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Abstract: In this work, we develop a new, rapid and inexpensive method to generate spatially controlled
aldehyde and carboxylic acid surface groups by microfluidic oxidation of 11-hydroxyundecylphosphonic
acid self-assembled monolayers (SAMs) on indium tin oxide (ITO) surfaces. SAMs are activated and
patterned using a reversibly sealable, elastomeric polydimethylsiloxane cassette, fabricated with preformed
micropatterns by soft lithography. By flowing the mild oxidant pyridinium chlorochromate through the
microchannels, only selected areas of the SAM are chemically altered. This microfluidic oxidation strategy
allows for ligand immobilization by two chemistries originating from a single SAM composition. ITO is robust,
conductive, and transparent, making it an ideal platform for studying interfacial interactions. We display
spatial control over the immobilization of a variety of ligands on ITO and characterize the resulting oxime
and amide linkages by electrochemistry, X-ray photoelectron spectroscopy, contact angle, fluorescence
microscopy, and atomic force microscopy. This general method may be used with many other materials to
rapidly generate patterned and tailored surfaces for studies ranging from molecular electronics to biospecific
cell-based assays and biomolecular microarrays.

Introduction

The ability to tailor materials with self-assembled monolayers
(SAMs) to generate diverse chemical and physical properties
has proven to be important for a range of research fields, such
as biomedical engineering, organic catalysis, molecular electron-
ics, and cell biology.1 SAMs of alkanethiolates on gold represent
one of the most well-studied surface chemistry systems. The
major advantages of SAMs on gold include the inherent
conductivity of gold that allows substrate compatibility with a
variety of surface characterization techniques. Alkanethiols are
also synthetically flexible or commercially available, providing
opportunities to tailor materials for a range of applications.2 In
addition to the direct synthesis of alkanethiols, a number of
convergent interfacial chemoselective strategies including

Diels-Alder conjugation,3 Click chemistry,4 quinone and al-
dehyde coupling,5 Staudinger ligation,6 and Michael addition7

have been developed to immobilize and present a variety of
ligands on the surface. There have also been numerous
lithographic approaches used to pattern SAMs of alkanethiols
on gold, such as photolithography,8 electron-beam,9 X-ray,10

extreme UV,11 and dip pen12 nanolithography. Disadvantages
of these strategies include the lack of commercially available
molecules containing the desired alkanethiol tail group, the
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narrow range of tail groups able to be used with these
transformative methods,13 and the large amounts of irradiation
that may ultimately compromise the gold-thiol bond.14 In situ
SAM activation, a simple non-irradiative chemical modification
to the tail group of a prepared SAM composed of either
commercially available or easily synthesized molecules, repre-
sents an alternative strategy for tailoring surfaces.15 With this
approach, the original SAM tail group is rapidly transformed
into a complexly patterned and functionalized substrate for
subsequent customization with no further synthesis or patterning
steps. Also, this method may facilitate access to the function-
alizing of other materials that exhibit weaker associations
between the headgroup and the surface, as well as SAM
molecules incompatible with routine synthesis (e.g., nickel
surfaces requiring isocyanide head groups, glass, TiO2, ITO,
and oxidized GaAs surfaces requiring phosphonate, siloxane,
or carboxylate head groups).16

Although gold-based SAMs are the most flexible model
system for studying biointerfacial science, there remain severe
long-term stability and biocompatibility issues. The thiol-gold
bond is thermally unstable and upon long durations of air
exposure may oxidize, damaging the integrity of the mono-
layer.17 Gold also efficiently quenches fluorescence and has
limited optical transparency properties that reduce its use for
fluorescent-based biosensor or cell array technologies.18 To
address these limitations, there has been intense interest in
transferring certain surface chemistries developed for gold and
glass surfaces to other materials to increase their scope of
applications.19 One such material, indium tin oxide (ITO), is a
common material widely used for applications in optoelectronics
and is found as the transparent conductive coatings in plasma,
touch, and liquid crystal displays, as well as solar cells and
organic light emitting diode (OLED) devices.20 Its high
conductivity permits the characterization of ITO with a variety

of analytical techniques.21 Unlike gold, the optical transparency
of ITO presents opportunities for studies involving fluorescence
and, in particular, research in cell biology that requires live-
cell high-resolution fluorescence microscopy to study cell
behavior.22 However, the major limitation of ITO is the inability
to tailor the surface with a variety of surface chemistries. Alkyl
carboxylates and alkyl phosphonates have been shown to form
SAMs on ITO, but the lack of synthetic routes available to
append chemical functionalities to these tail groups and to
pattern these molecules has limited the overall use of ITO
substrates in biosensor and cell biological studies. Currently,
methods exist to pattern ITO onto other materials such as glass,
aluminum, and silicon for applications in optoelectronics.23

