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Tools for Low-Dimensional Chemistry

Graham J. Leggett

Department of Chemistry, University of Sheffield, Brook Hill, Sheffield S3 7HF, U.K.

ABSTRACT: Many biological mechanisms can be considered to be low-
dimensional systems: their function is determined by molecular objects of
reduced dimensionality. Bacterial photosynthesis is a very good example: the
photosynthetic pathway is contained within nano-objects (vesicles) whose
function is determined by the numbers and nanoscale organization of membrane
proteins and by the ratios of the different types of protein that they contain.
Systems biology has provided computational models for studying these processes,
but there is a need for experimental platforms with which to test their predictions.
This Invited Feature Article reviews recent work on the development of tools for
the reconstruction of membrane processes on solid surfaces. Photochemical
methods provide a powerful, versatile means for the organization of molecules and membranes across length scales from the
molecular to the macroscopic. Polymer brushes are highly effective supports for model membranes and versatile functional and
structural components in low-dimensional systems. The incorporation of plasmonic elements facilitates enhanced measurement
of spectroscopic properties and provides an additional design strategy via the exploitation of quantum optical phenomena.
A low-dimensional system that incorporates functional transmembrane proteins and a mechanism for the in situ measurement
of proton transport is described.

■ INTRODUCTION

In physics, low-dimensional structures are ones whose reduced
dimensions cause them to exhibit new or modified properties
when compared to bulk phases of matter. For example, the band
structure of a quantum dot is different from that of a bulk
semiconductor made of the same material as a consequence of
the confinement of the electronic wave function and may be
adjusted simply by changing the dimensions of the object.
There is an important sense in which one might also argue

that many biological systems exhibit special characteristics that
are a consequence of their having reduced dimensionality. These
properties do not result from quantum confinement, however.
Membranes have a critical role in controlling cellular function
and provide important illustrations of low-dimensional molec-
ular systems. For example, they contain sensing elements,
pumps, channels, and synthetic apparatus. Cellular membranes
are two-dimensional structures, and the dimensional confine-
ment of their constituent components is necessary for their
function. For example, the conversion of ADP to ATP by ATP
synthase is driven by a one-dimensional transmembrane proton
gradient. Indeed, the fact that single-molecule experiments have
become such an important part of biological science is an
acknowledgment of the importance of reduced dimensionality
in biology: single-molecule experiments have changed the way
that many biological problems are viewed because they provide
the means to avoid ensemble averaging. However, there is a
deeper sense in which biological systems may be said to be low-
dimensional.
In purple bacteria, the photosynthetic apparatus is contained

in chromatophore vesicles (Figure 1).1 Light energy is captured
by light-harvesting complex 2 (LH2), where it is transferred
internally via a series of steps to the lowest-energy state (Qy) of

the B850 ring of 18 bacteriochlorins. From here the excitation is
transferred from complex to complex via a series of Förster
resonance energy transfer (FRET) steps before it reaches the
light-harvesting complex 1/reaction center (LH1/RC) complex
where charge separation occurs. Electron transfer to a quinone
results, yielding a quinol which diffuses through the vesicular
membrane until it reaches the cytochrome bc1 complex to be
oxidized to a quinone, driving proton transfer across the mem-
brane. The resultant transmembrane proton gradient drives the
conversion of ADP to ATP by ATP synthase. Figure 1a shows a
computational model of the chromatophore vesicle for
Rhodobacter sphaeroides constructed using a combination of
data from atomic force microscopy (AFM), electron micros-
copy, crystallography, and spectroscopy.2 Shown alongside the
model (Figure 1b) is an AFM image of an intact chromatophore
vesicle3the first AFM image of an intact spherical organelle
confirming the validity of the model.
The chromatophore vesicle can be considered to be a low-

dimensional system. First, it is small, a little larger than a single
transistor in a modern integrated circuit yet containing an entire
biochemical pathway rather than merely a bit of information.
Second, its function is determined by its reduced dimensionality.
Each vesicle contains on average 2 ATP synthase molecules, for
example,2 and the function of the vesicle is determined by the
ratios of the other protein components. Under low light condi-
tions, there are 2.7 LH2 complexes for each LH1/RC complex
and 3 LH1/RC complexes for each cytochrome bc1 dimer.2 It is
evident that besides control of the stoichiometry of the vesicle
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there is also a degree of spatial organization. For example, the
cytochrome bc1 complexes (magenta) are clustered together,
while the LH2 antenna complexes (green) form a band several
tens of nanometers wide. The width of this band is probably
important because after the capture of a photon, excitonic trans-
port via FRET will occur with a characteristic, finite diffusion
length. It is thus clear that in important ways these functional
biological nanosystems can be thought of as being low-
dimensional systems.

