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ABSTRACT: We present a facile microfluidic method for forming
narrow chemical gradients in polymer brushes. Co-flow of an alkylating
agent solution and a neat solvent in a microfluidic channel forms a
diffusion-driven concentration gradient, and thus a gradient in reaction
rate at the interface of the two flows, leading to a quaternization gradient
in the underlying poly(2-(dimethylamino)ethyl methacrylate) polymer
brush. The spatial distribution of the quaternized polymer brush is
characterized by confocal Raman microscopy. The quaternization
gradient length in the polymer brush can be varied with the injection
flow rate and the distance from the co-flow junction. A chemical gradient
in the polymer brush as narrow as S ym was created by controlling these
parameters. The chemical gradient by laminar co-flow is compared with
numerical calculations that include only one adjustable parameter: the
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reaction rate constant of the polymer brush quaternization. The calculated chemical gradient agrees with the experimental data,
which validates the numerical procedures established in this study. Flow of multiple laminar streams of reactive agent solutions
enables single-run fabrication of brush gradients with more than one chemical property. As one example, four laminar streams—
neat solvent/benzyl bromide solution/propargyl bromide solution/neat solvent—generate multistep gradients of aromatic and
alkyne groups. Because the alkyne functional group is a click-reaction available site, the alkyne gradient could allow small gradient

formation with a wide variety of chemical properties in a polymer brush.
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Bl INTRODUCTION

Surface-bound chemical gradients have been investigated for
modulating cell behaviors, for high-throughput screening of
biomolecules, and for chemical potential gradient driven
transport of molecules and liquids." Numerous top-down and
bottom-up approaches to form surface gradients have been
reported. However, formation and precise control of chemical
gradients with length scales between a few micrometers and a
few hundred micrometers remain challenging. One of the most
effective techniques for creating short-period chemical gradients
is laminar flow in a microfluidic device.” Due to the absence of
turbulent mixing at low Reynolds numbers, the interface(s)
between two or more miscible laminar flow streams becomes a
diffusion-driven gradient in concentration. This well-defined
concentration gradient has been used as is to generate a
temporary dynamic physicochemical gradient, for example for
studies of chemotaxis.>"® The concentration gradient can also
be transferred onto a surface by flowing laminar streams
containing various reactive agents” or depositable materials,” "
forming a static gradient on the bottom substrate. While this
approach has been used to form physically/chemically graded
solid surfaces, prior to our work here, it has not been
demonstrated to form a few micron-scale gradients in polymer
brushes.
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Polymer brushes, polymer chain assemblies tethered to a
solid substrate, provide mechanically and chemically stable
functional thin films."" Through now well-established synthetic
procedures, various types of highly dense functional groups can
be realized in the polymer brush. Using an approach we termed
DRAPE (Diffusion of Reactive Agent into PErmeable media),
which was based on the diffusion and reaction of reactants into
a PDMS slab surrounding a microfluidic channel, we formed
100—500 pm lateral chemical gradients in polymer brushes.'
The DRAPE method is simple and reliable, but neither multiple
chemical gradients nor gradients on the order of a few
micrometers length scale can be formed by this method. Here,
we present a facile method for the formation of a sharp
chemical gradient in a polymer brush via spatially selective
postmodification using multiple laminar streams in a micro-
fluidic channel. For example, to form a single gradient, an
alkylating agent (benzyl bromide) containing solution and a
nonreactive neat solvent are injected into the two arms of a Y-
shaped microfluidic channel, forming a concentration gradient
of the reactive agent at the interface of the co-flow (Figure 1a).
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Figure 1. (a) Schematic illustration of the laminar flow-based polymer brush gradient formation. (b) Alkylation reactions of pPDMAEMA by the two

alkylating agents used in this study. (c) Raman intensity profiles of the peaks at 1604, 2770, and 3060 cm™'

of the spectra collected across the

gradient 2 cm downstream of the junction (Figure S1b, Supporting Information) as a function of a lateral position. The gradient was created by the
co-flow of BnBr solution and neat solvent. The gray band indicates the expected gradient position.

