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28). Interestingly, a recent theoretical study
on the HF dissociation-recombination reac-
tion (29) has led to a conclusion in favor of a
three-stage proton-transfer reaction mecha-
nism and has found a concerted reaction
mechanism upon diffusional encounter to be
energetically unfavored.
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Programmed Adsorption and
Release of Proteins in a
Microfluidic Device

Dale L. Huber, Ronald P. Manginell, Michael A. Samara,
Byung-Il Kim, Bruce C. Bunker*

A microfluidic device has been developed that can adsorb proteins from solution,
hold them with negligible denaturation, and release them on command. The active
element in the device is a 4-nanometer-thick polymer film that can be thermally
switched between an antifouling hydrophilic state and a protein-adsorbing
state that is more hydrophobic. This active polymer has been integrated into
a microfluidic hot plate that can be programmed to adsorb and desorb
protein monolayers in less than 1 second. The rapid response characteristics
of the device can be manipulated for proteomic functions, including preconcentra-
tion and separation of soluble proteins on an integrated fluidics chip.

Microfluidic systems are being developed that
can separate, purify, analyze, and deliver bi-
omolecules (/-3), but, as system dimensions
become smaller, interfacial interactions begin to
dominate device performance. For example, ad-
sorption of proteins onto surfaces can result in
fouling, the denaturing of the proteins, and
consumption of precious samples. Interfacial
interactions are often manipulated with self-
assembled monolayers (SAMs). Although
globular proteins tend to adsorb on hydrocar-
bon-terminated SAMSs, termination with
polyethylene oxide (PEO) results in an anti-
fouling surface (4—6).

Passive SAMs are widely used in microflu-
idics, but it is becoming clear (7, 8) that greater
functionality can be provided in more sophisti-
cated separations and sensor systems with the
use of active coatings that can change their sur-
face chemistry in response to on-chip stimuli
such as applied voltages, heat, or light. With
active coatings, the surface can be programmed
to adsorb or release proteins for applications
such as protein preconcentrators for on-chip two-
dimensional protein separations. We describe a
device in which reversible protein adsorption has
been demonstrated with the use of thermal acti-
vation of a polymeric film.

The active material in this switchable protein
trap is an end-tethered monolayer of poly(N-
isopropylacrylamide) (PNIPAM). This polymer
exhibits a lower critical solution temperature
(LCST), a temperature above which the poly-
mer becomes insoluble, in water at about 35°C
(9-11). At room temperature, the polymer
swells in water to create a relatively hydrophilic
surface with a water contact angle that can be as
low as 30°. Above the transition temperature,
the water is expelled, the polymer collapses, and
the surface becomes less hydrophilic, with a
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water contact angle that can approach 90° (Fig.
1A). PNIPAM-functionalized particles and bulk
hydrogels interact more strongly with proteins
above the LCST (72, 13). At room temperature,
the adsorption of large globular proteins such as
human serum albumin (HSA) is negligible on a
tethered PNIPAM film (Fig. 1B) and is compa-
rable to that on PEO SAMs. Above the LCST,
HSA adsorption is extensive. Complete protein
monolayers form at rates comparable to those
seen on hydrocarbon-terminated octadecyltri-
chlorosilane (ODTS) surfaces. For large globu-
lar proteins such as HSA, complete desorption is
normally observed on cooling the PNIPAM
films to room temperature.

In order for a film to be usable in a reversible
protein trap for microfluidics, at least three re-
quirements must be met: (i) the polymer needs
to be in a configuration that supports the desired
thermally activated phase transition, (ii) films
must be robust and strongly attached to the
surface, and (iii) protein adsorption must be
reversible and rapid. The first two requirements
are met by synthesis routes involving chain-
grafting (10) or the in situ free radical polymer-
ization of NIPAM on functionalized SAMs (14,
15). For in situ polymerization, the SAM chains
are covalently bound to oxide-terminated sur-
faces with the use of silane coupling agents,
satisfying the need for strong, robust surface
attachment. The SAM chains are terminated
with functionalities that generate free radicals at
chain ends, stimulating the growth of polymer
molecules covalently linked to the SAM. Unfor-
tunately, our results indicate that, even when
such films support reversible swelling transi-
tions, reversible protein adsorption is often not
observed. For example, films we have produced
with the use of the tethered azo-radical initiator
azobis(isobutyronitrile) (AIBN) (/4) typically
have high single-chain molecular weights
[weight-average molecular weight (M) around
107] and low grafting densities (on the order of
2.5 X 10'° chains/cm?, or a chain-chain separa-
tion of 60 to 70 nm). With such films, we find
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that small gaps open up between chains upon
collapse above the transition temperature, lead-
ing to irreversible adsorption of smaller proteins
such as myoglobin (/4).