Microcontact printing has been used to pattern siloxane SAMs
on ITO,24 but direct SAM tailoring through chemical activation
of a tail group has remained undeveloped. A methodology that
could chemically alter a single phosphonate SAM on ITO to
multiple functionalities for subsequent ligand immobilization
would be cost-effective and extremely useful. Not only would
this strategy circumvent the difficulties encountered in synthesis,
but it would also provide a platform to tailor many other
materials for a broad range of interests.

Herein, we report a rapid and inexpensive method to activate
and generate spatially controlled aldehyde- and carboxylic acid-
functionalized SAMs on ITO using microfluidic oxidation from
hydroxyl-terminated SAMs on ITO. This system allows for
ligand immobilization by two orthogonal strategies originating
from an initial hydroxy-terminated alkanephosphonate. Micro-
fluidic patterning provides spatial control of the aldehydes and
carboxylic acids formed by oxidation directly on the surface.
Through chemoselective conjugation of oxyamine-containing
ligands to aldehydes (to generate oximes) and of amine-
containing ligands to carboxylic acids (to generate amides), a
variety of electroactive and fluorescent molecules were im-
mobilized. The resulting oxime and amide linkages were
characterized by electrochemistry, X-ray photoelectron spec-
troscopy, fluorescence microscopy, contact angle, and atomic
force microscopy.

Results and Discussion

The general schematic illustrating the oxidative activation of
SAMs on ITO (100 Ω/sq), with controlled generation of
aldehyde and carboxylic acid tail groups for subsequent
chemoselective ligation, is shown in Figure 1. Following SAM
formation of 11-hydroxyundecylphosphonic acid (H2O3PC11OH,
1, Scheme 1) on ITO, a polydimethylsiloxane (PDMS) microf-
luidic cassette (fabricated using standard soft lithographic
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techniques to obtain 100 µm features) was reversibly sealed to
the substrate.25 Pyridinium chlorochromate (PCC, 10, 300 mM
in acetonitrile (ACN)) was then flowed through the microchan-
nels and allowed to oxidize the hydroxy-terminated SAM.
Dependent on the oxidative duration, surface hydroxyls could
be converted to either aldehydes (45 min) or carboxylic acids
(150 min). After aldehyde generation, oxyamine-containing
ligands were chemoselectively immobilized to the surface,
resulting in a covalent oxime bond. When exposed to PCC for
150 min, amide linkages were formed from reaction of acid
tail groups with amine-containing ligands in the presence of
N-hydroxysuccinimide (NHS) and dicyclohexyl carbodiimide
(DCC). Thus, a single hydroxyl-terminated SAM on ITO could
be chemically altered with the same oxidant and concentration
to generate two different chemical functional groups that could
be independently tailored by different chemoselective ligand
immobilization strategies.

The uniformity of SAM formation, before as well as after
chemical modification, was investigated by measuring the static

contact angle of water on alcohol-, aldehyde-, and acid-
terminated surfaces. Averages and standard deviations are
reported in Table 1. Conditions favoring aldehyde generation
correspond to larger contact angles than conditions forming
carboxylic acids, as well as initial H2O3PC11OH SAMs, indicat-
ing that there was a uniform increase in hydrophobicity on the
surface. On ITO, carboxylic acids can be formed by the longer
oxidation duration required for transforming the hydroxyl-
terminated SAM without monolayer desorption. A similar
oxidation method was performed on gold surfaces containing
SAMs of 11-mercapto-1-undecanol using PCC concentrations
lower by 1000-fold, resulting solely in aldehydes. Higher
concentrations or oxidizing durations longer than 70 min
appeared to etch the gold and destroy the monolayer.26

Therefore, carboxylic acid formation is compatible with alcohol-
terminated SAMs on ITO but not SAMs of alkanethiols on gold,
presumably due to the greater stability of the ITO-phosphonate
linkage. Milder conditions and different oxidants are currently
being investigated for the gold SAM surfaces.