The concentration gradient of the alkylating agent results in a
quaternization gradient in the underlying polymer brush. The
dependence of the resulting gradient length in the polymer
brush on the injection flow rate and the distance from the Y-
junction is investigated. A sharp quaternization gradient in the
polymer brush as small as 5 ym is formed by using laminar co-
flow at a high injection rate. A numerical procedure to predict
the quaternization gradient in the polymer brush is established
by incorporating the simulated concentration distribution of the
reactive agent in the laminar co-flow with reaction kinetics of
the polymer quaternization. The well-defined laminar flows
enable the formation of more than one quaternization gradient
in a polymer brush with a single treatment. Of particular
interest for forming a wide diversity of gradients, an alkyne
functional group gradient amenable to click chemistry was
formed in a polymer brush via quaternization by propargyl
bromide. Multistep chemical gradients with more than one
chemical property are formed by the use of two different
alkylating agents followed by selective modification by click
chemistry.

B EXPERIMENTAL SECTION

pDMAEMA Brush Synthesis. The poly(2-(dimethylamino)ethyl
methacrylate) (pDMAEMA) brush was grown on a silicon wafer via
surface-initiated atom transfer radical polymerization (SI-ATRP).
Silicon wafers were cleaned in Nano-Strip (Cyantek) at 75 °C for
30 min, followed by washing with deionized water (Milli-Q Biocell
System, R > 18 MQ-cm) and drying in a nitrogen flow. The initiator,
(11-(2-bromo-2-methyl)propionyloxy)undecyltri-chlorosilane, synthe-
sized as previously reported,® was printed on the cleaned wafers
(single side polished; p-type; thickness, 356—406 um; resistivity,
0.01-0.02 Q-cm; WRS Materials) via g-contact of an inked flat
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polydimethylsiloxane (PDMS) stamp (areal dimension about 1.5 X 3
cm). A 0.5% (v/v) initiator solution in hexane was used for stamping.
The substrates with preprinted initiators were placed in a reaction
vessel and purged. Separately, DMAEMA (7.07 g, 45 mmol, Sigma-
Aldrich), removed of inhibitor, was diluted with 30 mL of deionized
water and 15 mL of isopropyl alcohol, and the solution was degassed
for at least 30 min. The solution was then added to a Schlenk flask
under a positive nitrogen flow. 1,1,4,7,10,10-Hexamethyltriethylene-
tetramine as the ligand (122 yL, 0.45 mmol, Sigma-Aldrich), CuBr
(64.5 mg, 0.45 mmol, Sigma-Aldrich), and CuBr, (10 mg, 0.045 mmol,
Sigma-Aldrich) were added to the DMAEMA solution, and the
mixture was sealed. The solution of the monomer, catalyst, and ligand
was transferred via cannula into the reaction vessel containing the
substrates with the preprinted initiator. After 10 h, the substrates were
removed, rinsed with isopropyl alcohol and deionized water, and dried
in a nitrogen flow. The dry thickness of the grown polymer brush
measured by ellipsometry and atomic force microscopy (AFM) in air
varied between 70 and 100 nm.

Fabrication of PDMS Microfluidic Channels. The channel mold
was prepared by spin-coating SU-8 photoresist polymer (2050,
MicroChem, Inc.) on a silicon wafer. The resulting SU-8 film
thickness after soft bake was ~75 pm. The photomask with a
transparent channel pattern was placed on top of the baked SU-8 film
and exposed to UV light (IntelliRay 400W) for 8 s at 80% of maximum
intensity (Uvitron International, Inc.). After the post-exposure baking
period, the SU-8 channel pattern was developed by rinsing with
propylene glycol monomethyl ether acetate (Sigma-Aldrich). The
precured PDMS (Sylgard 184 silicone elastomer kit; monomer base/
curing agent = 10:1 in mass ratio; Dow Corning Corp.) was poured on
the SU-8 pattern and cured at 75 °C for 90 min. The cured PDMS was
peeled off, and holes at the channel ends were punched for connecting
the inlet and outlet tubes.

