solution at°37. OTS and

PTMS SAMs were on a 58 10x 3 mm silicon ATR crystal, while APTMS

ZI&RASPF?\;:gaéﬁfRSCAAMSﬁ ‘ ?;Z]Z?js%)ﬁpz;:ﬂséaigi&f;;?: d- and AUTMS SAMs were on a 58 10 x 2 mm silicon ATR crystal.
ing to the vibration of CH and symmetric and asymmetric
stretching of CH are summarized iffable 3 Our results based on the transmission FTIR data (not shown). Baking the
for PTMS and OTS agree well with the reported dm&] APTMS mUltilayer and SAM at 120C for 30 min, which
ATR FTIR spectra for APTMS and AUTMS SAMs are also  Was commonly believed to be able to complete the crosslink-
consistent with their standard spectra obtained in ATR mode ing reaction among the APTMS monomers and effectively
(not shown). For APTMS and AUTMS SAMs, the adsorp- €nhance the stability, did not enhance their stability in saline
tion at 3380—3300 cmt (observed in the standard spectra of atall.
APTMS and AUTMS) corresponding to the primary amine
group was too weak to be discerned, and the adsorption at3.4. XPSresults
1585 cnm! for -NH, was detectable although the signal-to-
noise ratios are pretty low. The XPS survey spectra for OTS SAM, PTMS SAM,

The integrated areas of C—H stretching vibration (from GTMS SAM, APTMS SAM and multilayer, AUTMS SAM
3010 to 2778 cm?), which correlates to the relative amount and multilayer, and EDS SAM are shownFiy. 4. Basically
of organosilane molecules on the surface, were measuredOTS, PTMS and GTMS SAMs have only C, O and Si on the
after different durations in saline solution to quantitatively surfaces, while amino-terminated silane SAMs and multilay-
evaluate the amount of hydrocarbons remaining on the sur-ers have N in addition. For the OTS SAM, no chlorine (Cl)
face. As shown irFig. 3, the APTMS SAM is much less  was detected, which originally exists in the OTS monomers.
stable than AUTMS, PTMS and OTS SAMs while tested in  This indicates that all the OTS molecules on the silicon sur-
saline for up to 10 days. The APTMS multilayer was also face were hydrolyzed and linked with each other and with
found to be very unstable in saline solution within two days the silicon surface via Si—O-Si bond. Elemental contents
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Fig. 4. XPS survey spectra for (a) OTS SAM, (b) PTMS SAM, (c) GTMS SAM, (d) APTMS SAM, (e) APTMS multilayer, (f) AUTMS SAM, (g) AUTMS

multilayer, and (h) EDS SAM on silicon.

on the surfaces of various SAMs and multilayers, obtained
from XPS detailed scans before the stability test in saline,
are summarized iffable 3 Anhydrous reaction media typ-
ically leads to the formation of SAMs, while the presence
of water will facilitate the formation of multilayerg3]. If

an ideal two-dimensional crystalline structure (i.e. a perfect
SAM) were formed on the silicon surface, the carbon con-
tents should be in the order OESAUTMS > GTMS >
EDS > PTMS = APTMS, assuming each silane molecule

occupies the same area on the silicon surface. However, this

trend was not observed. Moreover, the EDS SAM should
possess double the nitrogen content of that in the APTMS
and AUTMS SAMs, which was also not observed.

The amount of silane molecules remaining on the silicon
surfaces was evaluated by the elemental ratios /8i@nd
N/Si (the latter is for amino-terminated SAMs and multilay-
ers only). When more organosilane coating is on the surface,
more C and N, while less Si will be detected by XPS, there-
fore C/Si and N/Si ratios will be higher. On the other hand,
if some organosilane molecules are stripped from the sur-
face by the saline solution, the/S8i and N'Si ratios will
decreaserig. 5shows the ¢Si and N'Si ratios for APTMS
SAM and multilayer versus time in saline solution at°&%
C/Si and N/ Si ratios for the APTMS SAM decreased from
0.94 to 0.38, and from 0.10 to 0.03, respectively, after stay-
ing in saline for 10 days at 3. The decreasing effect is
even more significant for the APTMS multilayer over the
same time period. The major loss took place within the first
2 days for both the APTMS SAM and multilayer. Obviously,
both APTMS SAM and multilayer are unstable under such
mild test conditions.