To verify that both aldehydes and acids were being generated
from the same alcohol-terminated SAM on ITO, cyclic voltam-
metry (CV) was performed. Figure 2 shows CV data from
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Figure 1. Schematic for the microfluidic oxidative activation of H2O3PC11OH SAMs on ITO with spatially controlled generation of aldehyde and carboxylic
acid tail groups for subsequent chemoselective ligation. (A) An ITO substrate was sonicated in water, ethanol, and acetone. (B) In order to form a self-
assembled monolayer, the substrate was submerged in a solution of H2O3PC11OH (1 mM) in water (16 h). (C) A microfluidic cassette was reversibly sealed
to the surface, and PCC, a mild oxidant, in ACN was flowed through the microchannels to convert the alcohol-terminated SAM to aldehyde (45 min) or
carboxylic acid tail groups (150 min). (D) After stamp removal, the patterned microchannels represented a 2D projection of aldehydes or acids on the
surface. (E) For chemoselecitve immobilization of ligands to aldehyde- or acid-terminated surfaces, oxyamine (RONH2)- or amine (RNH2)-containing ligand
were allowed to react on the surface and immobilized only to the oxidized regions. The resulting oxime and amide conjugates represented a high-fidelity 2D
projection of the microchannels.

Scheme 1. Synthesis of 11-Hydroxyundecylphosphonic Acida

a Reagents and conditions: (i) dihydropuran, HCl, THF, rt, 12 h, 91%;
(ii) triethylphosphite, 110 °C, 12 h, 74%; (iii) 3:1:1 AcOH:THF:H2O, rt,
16 h, 61%; (iv) bromotrimethylsilane, DCM, rt, 6 h, 93%.

Table 1. Contact Angle Measurements of Hydroxy-, Aldehyde-,
and Carboxylic Acid-Terminated Surface Groups on ITO
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surfaces that have been oxidized with conditions for aldehyde
(300 mM PCC, 45 min) and acid (300 mM PCC, 150 min)
generation, as well as a mixed aldehyde and acid surface (300
mM PCC, 70 min). Electroactive ferrocene-oxyamine (6, 30
mM in ethanol, 40 °C, 20 min) and dopamine (8, 300 mM in
DMSO, 16 h) with NHS/DCC (150 mM) were immobilized to
substrates following oxidation. Distinct redox peaks at 230 and
270 mV for ferrocene-oxyamine, and at 360 and 730 mV for
dopamine, were observed from the resultant covalent oxime and
amide linkages, respectively. As a control, dopamine was
immobilized to surfaces oxidized for 45 min, and ferrocene-
oxyamine was reacted on substrates that had been exposed to
PCC for 180 min. Redox peaks were not present when scanned,
indicating that no ligand immobilization occurred.

The percentage of aldehydes generated from hydroxy-
terminated surfaces as a function of oxidation duration (0-45
min) was determined by integrating the redox peak areas
corresponding to the CV data following ferrocene-oxyamine
immobilization. These data were easily reproduced and used
to calculate the kinetic rate profile of aldehyde production,
fitted to pseudo-first-order kinetics. The aldehyde production
rate was determined to be 0.11 min-1 as described previ-
ously.13 Similarly, the acid production rate from alde-
hyde surfaces was found to be 0.018 min-1. Substrates were
oxidized for longer durations beyond approximate complete
aldehyde conversion (45-150 min), and the CV data were
generated after redox-active ferrocene-oxyamine and dopam-
ine immobilization was analyzed. The rate of the disappear-
ance of aldehydes corresponds approximately with the rate
of production of acids, calculated to be 0.018 min-1 with
error as reported (Figure 3). Therefore, oxidation over the
substrate can be controlled to generate aldehydes and acids,
as well as a mixture of the two groups.

X-ray photoelectron spectroscopy (XPS) was also performed
to examine the amide and oxime nitrogen bound to the SAM
on the surface. Hydroxy-terminated SAMs on ITO were
oxidized for 45, 70, and 150 min, followed by subsequent
selective immobilization of ferrocene-oxyamine and dopamine.
(Figure 4) The nitrogen 1s peak representing the oxime linkage
between ferrocene-oxyamine and aldehydes was observed at 398
eV, corresponding to data seen with gold SAMs.17 Similarly,
the nitrogen 1s peak of the amide resultant from conjugation
of dopamine to acid was observed at 400 eV. This peak
correlated well with the XPS data produced by dopamine
immobilization to SAMs of carboxylic acid-terminated phos-
phonate (Fluka) on ITO. Also, substrates were oxidized for 70