■ LOW-DIMENSIONAL MOLECULAR SYSTEMS

It has been a long-standing goal in my laboratory to develop
platforms that enable low-dimensional systems and, in partic-
ular, photosynthetic pathways, to be examined experimentally.
Computationally, they can be investigated using a systems
biology approach4the pathway can be represented as a series
of discrete units connected via inputs and outputs, each of which
can be modeled. Cartron et al. constructed an atomic-level
model of a chromatophore vesicle2 and were able to model the
interconnected energy-, electron-, and proton-transfer processes
involved in the capture of sunlight and its conversion to ATP,
stored chemical potential energy (Figure 2a). Significantly, while
the quantum efficiencies of the light-harvesting proteins in
purple bacterial are thought to approach 100%, a half-maximal
ATP turnover rate was found for a light intensity equivalent to
only 1% of bright sunlight.2 This result illustrates one of the
intriguing challenges in biologically inspired design: while we
can discover in nature functional structures and systems that
suggest models for the design of new materials and devices to
serve anthropomorphic ends, we must beware of the mindless
copying of biological systems because they have evolved to serve
different functions. Purple bacteria are adapted by evolution to
survive and multiply under conditions where light levels are low.
An alternative approach to studying biological systems is to

make adaptations to natural ones. Grayson et al. produced a
strain of R. sphaeroides in which the reaction centers were modified
by the attachment of yellow fluorescent protein (YFP).5 Fluo-
rescence lifetime measurements confirmed that there was spectral
overlap between the emission of YFP and the visible-region (Qx)

absorption bands of the RC. This facilitated energy transfer via
FRET, leading to an enhanced rate of growth in cultures of the
bacteria (Figure 2b).
However, it is useful to be able to ask fundamental questions

that may require an experimental approach that is not tied to
structures found in biology. Figure 2c shows a design concept for
a low-dimensional molecular system. Although the basic
architecture of such a system is simple, it presents substantial
fabrication challenges. It consists of a membrane protein that is
located within a supported lipid bilayer (SLB) that serves as a
model for the cellular membrane. The membrane must be raised
above the solid surface on which it is supported because mem-
brane proteins typically extend some distance on either side of it.
The device must also contain a region that is a surrogate for the
interior of the vesicle or cell to enable transmembrane transport
to be measured. Compartmentalization is desirable because it
assists in the accumulation of a transmembrane gradient and
may facilitate the measurement process. Finally, a mechanism is
required to monitor the function of the membrane protein and/or
any transmembrane transport processes.
Such a system is easy to represent schematically but challeng-

ing to build. The remainder of this Invited Feature Article
describes progress toward the development of the tools required
to construct functional systems such as the one shown inFigure 2c.
We find that a combination of photochemistry and polymer
brush synthesis is extremely powerful.

■ ORGANIZATION OF PROTEINS ON THE
NANOMETER SCALE

The first requirement for the organization of proteins on sur-
faces is the existence of effective mechanisms for the control of
nonspecific adsorption; the function of the patterning is to intro-
duce protein-binding regions at selected locations in the bio-
logically inert background. The most widely used approaches to
the inhibition of protein adsorption have been based on
poly(ethylene glycol) and its derivatives.6−11 However, a num-
ber of other polymers have been found to provide resistance to
protein adsorption, including poly(sulfo betaines)12,13 and

Figure 1. (a) Atomic-level model of the chromatophore vesicle from R. sphaeroides. (b) Atomic force microscopy image of an intact chromatophore
vesicle. (c) Electron micrograph of a flattened vesicle unmodified (top) and with color-coded membrane proteins (bottom). (a and c) LH2 = green,
LH1 red, RC = blue, cytochrome bc1 =magenta, and ATP synthase = brown. (a and c) Reproduced with permission from ref 2, copyright 2014 Elsevier.
(b) Reproduced from ref 3, copyright 2017 American Chemical Society.
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zwitterionic polymers such as poly(2-(methacryloyloxy)ethyl
phosphorylcholine).14,15