Microfluidic Setup for Gradient Formation in Polymer
Brushes. The schematic in Figure la illustrates the microfluidic
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setup used for forming a chemical gradient in the polymer brush. The
PDMS slab with the embedded Y-shaped microfluidic channel was
placed on top of the pPDMAEMA brush grown on a silicon wafer. The
width and height of the microfluidic channel were 500 and 75 pm,
respectively. The PDMS slab and the silicon wafer with the surface-
grown polymer brush were sandwiched between polycarbonate
supports and clamped. The reactive agent solution and neat solvent
without reactive agent were injected into two different inlets of the Y-
shaped channel with a syringe pump (New Era Pump Systems, Inc.).
The injection rate of each flow varied from 2 to 50 yL/min. The two
fluids flowing in the channel formed a laminar interface, where the
diffusion-induced concentration gradient of the reactive agent was
developed. Two different alkylating agents, benzyl bromide (BnBr,
Sigma-Aldrich) and propargyl bromide (PrBr, Sigma-Aldrich), were
used as the reactive agents for the study (Figure 1b). Both molecules
quaternize the tertiary amine functional groups of the pDMAEMA
brush. Because the reaction rate of the quaternization of the polymer
brush is proportional to the concentration of the alkylating agent, the
concentration gradient of the alkylating agent at the laminar
interface(s) creates a quaternization gradient, and thus a charge
gradient, in the underlying polymer brush. Unless otherwise
mentioned, BnBr, which provides positive charge and adds aromaticity
to the quaternized pDMAEMA brush,"”> was used as the alkylating
agent. After gradient formation, the PDMS channel was removed from
the polymer brush-coated substrate, and the substrate was quickly
washed consecutively with isopropyl alcohol and water.

Click-Reaction. The pDMAEMA brush with the alkyne functional
group was placed in 30 mL of nitrogen purged dimethylformamide
(DMF) in a Schlenk flask. Methoxypolyethylene glycol azide (25 mg,
M, 2000, Sigma-Aldrich), CuBr (5 mg, Sigma-Aldrich), and
N,N,N’,N’,N”-pentamethyldiethylenetriamine (PMDETA, 5 uL,
Sigma-Aldrich) were dissolved in the DMF solvent. The solution
was degassed by three freeze—pump—thaw cycles, and then reacted
and stirred under nitrogen at room temperature for 20 h. After the
reaction, the substrate was rinsed with isopropyl alcohol and deionized
water and dried in a nitrogen flow.

B RESULTS AND DISCUSSION

Gradient Characterization. The chemical gradient in the
polymer brush was characterized using confocal Raman
spectroscopy. First, Raman spectra of the pPDMAEMA brushes
before and after the BnBr treatment are compared to determine
the peaks characteristic to the quaternization (Figure Sla
Supporting Information). After the brush was treated with
BnBr, the aliphatic C—H vibration at 2770 cm™ nearly
disappears,'”'* while peaks at 1604 and 3060 cm™ appear. The
new peaks are associated with the aromatic ring chain
vibration'® and aromatic C—H stretching,'® confirming binding
of the benzyl group, and thereby the quaternization of the
pDMAEMA by BnBr. The chemical gradient in the
pDMAEMA brush was formed by the laminar co-flow of 0.25
M BnBr in dimethyl sulfoxide (DMSO) and neat DMSO in the
Y-shaped microfluidic device. The injection rate of each flow
was 10 uL/min (a linear velocity of about 9 mm/s), and the
treatment time was S min. Throughout this article, the “flow
rate” value will mean the injection rate of individual fluids of a
co-flow unless mentioned otherwise, and therefore, the total
flow rate would be twice the “flow rate” in the Y channel. The
gradient was characterized via scanning confocal Raman
spectroscope (Horiba LabRAM HR 3D, Horiba) using a 532
nm laser and a 0.5 NA 50X objective. The minimum lateral and
vertical resolutions under this confocal measurement condition
are 0.65 and 4.3 pum, respectively. Raman spectra of the
gradient-formed polymer brushes were collected every 10 ym
in the direction perpendicular to the flow direction (Figure S1b
Supporting Information). The peak intensity changes at the
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Figure 2. Raman intensity at 1604 cm™" as a function of (a) injection
flow rates and (b) distance from the Y-junction. The Raman spectra
for (a) were collected 2 cm away from the junction. The plots of (a)
with the full x-axis range (0—S00 um) is shown in Figure S2
(Supporting Information). The flow rate in (b) is 10 yL/min. (c)
Recollected Raman intensity profile using a measurement interval of 1
um for the sharpest gradient in this study (formed at the Y-junction
with 50 yL/min individual flow rates). For all plots, the lines are visual
guides.