The ¢/Si and N'Si ratios versus time in saline for the
AUTMS SAM and multilayer are shown iRig. 6. Interest-
ingly, both ratios remained almost unchanged after 10 days’
staying in saline solution. AUTMS SAM and multilayer
clearly demonstrated much better stability than the APTMS
counterpartskig. 7 shows the ZSi and N/ Si ratios for the

6 0.25
1-\ ® C/Si (SAMD) B C/5i (Multilayer)
> T o /S (SAMD) /S (Multilayer) |+ 0.2
1015
o
Z
T01
+ 0.05
—
0 T T T T T 0

4 6
Time (dayz)

Fig. 5. Elemental ratios of (Si and N'Si for APTMS SAM and multilayer
versus time in saline solution at 3T, obtained from XPS detailed scans.

3 0.3
54 n T 025
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Fig. 6. Elemental ratios of £Si and N'Si for AUTMS SAM and multilayer
versus time in saline solution at 3T, obtained from XPS detailed scans.

EDS SAM versus time, which changed from 0.54 to 0.46,
and from 0.069 to 0.037, respectively, after 10 days. The
stability of EDS SAM is between that of APTMS SAM and
AUTMS SAM. The C/Siratios for OTS, PTMS and GTMS
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Fig. 7. Elemental ratios of £Si and N/Si for EDS SAM versus time in Fig. 9. Fraction of organosilane molecules remained on silicon surface for
saline solution at 37C, obtained from XPS detailed scans. various SAMs and multilayers after saline test for 10 days &Q7
Table 4
Elemental concentrations on the surfaces of various SAMs and multilayers
on RCA Si
C% N% 0% Si%
OTS SAM 497 0 187 316
PTMS SAM 207 0 338 455
GTMS SAM 217 0 362 421
13 = 1oa APTMS SAM 335 34 275 356
APTMS multilayer 54 81 226 9.9
‘ * OTS mPTM3 & GTW‘ AUTMS SAM 50.8 28 228 235
1o 03 AUTMS multilayer 594 4.0 216 150
' ‘ ' ' EDS SAM 234 30 304 432
0 z 4 6 3 10
Tine (days) Note. Obtained from XPS detailed scans.

Fig. 8. Elemental ratios of £Si for OTS, PTMS and GTMS SAMs versus .
time in saline solution at 37C, obtained from XPS detailed scans. while, only 6 and 13% of the AUTMS molecules was lost

from its multilayer and SAM, respectively. PTMS and OTS

SAMs versus time in saline solution at 2 are shown SAMs demonstrated the best stability among the SAMs and
in Fig. 8 The ¢/Si ratio changed from 1.57 to 1.50, and Multilayers tested in our study, and only less than 5% of
from 0.52 to 0.44 for OTS and GTMS SAMs, respectively, the organosilane molecules were dissolved after 10 days in
while this ratio remained nearly unchanged for PTMS SAM. saline solution. The EDS and GTMS SAMs showed moder-
These SAMs with no amine group showed better stability ate stability.
than APTMS SAM as well. The stability results for APTMS, ~ Another distinct difference between APTMS and AUTMS
AUTMS and OTS SAMs obtained from XPS agree very well multilayers is that the former could be more easily built up
with our FTIR results. However, the PTMS SAM demon- and made the underlying elemental silicon®(7.4 eV)
strated a slightly better stability while characterized by XPS undetectable by XPS. Only silicon at the oxidation state
than by FTIR. (101.4 eV), mainly from the organosilane molecules was

Taking adventitious carbon contamination into consider- detectable for the APTMS multilayer before the saline test
ation, the percentage of organosilane molecules remaining(Fig. 10a). The thickness of APTMS multilayer was previ-
on the silicon surface after the 10-day saline test &@7  ously measured to be between 40 and 60 nm by ellipsom-
are illustrated inFig. 9. APTMS multilayer and SAM are  etry, while the probing depth of XPS was only 6.9 nm for
the worst with regard to the stability, and 92 and 75% of the Si2p [28]. After staying in saline solution for 10 days, due to
silane molecules were removed after 10 days, respectively.significant loss of the APTMS molecules, elemental silicon
The degradation rate was calculated@s— Ct)/Co, where (Si% reappearedHig. 1). On the other hand, significant
Co andC; are the elemental concentrations of carbon or ni- portion of SP was still detected for AUTMS multilayer on
trogen (i.e. C% or N%) before saline test and after saline testsilicon, because the combined thickness of AUTMS mul-
for predetermined time, respectively. APTMS multilayer ap- tilayer and SiQ on RCA Si is less than 6.9 nm. After
peared to degrade faster becauseCigsis higher than that  staying in saline solution for 10 days, there was no signif-
of SAM, while the difference of’; between APTMS multi- icant change in the Sj spectrum for AUTMS multilayer
layer and SAM is pretty small. This resulted in a relatively (Figs. 10c and 10d The SiZp3 spectra can be de-convoluted
larger value of Co — Ct)/ Co for APTMS multilayer. Mean- into three peaks, and their area percentages are listed in