Inspired by the concept of light-directed chemical synthesis,16

the use of lithographic exposure in conjunction with photo-
removable protecting groups to conduct spatially selective solid-
phase synthesis, we have developed aminosilanes with photo-
removable, protein-resistant protecting groups that enable the
spatially selective conversion of a protein-resistant surface to a
protein-binding one.17 In particular, an aminosilane bearing a
photoremovable nitrophenyl group derivatized with an oligo-
(ethylene glycol) adduct, (methoxyheptaethylene glycol)nitro-
phenylethoxycarbonyl-protected aminopropyltriethoxysilane
(henceforth OEG-NPEOC-APTES),17,18 has proved to be a versa-
tile tool for the patterning of proteins at surfaces. After deprotection
of the aminosilane, either through amask or using a scanning near-
field optical microscope, the amine terminal groups are derivatized
first with glutaraldehyde and then with N-(5-amino-1-carboxy-
pentyl)iminodiacetic acid to yield a nitrilo triacetic acid (NTA)-
terminated surface.19 After complexation with Ni2+, this surface
binds histidine-tagged proteins in a site-specific fashion.
The efficacy of this simple systemwas demonstrated in studies

of the patterning of His-tagged green fluorescent protein (GFP)
(Figure 3a).18 We formed patterns of His-GFP and then treated
them with imidazole to disrupt the protein−surface interaction
(Figure 3b). The contrast between regions that were masked
and exposed during photopatterning was compared quantita-
tively using line sections through raw, unfiltered images
(Figure 3c,d). Regions of the surface not exposed to UV light
bound negligible amounts of His-tagged proteins, indicating that
the oligo(ethylene glycol) adduct on the nitrophenyl protecting

group confers excellent protein resistance. In contrast, exposed
regions bound His-GFP very effectively, yielding strong
fluorescence that was almost completely removed on treatment
of the surface with imidazole, confirming a degree of site-specific
binding in excess of 90%.
Near-field methods are effective for the patterning of molec-

ular films on the nanometer scale.20 Films of OEG-NPEOC-
APTES can be patterned by near-field exposure at 325 nm
(Figure 3e),21 enabling selective removal of the protein-resistant
protecting group and functionalization with biotin or NTA
functional groups to enable site-specific binding of, respectively,
neutravidin-coated polymer nanoparticles17 and His-tagged
GFP.18 Films of organic adsorbates may also be patterned photo-
catalytically on the nanoscale by coating a near-field probe with a
thin film of titania and using the near field to excite highly local-
ized oxidative degradation of organic matter. In this way, it is pos-
sible to pattern protein-resistant oligo(ethylene glycol) groups,
enabling site-specific binding of His-tagged proteins (Figure 3f).22

For many years the development of methods for the fabri-
cation of multiple-component protein nanopatterns remained
challenging. Maynard and co-workers have achieved the most
impressive results to date.23,24Using electron beam lithography,
they patterned biotin, maleimide, aminoxy, and nitrilotriacetic
acid groups onto protein-resistant surfaces, using them to bind
proteins that incorporated complementary affinity tags.23 How-
ever, a limitation of such an approach is that there is a finite range
of suitable affinity tags.
Recently we demonstrated the efficacy of a simple alternative

approach based on the near-field exposure of OEG-NPEOC-
APTES films.21 A pattern was first fabricated by near-field

Figure 2. Biological systems. (a) ATP production rate as a function of incident light intensity for the chromatophore vesicle from R. sphaeroides. The
dashed line shows the effect of reducing the number of cytochrome bc1 complexes from 4 to 1 while increasing the number of LH2 units by 7.
(b) Photosynthetic growth curves for strains of bacteria with carotenoid-free LH1 with (red) and without (blue) the addition of YFP. The green line
shows data for a carotenoid-containing LH2 minus strain as a control. (c) A conceptual design for a low-dimensional system in which a membrane
“corral” is formed consisting of a supported lipid bilayer (SLB) resting on a polymer brush cushion and surrounded by polymer brush walls that
incorporate optical reporters. (a and b) Reproduced with permission from ref 5, copyright 2017 Nature Publishing Group.
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exposure of the unmodified film, causing localized removal
of the protein-resistant protecting group. Immersion of the
sample in a solution of a protein with a fluorescent dye yielded
a protein nanopattern via physisorption of the protein onto
the solid surface that could be visualized using confocal
microscopy. The sample was then returned to the near-field
microscope to write additional structures. Figure 4 shows
patterns formed on a single substrate by the serial execution of
four lithographic steps. In each step, a protein containing a
different fluorescent label was adsorbed onto the surface. The
effectiveness of the patterning methodology is demonstrated
clearly. Key to the success of this multistep process is the use of a
highly protein-resistant background material capable of being
used in multiple, repeated adsorption steps without significant
adsorption of proteins in areas unmodified by the lithographic
steps.