‘We have been able to eliminate this irrevers-
ible adsorption by increasing the graft density of
the polymer chains via an alternative chain-
transfer reaction on SAM chains terminated
with thiol groups. Here, free radicals are pro-
duced in solution with the use of thermal acti-
vation of AIBN and are transferred to tethered
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thiols (/6). In contrast to a conventional poly-
merization process, where chain transfer be-
tween surface-bound initiators yields a radical
and a dead initiator, chain transfer between thiol
groups exchanges a radical for a hydrogen atom,
yielding a radical and a regenerated thiol. The
result of fewer deleterious side reactions is high-
er grafting densities (10'! to 10'® chains/cm?, or
chains separated by 2 to 20 nm).

All of the tethered PNIPAM films discussed
here exhibit a swelling transition similar to that
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Fig. 1. (A) Water contact angle measurements obtained on an azo-initiated PNIPAM film as a
function of temperature. Cartoons indicate the corresponding state (swollen or collapsed) of the
film versus temperature. Although gels can exhibit contact angle changes as high as 60°, changes
of 20° to 25° are more common on monolayer films. (B) Ellipsometry results showing the
adsorption of HSA from a 0.5 mg/ml solution (0.05 M, pH = 6 phosphate buffer) on PNIPAM-
coated surfaces relative to other model surfaces. Adsorption is negligible on PNIPAM below the
transition temperature, whereas a protein monolayer eventually forms on PNIPAM above the
transition temperature.

Fig. 2. IFM results obtained in deionized
water between a hydrophobically mod-
ified glass tip (ODTS-coated) and a
tethered PNIPAM film having a high
grafting density. (A) Normal force pro-
files obtained on approach of the tip to
the surface show a repulsive force that
collapses into the surface above the
PNIPAM transition temperature (~26°C 5
for the example shown). (B) Normal 0
force profiles obtained on retraction of

the tip show strong adhesive interac-

tions above the PNIPAM transition temperature (note 48°C curve).
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Fig. 3. (A) A photomicrograph of the hot plate showing the array of
gold heater lines on top of a 200-pum-wide Si;N, membrane (central
white region). (B) Fluorescence microscopy images of fluorescein-
labeled myoglobin (green) interacting with a single heated line. (Left)
Image obtained on heating a line above the PNIPAM transition
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exhibited by bulk gels. This transition, and its
impact on phenomena such as protein adsorp-
tion, can be visualized with an interfacial force
microscope (IFM) (17). This scanning probe
system enables us to monitor attractive and re-
pulsive interactions between functionalized
probe tips and PNIPAM-coated surfaces as a
function of separation distance in water, avoid-
ing the “snap-to-contact” problems associated
with making such measurements with the use of
an atomic force microscope (AFM). At room
temperature, PNIPAM films generate a repulsive
force on both approach and retraction of the tip
regardless of tip coating. For films with high
grafting densities (Fig. 2), this repulsion be-
comes apparent at a distance of around 100 nm
above the glass substrate. On the azo-initiated
film with a M, of 107, the repulsion is detected
at 320 nm, which corresponds well to the
hydrodynamic diameter of single chains (/8).
Above the LCST, the repulsive region collaps-
es by about a factor of 2. We believe that the
observed repulsion is because of physical con-
tact between the tip and hydrated PNIPAM
chains and that the collapse of the repulsive
force reflects the collapse of the PNIPAM film
above the LCST, consistent with reported
AFM measurements (/9). When the tip is
retracted from the surface at temperatures
above the LCST, the plot has an attractive well
(the measured force drops below zero) that
reflects adhesion between the PNIPAM and
the tip. This reversible switching between re-
pulsive and adhesive states below and above
the LCST is consistent with the observed
switching in protein adsorption behavior.

To be useful in microfluidics, responsive
PNIPAM films need to be incorporated into a
device in which rapid and controlled heating and
cooling can be achieved in small volumes. Sev-
eral research groups have demonstrated that re-
sistive heater lines on silicon chips can be used to
provide localized temperature control in flu-
idic systems for applications such as the
thermally activated pumping of fluids (20).
The system we have developed for studying
PNIPAM is a micro—hot plate device (Fig.

T=1.2sec

temperature after exposure to a 0.5 mg/ml myoglobin solution
followed by a rinse in myoglobin-free buffer. (Center and Right)
Images were obtained 0.8 and 1.2 s after the hot line was turned off,
releasing a plume of protein into a stagnant solution. Stills have been
extracted from movie S1.

18 JULY 2003

353



354

REPORTS

3A) that consists of an array of gold or
platinum heater lines deposited on a thin,
freestanding layer of silicon nitride suspend-
ed over a silicon frame. A fluid volume of 3
wl is confined over a working area of 2500
pm by 200 wm, with individual heater lines
being 10, 20, or 50 pm wide.

Protein trapping is achieved by heating indi-
vidual lines above the LCST of 35°C. Gradients
of 0.50°C/pm can be achieved, permitting close
placement of separately controlled heater lines.
In the device shown, heating is rapid (a line can
be heated above the transition temperature in <1
ms). Given typical concentrations, diffusion co-
efficients (around 107¢ cm?/s), and sticking
probabilities for proteins, the temperature re-
sponse of the device is orders of magnitude
faster than the kinetics of monolayer formation.
Cooling is passive, but thermal equilibration is
still rapid, requiring <1 s. The temperature can
be controlled to within about 2°C, which is
important to avoid overheating protein and caus-
ing denaturation.