Figure 2. Electrochemical characterization of ferrocene-oxyamine and
dopamine immobilized to surfaces presenting either aldehydes and acids
or a combination of acids and aldehydes generated on SAMs of
H2O3PC11OH. (A) A cyclic voltammogram of ferrocene-oxyamine
(green), with distinctive redox peaks of 230 and 270 mV, chemoselec-
tively immobilized to aldehyde tail groups generated from oxidation of
H2O3PC11OH on ITO. (B) A cyclic voltammogram of dopamine (red),
with distinctive redox peaks of 360 and 730 mV, chemoselectively
immobilized to carboxylic acid tail groups generated from oxidation of
H2O3PC11OH on ITO. (C) A mixed surface containing both electroactive
ligands immobilized to a surface presenting both aldehyde and carboxylic
acid tail groups after oxidation of H2O3PC11OH on ITO.

Figure 3. Kinetic characterization of aldehyde and acid production on ITO
using redox-active immobilization ligands ferrocene-oxyamine (for alde-
hyde) to generate oximes and dopamine (for carboxylic acids) to generate
amides. Percent ligand immobilization versus oxidation time (300 mM PCC,
ACN, 0-150 min) plot for SAMs of H2O3PC11OH with calculated pseudo-
first-order rates of 0.11 min-1 for aldehyde production (red) and 0.018 min-1

for aldehyde disappearance or conversion to acid (blue) and acid production
(dotted blue). The acid production rate is approximately the same as the
rate of disappearance of aldehydes.

Figure 4. X-ray photoelectron spectroscopy characterization of oxime and
amide bonds on ITO. Surfaces presenting SAMs of H2O3PC11OH were
oxidized to generate aldehyde or carboxylic acid tail groups for subsequent
chemoselective ligation and XPS analysis. (A) The nitrogen 1s peak
observed at 398 eV corresponds to the oxime nitrogen of ferrocene-
oxyamine-immobilized aldehyde-presenting surfaces. (B) The nitrogen 1s
peak observed at 400 eV corresponds to the amide nitrogen of dopamine
immobilized to carboxylic acid-presenting surfaces. (C) A mixed surface
of ferrocene-oxyamine and dopamine ligands, showing both nitrogen peaks
of oxime and amide bonds, respectively. (D) An unoxidized ITO surface
presenting a SAM of H2O3PC11OH, showing no nitrogen present.
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min, generating mixed aldehyde and acid surfaces, followed by
immobilization of ferrocene-oxyamine and dopamine ligands.
Again, the nitrogen 1s peaks appeared at 398 and 400 eV,
respectively, verifying that both ligands were immobilized on
the same substrate. Controls including unoxidized SAMs of
H2O3PC11OH on ITO, dopamine immobilized onto surfaces that
had been oxidized for 45 min, and ferrocene-oxyamine im-
mobilized onto substrates with exposure to PCC for 180 min
showed no nitrogen present.

Atomic force microscopy (AFM) was also used to char-
acterize SAM formation and chemical modification. Lateral
force microscopy (LFM) images of bare ITO, a hydroxy-
terminated SAM, a mixed aldehyde- and acid-terminated
SAM after oxidation with PCC, and immobilized ferrocene-
oxyamine and dopamine on ITO are shown (Supporting
Information). Without SAM formation, ITO is characteristi-
cally rough. LFM images display that there is less contrast
in surface friction due to more uniformity in the chemical
environment after SAM modification.

To exhibit the diversity in performing this dual-orthogonal
strategy to spatially control the immobilization of the oxyamine-
and amine-containing ligands on ITO, fluorescent compounds
were patterned by microfluidics and then visualized by fluo-
rescence microscopy (Figure 5). A microfluidic cassette with
separate channels was reversibly sealed to an ITO surface
containing SAMs of H2O3PC11OH, and oxidation with PCC was
carried out as previously described. Following oxidation, a
mixture of Alexa 488-oxyamine (7) and Rhodamine (9) was
allowed to react on the surface. When imaged, the immobilized
fluorescent dyes produced a 2D projection of the microchannels,

and patterns of oxime (green), amide (red), and a mixture of
oxime and amide (yellow) conjugates were observed (Figure
5). More specifically, both carboxylic acids and aldehydes were
generated with spatial control on an ITO substrate. PCC was
allowed to react in the microchannels for 70 min, resulting in
mixture of acids and aldehydes projected from the surface.
Rhodamine (7 mM in DMSO, 3 h, 75 °C) followed by Alexa
488-oxyamine (4 mM in DMSO, 1 h) were immobilized. In
addition, a single substrate is displayed in Figure 6 with a pattern
of two dyes: Alexa 488-oxyamine (A, green), rhodamine (B,
red), with a superimposed image showing the same mixed region
(C, yellow).