A.Wang et al. / Journal of Colloid and Interface Science 291 (2005) 438-447 445

Electron count

106 104 102 100 98 9 106 104 102 100 98 96
Binding energy (e\)

Fig. 10. XPS Si23 spectra of (a) APTMS multilayer on silicon pre-saline test; (b) APTMS multilayer on silicon after 10 days in salif@at(BYAUTMS
multilayer on silicon pre-saline test; and (d) AUTMS multilayer on silicon after 10 days in saline solutiofi@t 37

Table 5 in direct contact with human tissues. Therefore their stability
Curve-fitting results for Sigz XPS spectra of APTMS and AUTMS multi- is a very crucial criterion in evaluating their in vivo applica-
layers on RCA Si bility.
s s SiOy Real-life physiological environments are generally harsh-
(97.40ev)  (98.00eV) (101.32eV) g than the stability test we conducted at°87in saline
RCA Si 325% 483% 192% solution. Hammerle et al. report that the silicon based bio-
APTMS Pre-test 0% 0% 100% medical microdevices was stable in saline test for over 21
Multilayer Post-test 3D% 406% 275% . L
AUTMS Pre-test 2%1% 208% 218% months, but their surface was corroded within 6 to 12 months
Multlayer ~ Post-test  28% 318% 394% while it was tested in vivo on animaJ30]. We use 37C in

saline solution as the initial screening test of the biomate-
rials to be implanted. If poor stability was observed on the
Table 5 There is a SiQ layer on the RCA Si surface (ap- samples, they will not be evaluated in vivo on animals.
proximately 1.5—-2 nm thick), which corresponds to 19.2% of Both FTIR and XPS results indicated that the APTMS
the area of the whole Sji3 spectrum Table 3. After saline SAM and multilayer on silicon were very unstable when
immersion for 10 days, 27.5 and 39.4% of the /3Area  they were exposed to saline solution at°87 with a sig-
are in the oxidation states (Sipfor APTMS and AUTMS  nificant amount of the APTMS molecules dissolved in two
multilayers, respectively, which is from the organosilane days. AFM imaging also showed that the APTMS multilayer
molecules and SiQthat originally existed on the RCA Si  was unstable in saline solution. This is very undesirable if
surface. such coatings are intended for applications within the human
body. Currently, APTMS is still frequently used to introduce
amine groups on material surfaces, which can be utilized
4. Discussion to covalently attach peptides and proteins (including anti-
gens, antibodies and enzymes), heparin, hyaluronan, DNA
The surface morphology, hydrophobicity and chemi- segments, and so on. However, the stability of such coat-
cal functionality of silicon can be modified by depositing ing was not investigated previously. We observed that the
organosilane SAMs and multilayers. Tlgepotentials of instability of the APTMS SAM and multilayer resulted in
these SAM and multilayer-modified surfaces can further be the instability of subsequently immobilized heparin (via car-
controlled by varying the pH of the surrounding environ- bodiimide coupling reaction) and hyaluronan on top of them,
ments[29]. Such modified surfaces are capable of modulat- which is detrimental to the anticipated long-term biocom-
ing the interaction between the alien materials and the host,patibility [18]. Interestingly, Puleo reported that the APTMS
with or without further attachment of bio-molecules. Our multilayer was also unstable on some all§gk About 65%
AFM and contact angle measurement results demonstratedvas lost on Co—Cr—Mo alloy surface, and nearly totally lost
that the SAMs and multilayers were successfully deposited on Ti—6Al-4V alloy surface after staying in a cell culture
on the RCA Si surface. Such modified surfaces have greatmedium (humidified, 5% Cg at 37°C for 72 h. Stenger
potential in the applications of biomedical devices that are et al. reported that short-chain aminosilane films on solid
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surface were highly disorder¢dl]. However, PTMS SAM PTMS and GTMS. There are two possible reasons for this:
is very stable under the same test conditions, although it (1) amino-terminated surfaces are more prone to be conta-
is poorly ordered on the surface as well. A well defined, minated by dusts in the atmosphere (size varies from tens
highly ordered and oriented SAM can only be obtained when of nanometers to a few micronf)1], which are of hydro-
there are more than 10 GHunits in the alkyl chaif32]. carbon nature; (2) due to hydrogen bonding, aggregates are
PTMS and APTMS have the same alkyl chain length, while more readily formed on the amine-containing organosilane
APTMS has an additional primary amine group at the end. SAMs. Unlike APTMS and AUTMS SAMs, the C% on EDS
The presence of this amine group is obviously responsible SAM surface was much lower, while slightly higher than
for the instability. We suspect that the hydrogen bonding be- on the surfaces of PTMS and GTMS SAMs. Due to the
tween the hydrolyzed APTMS monomers and silanol groups presence of amine groups, amino-terminated silanes are self-
(Si—OH) on the RCA Si surface, and among the hydrolyzed catalytic to form SAMs. Therefore, some research groups
APTMS monomers, prevented the formation of stable SAM prepared them at room temperat{#e23). However, a sub-
and multilayer[33]. Baking at 120C for 30 min did not ~ monolayer instead of a complete coverage was often formed
improve their stability at all. Further investigation is needed [29]. We followed the procedure used by Stile et[aB] to
to reveal the causes of the instability of APTMS SAM and prepare the EDS SAM at room temperature for 5 min, and
multilayer. acetic acid was used as the catalyst. The EDS SAM obtained
On the other hand, amine-terminated silane with longer py this means is believed by us to be a sub-monolayer as
alkyl chain, AUTMS, generated SAM and multilayer with  well, because the nitrogen content (N%) in it is not twice of
much better stability than APTMS. Hydrogen bonding thatin the APTMS and AUTMS SAMS.
among the silane molecules, and between the silane mole-  Among the SAMs and multilayers tested, OTS and PTMS
cules and the hydroxylized surface is still present for provided the SAMs with the best stability. Nihei et al. re-
AUTMS [24], but stronger van der Waals attraction among ported that hydrophobic organosilane coatings are more ef-
the long alkyl chain ((CH)11) mitigates the disrupting ef-  fective in enhancing hydrolytic stability than hydrophilic
fect from hydrogen bonding, and AUTMS monomers have & grganosilane coatings, while tested in vivo in the oral cav-
greater tendency to form a closely packed two—di.mer_lsional ity for years[34]. Water was believed to be able to pene-
structure. Thus closely packed layers are effective in pre- yrate SAM and multilayer coatings, especially hydrophilic
venting water penetration, and hence demonstrate bettetynes, through imperfectiofids,36] This process caused the
stability in saline test. The thickness of the AUTMS mul- gy;face to reconstruct, and even displaced the organosilane
tilayer is less than 6.9 nm on RCA Si (based on the XPS yojecyles on the surface. Therefore, poor stability was often
results)[28], while the APTMS multilayer could be over  ohserved for hydrophilic SAM and multilayer coatings. On
40 nm in thickness. Hydrogen bonding in amino-terminated yhe gther hand, hydrophobic coatings are typically more ef-
silanes with 18 Chl units made its SAM less well-oriented iy in preventing water penetration, and thus demonstrate
than the alkyl silane with the same alkyl chain lenfgh]. better stability in agqueous environments. Kim et al. found
APTMS and AUTMS multilayers have higher C and o water penetration even made octadecyltriethoxysilane