■ A FAST, SIMPLE ROUTE TO LARGE-AREA
NANOFABRICATION

To address many problems in biology it is useful to be able to
fabricate nanostructures over macroscopically extended areas.
One way of achieving this using photolithography is to use a
parallel near-field lithography system, such as the “Snomipede”,
in which light is delivered to an array of separately actuated near-
field probes.25 Another approach is to use interferometric
lithography26,27 in which two or more coherent laser beams
interfere to produce an interferogram (a pattern of alternating
bands of constructive and destructive interference) with a
sinusoidal cross section of pitch λ/2n sin θ, where λ is the
wavelength, n is the refractive index of the medium, and 2θ is the
angle between the interfering beams. The interferogram covers
an area of ∼1 cm2 in the apparatus used in the author’s labo-
ratory but the method is in principle scalable to enable the
processing of larger areas. While it does not permit arbitrary
pattern formation, as near-field methods do, IL offers the impor-
tant advantages that it is fast and uses simple apparatus.
Interferometric exposure of OEG-NPEOC-APTES films

enables the fabrication of two-component patterns over cm2

regions.21 Exposure of a self-assembled monolayer (SAM) of
alkylphosphonates on a photocatalytically active titania surface
to UV light causes localized photodegradation of the adsorbates,
creating a nanopatterned SAM that can be used as a resist for the
selective etching of exposed regions of titania.28 Structures with
a full width at half-maximum (fwhm) of as small as 25 nm can be
formed. Figure 5a shows a titania nanostructure formed in this
way but with a larger pitch to enable imaging by confocal micros-
copy after the adsorption of proteins. The surface is then
rendered protein-resistant by the adsorption of an OEG-
terminated silane and subsequently exposed to near-UV light
to cause the photocatalytic removal of the protein-resistant
adsorbates from the titania regions. However, they are left intact
on the silica regions between the nanostructures. This enables
protein adsorption onto the titania, while the silica regions
between them remain protein-resistant. Figure 5c shows a
confocal fluorescence microscopy image of GFP adsorbed to
titania nanostructures formed by IL. Flooding the surface with
near-UV light causes the photocatalytic removal of the protein,
regenerating clean titania nanostructures that can be coated with
a monolayer of a different protein, for example, yellow fluores-
cent protein (YFP) as shown in Figure 5d.
Plasmonic nanoparticles are attractive as functional elements

in low-dimensional systems because they can be used to enhance
the intensities of optical transitions in single biological molec-
ules, thus facilitating spectroscopic analysis. Arrays of plasmonic
nanostructures may be fabricated by using IL to expose alkyl-
thiolate SAMs adsorbed on gold films.29 Because of the simplicity
and versatility of IL, a wide range ofmorphologies can be fabricated
over macroscopic areas by simply varying the angle between the
interfering beams and the angle of rotation between exposures.
When proteins are attached to plasmonic nanoparticles, a

small red shift is observed in the position of the plasmon band,
attributed to a local modification of the refractive index by
adsorption of the biomolecule onto the nanoparticle surface.30

However, when wild-type (WT) LH2 from R. sphaeroides is
adsorbed onto arrays of gold nanostructures, a very different
type of behavior is observed (Figure 6a).31 The plasmon band is
split, a phenomenon attributed to strong plasmon−exciton
coupling,32−35 leading to the creation of new “plexcitonic” states
above and below the energy of the localized surface plasmon

Figure 3. Fluorescence microscopy of protein patterns. (a) Pattern
formed by exposure of an OEG-NPEOC-APTES film to near-UV light
through a mask, derivatization with NTA, complexation with Ni2+, and
immersion in a solution of His-GFP. (b) The sample shown in panel a
after treatment with imidazole to disrupt the His-NTA interaction.
(c and d) Sections through the regions identified by dashed boxes in
panels a and b, respectively. (e) Nanopattern formed by using near-field
exposure followed by the adsorption of FITC-labeled IgG. (f) His-GFP
nanopattern formed by photocatalytic nanolithography followed by
the conjugation of NTA to modified regions, complexation to Ni2+,
and immersion of the sample in a solution of the protein. (a−d)
Reproduced from ref 18, copyright 2016 American Chemical Society.
(e) Reproduced from ref 21, copyright 2017 American Chemical
Society. (f) Reproduced from ref 22, copyright 2013 American
Chemical Society.
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resonance (LSPR) that combine the properties of light and
matter. Wild-type and mutant LH1 and LH2 from R. sphaeroides
containing different carotenoids yield different splitting ener-
gies, demonstrating that the coupling mechanism is sensitive to
the electronic states in the light-harvesting complexes.
The coupling is a quantum optical phenomenon:35 the plasmon

mode is coupled to an array of emitters, and changes in the
arrangement of excitons (for example, their density) lead to
changes in the plasmon-exciton coupling energy and the ener-
gies of plexcitonic states. Thus, the strength of the coupling is
expected to vary with the square root of the density of excitons in

the plasmonmode volume.35Wemodeled the system as coupled
harmonic oscillators36 and fitted the extinction spectra as a
function of fractional coverage for His-tagged LH2 on gold
nanostructure arrays. We found that the coupling energy EC

decreased with fractional coverage, confirming that the system
was in the strong coupling regime.31