characteristic wavenumbers of 1604, 2770, and 3060 cm™ are
plotted in Figure lc. The Raman intensity profiles of these
characteristic peaks presumably represent the chemical (e.g,
quaternization) gradient in the brush. The chemical gradient in
the polymer brush is observed to be over ~100 gm on the basis
of the spatial intensity changes of the characteristic peaks.
Effect of Flow Rate and Distance from Y-Junction on
the Gradient Length. Because the concentration gradient
results from the diffusion of the reactive molecules across the
laminar co-flow interface, the gradient length increases as the
co-flow residence time increases. Therefore, the length of the
concentration gradient at the laminar co-flow interface is
determined by both the flow rate and the distance from the Y-

dx.doi.org/10.1021/am503609x | ACS Appl. Mater. Interfaces 2014, 6, 14320—14326
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Figure 3. Comparison of simulated degree of quaternization and
experimentally observed normalized Raman intensity at flow rates of
(a) 2 uL/min, (b) 10 uL/min, and (c) 50 uL/min. The unrealistic
negative values of the degree of quaternization curve in (c) are due to
the unstable simulation at the edge of the gradient at high flow rate
(see Figure S7a, Supporting Information). The distance from the Y-
junction for all data is 2 cm.

junction. The effect of the flow rate on the quaternization
gradient length in the brush is shown in Figure 2a. The flow
rate was varied from 2 to 50 pL/min. The Raman peak
intensity at 1601 cm™ is collected across the gradient 2 cm
downstream of the junction (as in Figure 1c) and is normalized
by the maximum peak intensity. The length of the
quaternization gradient in the brush at 2 cm away from the
Y-junction decreases from ~125 to ~30 um as the flow rate
increases from 2 to 50 yL/min. The decrease in the gradient
length at higher flow rates is because the reactive agent
molecules have less time to diffuse laterally into the solvent
stream. Figure 2b shows the effect of the traveling distance of
the co-flow on the gradient length, by comparing the gradient
profiles formed at the Y-junction and at 2 cm away from the
junction. The gradient length at the junction is less than 30 ym,
and expands to ~100 um 2 cm from the junction. The
difference in the gradient length between the junction and 2 cm
from the junction decreases as the flow rate increases (Figure
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Figure 4. (a) Schematic of the formation of multiple chemical
gradients using four parallel laminar interfaces. The white arrow
indicates the measurement direction of the confocal Raman. (b)
Raman intensity at 2770 and 3060 cm™ at the Y-junction. Raman
intensity profiles of the peak at 2770 cm™" at the Y-junction and 2 cm
downstream are compared in Figure S8 (Supporting Information).
The injection rate of each flow is 10 #L/min. The gray bands indicate
the gradient positions. The lines are visual guides.

$3, Supporting Information), and at a high flow rate of 50 uL/
min, the gradient lengths at the junction and 2 cm from the
junction are almost identical. Thus, the gradient length can be
tuned by the flow rate and the distance from the Y-junction in
the channel. Detailed characterization of the sharp gradient
formed at the Y-junction with the highest flow rate of 50 yL/
min required a confocal Raman spot lateral spacing of 1 yum
rather than the 10 um lateral spacing normally used in this
study. The recollected gradient profile in Figure 2c reveals that
a gradient as narrow as ~5 pm is formed in the polymer brush
by the reactive laminar co-flow. We would like to point out that
forming such a tight gradient via a lithographic approach would
require a rather sophisticated procedure. Here, such a gradient
is formed via simple co-flow in a macroscopic microfluidic
channel.