N contents, yet lower Si content than their corresponding (CHa(CHz)17Si(OCH.CHs)3) SAM on mica, which is very
SAMs, meaning more organic coatings are present on thehydrophobic unstable in aqueous meidiz]
multilayer deposited silicon surfaces. The APTMS multi- ’ '

layer is significantly less stable than its SAM, while the
AUTMS multilayer is slightly more stable than its SAM.
The mechanism for the difference is under further investi-
gation.

GTMS is an important coupling agent because of the re-  Although APTMS SAM and multilayer are still widely
active epoxy group at the end. It can be used to increaseused in the field of biomedical applications, their poor sta-
adhesion, and an alternative route to introduce amine groupdpility in saline solution at 37C makes them inappropriate
on surfaces can be designed based on it. However, the bulkyfor long-term applications, especially for implantable bio-
epoxy group at the end and the short alkyl chain prevent medical devices. However, AUTMS SAM and multilayer are
the formation of well-oriented SAM as well. Approximately much more stable, due to the longer alkyl chain (¢f3H) in
77% of GTMS molecules on the GTMS SAM coated silicon AUTMS monomer and stronger van der Waals interaction.
surface were retained after 10-day staying in saline solu- Alkyl terminated SAMs demonstrate excellent stability, re-
tion. gardless of the alkyl chain length, and glycidyl terminated

If SAMs are ideally formed on silicon surface, OTS SAM SAM and EDS SAM show intermediate stability. The in-
should have the highest carbon content (C%) on the surface stability of APTMS SAM and multilayer also results in the
because OTS has the longest carbon chain. On the contraryinstability of subsequently attached bio-molecules on top of
as shown iffable 4 AUTMS SAM has slightly higher C%  them[18]. Alternate routes must be sought to produce a sta-
on the surface than OTS SAM. Meanwhile, APTMS SAM ble ultra-thin coating with amino functional groups on the
has higher C% on the surface than the SAMs formed by outermost surfaces.

5. Summary
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