The response characteristics of the fluidics
device containing PNIPAM films have been test-
ed by monitoring the adsorption and desorption
of fluorescein-labeled myoglobin from static so-
lutions with the use of fluorescence microscopy.
For example, one line in the heater array has
been taken above the LCST while in contact
with a 0.5 mg/ml solution of labeled myoglobin
in 0.01 M phosphate buffer (pH = 6.5). The
active region is then flushed with a myoglobin-
free buffer solution to remove all unadsorbed
protein. Fluorescence microscopy reveals a layer
of myoglobin forms only on the PNIPAM above
the heated line (Fig. 3B and movie S1). An
image taken less than 1 s after the heater line is
turned off shows a convectively driven plume of
fluorescent myoglobin desorbing from the sur-
face (Fig. 3B). The fluorescence intensity in the
plume is higher than the intensity of the initial
protein film because the fluorophores in solution

do not quench each other as they do in their
highly packed state in the monolayer. For myo-
globin, the desorption process is complete in <2
s. Although fluorescence microscopy results on
single heater lines demonstrate that localized,
rapid adsorption and subsequent desorption are
achievable within the hot plate device, these
results are qualitative.

A number of more quantitative measure-
ments have been taken on extended surfaces
with ultraviolet (UV)-visible spectroscopy to
demonstrate the competitive adsorption kinetics
needed for separations. Mixtures of myoglobin
and bovine serum albumin (BSA), hemoglobin
and BSA, and cytochrome C and BSA were
exposed to PNIPAM films above the LCST.
(Myoglobin, hemoglobin, and cytochrome C all
contain heme groups as a native chromophore,
and the BSA was tagged with fluorescein.) For
solutions containing myoglobin and tagged BSA
(Fig. 4A), the smaller myoglobin (M, of 16,000)
is adsorbed almost immediately, forming a
monolayer within tens of seconds. The spectra
suggest that the layer is 95% dense after 30 s,
containing 75% and 20% of myoglobin and al-
bumin, respectively. However, within minutes,
the larger BSA (M, of 65,000) displaces the
myoglobin to form a relatively pure BSA mono-
layer. The composition of the initial monolayer
depends on relative protein concentrations as
well as the nature of the competing proteins. For
example, 30% more BSA is present in the initial
film if the myoglobin:BSA ratio in solution is
increased from 1:4 to 1:16. Whereas cyto-
chrome C, the smallest protein investigated,
forms relatively pure monolayers at short times
(Fig. 4B), hemoglobin, having a molecular
weight (M of 64,500) comparable to that of
albumin, is only slightly more competitive than
albumin in the initial adsorption stage (Fig. 4C).
However, even hemoglobin is displaced by al-
bumin within a few minutes. These results are
consistent with literature studies of competitive
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Fig. 4. Competitive adsorption of proteins on PNIPAM brush films immersed in 50°C protein solutions
(1:4 mixtures of the indicated protein to BSA, total protein concentration = 0.5 mg/ml) as monitored
with the use of UV-visible spectroscopy. For (B) and (C), lines are provided to guide the eye. (A)
UV-visible spectra obtained films immersed in 1:4 myoglobin:BSA as a function of immersion time. The
myoglobin adsorption band at 408 nm constitutes a monolayer when the absorbance is 1.6 X 1073,
whereas the bands for labeled albumin at 465 nm and 495 nm represent a monolayer when the
maximum absorbance is 2 X 1073. (B) Fractions of protein monolayers adsorbed on PNIPAM brush
films versus time for the cytochrome C—BSA mixture. (C) Fractions of protein monolayers adsorbed
on PNIPAM brush films versus immersion time in hemoglobin-BSA solutions. Hemoglobin adsorp-
tion is less extensive than that of cytochrome C, both exhibit maximum surface concentrations in
30 to 40 s, and both are almost completely displaced by albumin in 10 minutes.
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protein adsorption on passive surfaces (27). A
simple analysis indicates that the initial adsorp-
tion is dominated by kinetics (protein diffusion
is inversely proportional to the hydrodynamic
radius) (22) but that the final make-up of the
protein layer is related to thermodynamics (larg-
er proteins tend to adsorb more strongly because
they interact over a larger contact area.)

The competitive adsorption results suggest
how the protein trap could be used for program-
mable protein separations. For the myoglobin-
BSA example shown, the protein trap could
selectively adsorb either myoglobin or BSA
from myoglobin-BSA mixtures depending on
fluid residence and hot line activation times.
Proteins could be trapped at specific locations
from a dilute feed, and, once concentrated, re-
leased into individual on-chip separation col-
umns. Arrays of such devices could be used to
rapidly optimize the conditions needed to extract
particular proteins of interest on a larger scale.
The protein trap may also be useful for creating
highly selective bioassays. We are currently in-
vestigating the use of the trap to create and
regenerate highly selective antibody monolayers.
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