Alternatively, spatially controlled generation of aldehydes
and carboxylic acids independently is also possible by using
different microfluidic cassettes for patterning ligands on the
same surface (Figure 7). Beginning with one cassette on a
SAM of H2P3OC11OH, substrates were oxidized for 45 min
in order to generate aldehydes, followed by immobilization
of Alexa 488-oxyamine within the microchannels (4 mM in
DMSO, 1 h, 75 °C). The Alexa 488-oxyamine immobilized
to aldehydes present, resulting in a clear projection of the
pattern. After rinsing and removing the cassette, a different
cassette was reversibly sealed to the surface, and PCC was
left to react for 150 min in order to generate acids for
subsequent rhodamine immobilization within the channels
(7 mM in DMSO, 3 h, 75 °C). Rhodamine immobilized to
the newly formed acids. When visualized using fluorescence
microscopy, two distinct oxime (green, Figure 7A) and amide
(red, Figure 7B) patterns were observed, with overlapping

Figure 5. Schematic for the oxidative activation of H2O3PC11OH SAMs
on ITO for controlled generation of aldehyde, carboxylic acid, and a mixed
surface of both aldehyde and acid tail groups for subsequent chemoselective
ligation. (A) A microfluidic cassette with separate channels was reversibly
sealed to an ITO surface containing SAMS of H2O3PC11OH. (B) PCC in
ACN was flowed through the microchannels in order to convert the alcohol-
terminated SAM to aldehyde (45 min), mixed aldehyde and acid (70 min),
or acid tail groups (150 min). (C) To functionalize the surface, oxyamine-,
amine-, and a mixture of oxyamine- and amine-containing ligands were
chemoselectively immobilized to regions presenting aldehyde, acid, or a
mixture of aldehydes and acids on the surface.

Figure 6. Fluorescent micrographs of a mixed aldehyde and carboxylic
acid-presenting surface patterned by microfluidic oxidation (PCC, 70
min) followed by chemoselective oxime and amide immobilization.
Ligands were imaged directly on the surface. (A) Alexa 488-oxyamine
immobilized to aldehyde surface groups generated by microfluidic
oxidation with PCC in ACN. (B) Rhodamine immobilized to carboxylic
acid surface groups generated by microfluidic oxidation on the same
pattern. (C) A combined image of the pattern showing a mixed surface
containing both oxime and amide conjugates generated by rapid and
straightforward microfluidic oxidaton of a hydroxy-presenting ITO
surface.

Figure 7. Fluorescent micrographs of patterned zones of aldehyde and
carboxylic acid generated by serial microfluidic oxidation followed by
chemoselective oxime and amide immobilization to ITO surfaces. (A)
Immobilized Alexa 488-oxyamine after selective microfluidic oxidation
conditions to generate aldehyde surface groups in a spiral pattern. (B)
Immobilized Rhodamine in a bar pattern after selective microfluidic
oxidation to generate acid surface groups in the same region. (C) A
combined image of the region displaying a dual-patterned surface containing
both oxime and amide conjugates, as well as the overlap upon mixing.
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regions containing a mixture of both oxime- and amide-
conjugated ligands (yellow, Figure 7C).

Conclusion

In this report we show the development of a new strategy
to pattern ligands onto a surface. We activate a simple
hydroxy-terminated SAM surface with a rapid, inexpensive,
and mild microfluidic oxidation strategy to generate chemose-
lective and patterned ITO surfaces. This method allows the
use of two orthogonal strategies for selective ligand im-
mobilization with spatial control originating from a single
SAM composition on ITO. Aldehyde and carboxylic acid
surface groups were generated by oxidation of alcohol-
terminated SAMs followed by immobilization and charac-
terization of a variety of oxyamine- and amine-containing
compounds. Microfluidic patterning provides spatial control
of aldehydes and acids on the surface, as well as resulting
oxime and amide conjugates, respectively. Taking advan-
tage of the robust, conductive, and transparent nature of ITO,
oxime and amide linkages were characterized by CV, XPS,
AFM, and fluorescence microscopy. The ability to spatially
control and pattern the generation of mixed aldehyde and
carboxylic acid surfaces as well as distinct regions of
carboxylic acids and aldehydes for subsequent immobilization
of ligands would greatly benefit research fields such as cell
biology and molecular electronics. This new surface pattern-
ing strategy circumvents multistep syntheses and is applicable
to tailoring a variety of other materials. Ongoing research
includes exploring multiple ligand immobilization for co-
culture studies and cell migration studies and for generating
high-throughput ligand microarrays on nickel and other metal
oxide surfaces.