Numerical Simulation of Chemical Gradients in
Polymer Brush. The experimental quaternization gradient in
the polymer brush was compared with simulations to better
understand the range of possible gradient lengths and strengths.
Simulation details can be found in the Supporting Information.
The polymer brush quaternization reaction is assumed to be
second order overall, and thus, the degree of quaternization is
calculated as follows,

Degree of quaternization
t)
0)

[bruSh]non—quatemized (time

[brush]

non-quaternized (tlme

1 — exp(—k[BnBr]-t)

(1)
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Figure S. (a) Schematic illustration of the formation of the multistep gradient in a brush. The white arrow indicates the measurement direction of
the confocal Raman spectroscope. (b) Confocal Raman spectra collected across the two-step gradient in polymer brushes at 1 cm from the Y-
junction. (c) Normalized Raman peak intensity at 2120, 2770, and 3060 cm™" from the spectra in (b). (d) Normalized Raman intensity of the peak
at 1930 cm™" corresponding to the PEG attachment after the click-reaction. (d, inset) Schematic of PEG attachment to the alkyne-functionalized
polymer brush by click-reaction. The characteristic Raman peak at 1930 cm™" for the click-reaction of azide-functionalized PEG to pDMAEMA has
been confirmed by comparing the Raman spectra of PrBr-quaternized pDMAEMA before and after the PEG click-reaction (Figure S10, Supporting
Information). Raman spectra collected across the gradients after the click-reaction are shown in Figure S11 (Supporting Information).

where [brush] and [BnBr] are the concentrations of the
polymer brush and the BnBr alkylating agent, respectively; k is
the reaction rate constant of the quaternization reaction; and ¢
is the quaternization reaction time. The reaction rate constant,
k, was determined to be 2 M™! min™* by fitting the rate of
quaternization of the polymer brush at three different BnBr
concentrations with eq 1 (Figures S4 and SS, Supporting
Information). Then, the important input in eq 1, to estimate
the quaternization gradient in the brush, is the BnBr
concentration gradient profiles at the laminar co-flow interface
in the microfluidic channel. This gradient profile was
numerically simulated using COMSOL multiphysics (ver. 3.5)
(see Figures S6 and S7a and details in the Supporting
Information). With the reaction rate constant, k, and the
reaction time, ¢t (always S min in this study), the BnBr
concentration profiles are then converted to quaternization
profiles (Figure S7b, Supporting Information). Figure 3
compares the simulated quaternization profiles to the
experimental results presented in Figure 2a. For all flow rates,
the simulated gradient profiles are in excellent agreement with
the experimental results. The established simulation procedure
quantitatively predicts the quaternization profiles in the
polymer brush.

Multiple-Gradient Integration. The well-defined nature
of laminar flows enables the integration of more than one
chemical gradient in the polymer brushes. To form multiple
gradients, a microfluidic channel with five inlets was designed
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(Figure S8a, Supporting Information), and the BnBr solution
and the neat solvent were injected into alternate inlets. The five
flow streams form four concentration gradients at the flow
interfaces, as shown in Figure 4a, resulting in the multiple
quaternization gradients in the polymer brush. The Raman
intensities at 2770 and 3060 cm ™" confirm the formation of the
four ~30 um long gradients in quaternization within the 500
um wide channel (Figure 4b). Multiple brush gradients with
more than one chemistry can also be formed using multiple
laminar flows with different reactive agents. Four laminar
streams, DMSO/0.25 M BnBr in DMSO/0.1 M PrBr in
DMSO/DMSO, form concentration gradients of BnBr and
PrBr at the various stream interfaces, as shown in Figure Sa.
Figure 5b displays the overlapped Raman spectra collected
across the brush gradients. The peak newly appearing at 2120
cm™! results from the alkyne functional group bound to the
amine group of pDMAEMA after the quaternization with
PrBr.'”'® This characteristic peak for the alkyne group was
confirmed by comparing the Raman spectra of pPDMAEMA
brush before and after the PrBr treatment (Figure S9,
Supporting Information). The normalized intensity change of
the Raman peaks at 2120 and 3060 cm™ in Figure Sc shows
that the consecutive gradients of alkyne and aromatic functional
groups are successfully formed in the polymer brush. The
Raman intensity of the peaks at 2770 cm™ is lower at the
positions ranging between 70 and 430 pm, which confirms the
quaternization of the polymer brush by either BnBr or PrBr."*