Experimental Section

Fluorescent dyes were obtained from Invitrogen; all other
chemicals were obtained from Sigma Aldrich. Indium tin oxide
slides were purchased from Nanocs (New York, NY).

Synthesis. Ferrocene-oxyamine (2) was synthesized as previously
reported.15

2-(11-Bromoundecyloxy)tetrahydro-2H-pyran (3). To a solu-
tion of 2 (4.00 g, 15.9 mmol) in THF (40 mL) were added
dihydropuran (6.54 mL, 71.1 mmol) and HCl (3 drops). The reaction
was stirred under inert atmosphere (N2) for 12 h and was then
washed with sodium bicarbonate (3 × 25 mL) and brine (1 × 25
mL). The mixture was purified by flash chromatography (9:1 Hex:
EtOAc) and concentrated to afford a colorless oil 3 (4.84 g, 91%).
1H NMR (400 Hz, CDCl3, δ): 4.58 (t, 1H, J ) 8; CH), 3.86-3.75
(m, 2H, J ) 7; CH2), 3.52 (m, 1H, J ) 8; CH), 3.41-3.38 (m, 3H,
J ) 7; CH, CH2), 1.87-1.84 (m, 3H, J ) 7; CH, CH2), 1.58 (m,
1H, J ) 8; CH), 1.55 (m, 6H, J ) 7; CH2), 1.43-1.40 (m, 2H, J
) 7; CH2), 1.29 (m, 12H, J ) 7; CH2).

Diethyl 11-(Tetrahydro-2H-pyran-2-yloxy)undecylphospho-
nate (4). A solution of 3 (3.24 g, 9.66 mmol) in neat triethylphos-
phite (9.85 mL, 53.1 mmol) was refluxed at 110 °C under inert
atmosphere (N2) for 12 h. The mixture was concentrated and
purified by flash chromatography (1:1 Hex:EtOAc, eluted 3 with
100% MeOH) to afford a colorless oil 4 (2.98 g, 74%). 1H NMR
(400 Hz, CDCl3, δ): 4.57 (t, 1H, J ) 7; CH), 3.83-3.81, (q, 4H,
J ) 9; CH2), 3.72-3.68 (m, 2H; CH2), 3.48-3.39 (m, 2H, J ) 7;
CH2), 1.81 (m, 1H, J ) 9; CH), 1.68-1.59 (m, 3H, J ) 8; CH,
CH2), 1.53-1.52 (m, 7H, J ) 11, J ) 7; CH, CH2), 1.32-1.30
(m, 18H, J ) 7; CH2, CH3).

Diethyl 11-Hydroxyundecylphosphonate (5). To solution of
acetic acid, water, and THF (3:1:1 30 mL, 10 mL, 10 mL) was
added 4 (0.800 g, 2.00 mmol). The mixture was stirred under inert
atmosphere (N2) for 16 h. After completion, the mixture was

concentrated, diluted with EtOAc, and washed with 0.01 M NaOH
(3 × 25 mL) to afford a colorless oil 5 (0.379 g, 61%). 1H NMR
(400 Hz, CDCl3, δ): 4.09-4.05 (q, 4H, J ) 9; CH2), 3.62-3.59 (t,
2H, J ) 7; CH2), 2.55 (s, 1H; O-H), 1.70-1.66 (m, 2H, J ) 8;
CH2), 1.56-1.53 (m, 4H, J ) 7; CH2), 1.32-1.26 (m, 18H, J ) 7,
J ) 7; CH2, CH3).

11-Hydroxyundecylphosphonic Acid (H2O3PC11OH, 1). To a
solution of 5 (0.379 g, 0.12 mmol) in dry CH2Cl2 (15 mL) was
added trimethylbromosilane (0.50 mL, 3.6 mmol). The mixture was
stirred under inert atmosphere (N2) for 6 h. After completion, the
mixture was concentrated and stirred with MeOH (20 mL) under
N2 for 2 h. The mixture was then concentrated to a colorless oil
and recrystallized with acetone to afford a white solid 1 (0.288 g,
93%).1H NMR (400 Hz, MeOD, δ): 3.51 (t, 2H, J ) 7; CH2),
1.82-1.80 (m, 2H, J ) 7; CH2), 1.58-1.48 (m, 6H, J ) 8; CH2),
1.30 (m, 12H, J ) 7; CH2). HRMS (ESI, m/z): [M - H] calcd for
C11H25O4P, 252.2876; found, 251.1.

Microfabrication. Microfluidic cassettes were fabricated using
soft lithography.25 Patterns were achieved using masks drawn in
Adobe Illustrator CS3 and photoplotted by Page works onto Mylar
sheets. SU-8 50 (Microchip) was patterned using the manufacturer’s
directions to obtain 100 µm channel depth. The Sluggard 184 (Dow
Corning) was prepared in a 3:20 curing agent:elastomer (PDMS).
The prepolymer was cast over the mold, degassed for 30 min, and
cured for 1 h at 75 °C. The PDMS was then removed from the
master, and access holes were added to the PDMS to allow fluid
flow.

Preparation of ITO and SAM Formation. Indium tin oxide-
coated (10 nm) slides (1 in. × 3 in. × 1.1 mm, 10 Ω/sq) were
obtained from Nanocs. The slides were cut into 1 × 2 cm2 pieces
and sonicated in diionized water, ethanol, and acetone each for 20
min. Surfaces were then rinsed with ethanol and dried. In order to
form SAMs on ITO, the slides were immersed in a 1 mM solution
of 11-hydroxyundecylphosphonic acid in water for at least 16 h.
Once removed from solution, the surfaces were rinsed with ethanol
and dried before use.

Electrochemical Characterization. All electrochemical experi-
ments were performed using a Bioanalytical Systems CV-100W
potentiostat. Electrochemical data were obtained in a 1 M HClO4

electrolyte solution with an Ag/AgCl electrode (Bioanalytical
Systems) serving as the reference, the ITO monolayer as the
working electrode, and a Pt wire as the counter electrode. Surfaces
were scanned at a rate of 100 mV/s. All electrochemical measure-
ments were performed in trials of four, with the average and
standard deviation reported.

Ferrocene-Oxyamine and Dopamine Immobilization. Surfaces
containing SAMs of 11-hydroxyundecylphosphonic acid were
oxidized using a 300 mM solution of PCC in ACN for either 45
min to generate aldehyde tail groups or 150 min to generate
carboxylic acid tail groups. Surfaces were then rinsed with
ethanol and dried. A 30 mM solution of ferrocene-oxyamine in
ethanol was allowed to react on the aldehyde surface for 20 min
at 40 °C. To immobilize dopamine, a solution of 150 mM NHS,
150 mM DCC, and 300 mM dopamine in DMSO was allowed
to react on the surface for 16 h at room temperature. Once the
immobilization was complete, the surfaces were rinsed with
ethanol and dried before verification by CV.

Kinetic Characterization of Aldehyde and Acid Production.
The amount of ferrocene-oxyamine immobilized, corresponding
to the total charge (Q) on the surface, was quantified by
integrating the redox peak area observed from the CV data. The
total charge was then compared to the theoretical value generated
from a 100% converted surface using Q ) nFAΓ (where Q is
the total charge, n is the number of electrons involved in the
reaction (in this case, 1), F is Faraday’s constant, and Γ is the
surface coverage in molecules per surface area). The theoretical
value was calculated to be 16.1 µC/cm2 for a surface density of
1.66 × 10-10 mol/cm.2 The density of both aldehydes and ligand
on the surface could be controlled by varying the PCC reaction
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duration. It was found that by 45 min there was an approximately
complete conversion to aldehyde groups. Similarly, oxidation
times were extended from 45 to 150 min, and the amount of
ferrrocene-oxyamine and dopamine immobilized was calculated
by CV analysis. Each data point (0-150 min) was performed at
least four times, and the amount of ferrocene-oxyamine im-
mobilized was calculated as reported above. Averages and
percent error were also determined. Based on the CV data, the
theoretical and actual amounts of ligand bound were compared
and used to construct a relationship between the percent of ligand
immobilized and oxidation time, as shown in Figure 3. The error
bars shown represent the standard deviation within each time
point measured. Rate profiles were fitted to pseudo-first-order
kinetics, and rates were determined to be 0.11 min-1 for aldehyde
production and 0.018 min-1 for acid production.