dx.doi.org/10.1021/am503609x | ACS Appl. Mater. Interfaces 2014, 6, 14320—14326
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The alkyne functional group bound to pDMAEMA is an
available site for the azide—alkyne Huisgen cycloaddition, one
of the most popular click-reactions,'”*® allowing conversion of
the alkyne group gradient to a variety of other chemistry
gradients. As one example, hydrophilic polyethylene glycol-
azide (PEG-N3) was attached to the alkyne functionalized
polymer brush in Figure Sc via the click-reaction. Figure Sd
shows the Raman peak intensity change at 1930 cm™), the
characteristic wavenumber for the azide—alkyne click-reaction
(Figure S10, Supporting Information),”" from the Raman
spectra collected along the same measurement scanning line as
Figure Sc. The peak intensity profile is in good accordance with
that of the alkyne functional group in Figure Sc, revealing that
the PEG is selectively attached to the alkyne sites of the
pDMAEMA brush via the click-reaction. The characteristic
peak at 2120 cm™ for the free alkyne functional group almost
vanishes after the click-reaction (Figure S11, Supporting
Information). PEG is a well-known cell repellent polymer, so
this gradient surface could perhaps be used for surface-assisted
cell haptotaxis.® The number of gradients is only limited by the
number of reactive laminar streams, and because the chemistry
of each stream can be different, this approach allows the
formation of multiple gradients of diverse chemical properties
in the polymer brush.

B CONCLUSION

We developed a facile and general method for the formation of
well-defined narrow chemical gradients in polymer brushes by
using laminar streams of multiple reactive agent solutions. The
concentration gradient at the interface of the alkylating agent
solution and the neat solvent leads to a quaternization gradient
in the underlying neutral polymer brush. The resulting
quaternization gradient can be precisely controlled by the
injection flow rate and the distance from the junction where
two streams of the reactive agent solution and the solvent first
form an interface. A numerical procedure based on the reaction
kinetics and the simulated concentration profiles in a
microfluidic channel is established. The validity of the
numerical procedure is verified by comparing the calculated
gradient profiles with the experimental data. Multiple laminar
flows of the reactive solutions allow the formation of the more
than one chemical gradients in a small area of the polymer
brush. The gradient of the alkyne functional group is formed by
the laminar co-flow with PrBr solution and is converted to the
PEG gradient via the subsequent click-reaction. This multistep
gradient including alkyne groups further extends the available
types of chemical gradients. The method is simple and reliable,
and it should be generally applicable to other solution-based
post-treatments (e.g., hydrolysis) to form other polymer brush
gradients. Moreover, such a highly controllable method based
on the laminar co-flow interface could enable integrating
multiple gradients with various chemical properties, thereby
fabricating a gradient assay with sophisticated configuration of
dense variables or a gradient “circuit” for directed molecular
transport.22

B ASSOCIATED CONTENT

© Supporting Information

Raman spectra before and after alkylation and click reaction,
overlapped Raman spectra and Raman peak intensity profiles
collected across various gradients, and detailed information on
the numerical calculation and simulation procedure used to

calculate gradient profiles. This material is available free of
charge via the Internet at http://pubs.acs.org.
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