Patterned Mixed Aldehyde and Carboxylic Acid Surface
by Microfluidic Oxidation of Alcohol-Terminated SAMs. A
PDMS microfluidic cassette was reversibly placed on an ITO
surface containing a SAM of 11-hydroxyundecylphosphonic acid
(1). A 300 mM solution of PCC in ACN was flowed through
the channels and allowed to react for 70 min. Without removing
the cassette, the reaction was quenched, and the surface and
cassette were rinsed by flowing ethanol through the channels.
A solution of 4 mM Alexa 488-oxyamine (Invitrogen), 150 mM
NHS, 150 mM DCC, and 7 mM Rhodamine (Invitrogen) in
DMSO was allowed to react with the surface for 3 h at 75 °C.
The reaction was then quenched by submerging the surface in
DMSO and was rinsed with ethanol and dried.

Dual-Patterned Surface by Microfluidic Oxidation of Alcohol-
Terminated SAMs. A PDMS microfluidic cassette was reversibly
placed on an ITO surface containing a SAM of 11-hydroxyun-

decylphosphonic acid. A 300 mM solution of PCC in ACN was
flowed through the channels and allowed to react for 45 min to
exclusively generate aldehydes. Without removing the cassette,
the reaction was quenched, and the surface and cassette were
cleaned by flowing ethanol through the channels. With the
cassette still in place, a solution of 4 mM Alexa 488-oxyamine
in DMSO was flowed through the channels and allowed to react
for 1 h at 75 °C to generate the oxime conjugate. The reaction
was quenched, and the PDMS microfluidic cassette was removed.
A different PDMS microfluidic cassette pattern was then
reversibly sealed to the same ITO surface containing patterned
Alexa 488-oxyamine and unactivated regions of 11-hydroxyun-
decylphosphonic acid. The immobilization procedure was re-
peated as described previously, with the exception of PCC
oxidation for 150 min to generate only carboxylic acids followed
by reaction with a solution of 150 mM NHS, 150 mM DCC,
and 7 mM Rhodamine in DMSO for 3 h at 75 °C to form the
interfacial amide conjugate.

Fluorescence Microscopy. After patterning and immobilization
of fluorescent ligands, ITO surfaces were imaged directly by
fluorescent and brightfield microscopy using a Nikon TE2000E
inverted microscope. Image acquisition and processing was carried
out with Metamorph software. To show the overlay of both
fluorescent dyes, images were taken of the same patterned region
in separate light filters and combined into one image.

X-ray Photoelectron Spectroscopy. Ferrocene-oxyamine-,
dopamine-, and mixed-functionalized surfaces were prepared as
previously described. XPS measurements were performed on
surfaces containing the immobilized ligands mentioned, as well
as bare ITO and SAMs of 11-hydroxyundecylphosphonic acid
with a Kratos Axis Ultra DLD. A mono Al anode source was
used with a specific excitation energy of 1486.6 eV, and an 80
eV pass energy was used for the high-resolution scans. All
binding energies are referenced to the C 1s of a saturated
hydrocarbon at 284.7 eV.

Contact Angle Measurement. ITO surfaces containing SAMs
of 11-hydroxyundecylphosphonic acid were oxidized with 300
mM PCC in ACN ranging from 0 to 150 min. The static contact
angles of these reacted surfaces were measured using 10 µL
drops of deionized H2O using a KSV CAM 200 instrument and
software. Measurements were performed in sets of eight for
alcohol-, aldehyde-, and acid-terminated surfaces. Contact angle
data were averaged, with the standard deviation shown in Table
1.

Atomic Force Microscopy. AFM images were obtained by
using a MFP-3D Stand Alone atomic force microscope (Asylum
Research, Santa Barbara, CA). Lateral force images were acquired
in contact mode, using a silicon tip (0.03-0.08 N/m, MikroMasch
USA, Wilsonville, OR), at a scan rate of 1 Hz, under ambient
conditions. Four scans were performed on each substrate during
the different stages of SAM manipulation to conclude the surface
friction uniformity.
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Scheme 2. Structures of Surface Groups and Oxyamine- and
Amine-Containing Ligands for Chemoselective Immobilization to
ITO Activated Surfaces
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