There has been a great deal of interest in the idea that
quantum coherent excitations of multiple pigment molecules
facilitate efficient energy transfer in light-harvesting com-
plexes,37,38 but the idea remains controversial. For example,
Miller and co-workers recently argued that decoherence rates in

Figure 4. Stepwise assembly of multiple-component protein nanopatterns using near-field lithography.21 (a) GFP + streptavidin-Atto 655. (b) IgG-
FITC + streptavidin-Atto 655 + streptavidin-Atto 488. (c) IgG-FITC + streptavidin-Atto 655 + streptavidin-Alexa Fluor 488 + streptavidin-Alexa
Fluor 750. A representative line section is provided beneath each micrograph, measured between the white arrowheads marked on each. Reproduced
from ref 21, copyright 2017 American Chemical Society.

Figure 5. (a) Tapping-mode AFM height image of TiO2 nanostructures fabricated for protein nanopatterning experiments. (b) Line section showing a
period of 589 nm and fwhm of 209 nm. (c) Confocal fluorescence micrograph after the adsorption of GFP onto the sample shown in panel a.
(d) Fluorescence micrograph of the sample shown in panel c after photocatalytic cleaning of the TiO2 nanostructures followed by the adsorption of
YFP. Reproduced from ref 28, copyright 2015 American Chemical Society.

Figure 6. (a) Extinction spectrum of an array of gold nanostructures before (blue) and after (red) the attachment of His-tagged LH2. The absorption
spectrum of the protein in the buffer is shown in green. Reproduced from ref 31. Copyright 2016 American Chemical Society. (b) Extinction spectrum
of an array of gold nanostructures before (black) and after the attachment of one-chlorin maquettes (red) and two-chlorin maquettes (blue). Magenta:
absorption spectrum of the two-chlorin maquette. (Both maquettes have identical absorption spectra.) Reproduced with permission from ref 40,
copyright 2018 Royal Society of Chemistry.
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light-harvesting proteins are so fast under physiological
conditions that electronic coherence could not contribute to
photosynthesis.39 However, while decisive evidence for quan-
tum mechanical control of a biological process is lacking, we
recently demonstrated for the first time that biological structures
could be used to manipulate a quantum optical process.40

In studies of synthetic light-harvesting maquette proteins with a
single chlorin binding site, the plasmon mode was found to
couple to an exciton with an energy of 2.06 ± 0.07 eV, close to
the expected energy of the Qy transition.

40 The coupling energy
was 0.11 ± 0.01 eV, and a modest splitting of the plasmon band
was observed in the extinction spectrum (Figure 6b). However,
for maquettes containing two chlorin binding sites that are col-
linear in the field direction, an exciton energy of 2.20 ± 0.01 eV
is obtained, intermediate between the energies of the Qx and Qy

transitions of the chlorin. A much larger coupling energy of
0.27 ± 0.04 eV was determined from the modeling of the
extinction spectrum, which exhibited a pronounced splitting of
the plasmon band (Figure 6b). This observation is attributed to
strong coupling of the LSPR to an H-dimer state not observed
under weak coupling.
The interchromophore distance in the two-chlorin maquette

is ∼2 nm. At this separation, dipole coupling is weak and the
FRET transfer rate is expected to be low. However, in strongly
coupled systems, ultrafast exchange of energy occurs via the
plasmon mode.35 All of the emitters attached to a given nano-
particle (which may be as large as several hundred nanometers)
are coherently coupled to the LSPR. Thus, the physics of strong
coupling entails coherence over areas much larger than the
dimensions of light-harvesting protein or the exciton diffusion
lengths typical of molecular photonic materials. Because energy
is exchanged via the plasmon mode and not through space,
nonlocal couplings are possible, and we have found that they can
be manipulated via control of the protein structure (e.g.,
replacement of pigment molecules to change exciton energies
and transition dipole moments). The large increase in the
coupling energy in the two-chlorin maquette compared to that
in the one-chlorin maquette reflects the large transition dipole
moment for the dimer state that is coupled to the plasmonmode.
These results are exciting because they suggest that molecular

structures can be designed to manipulate strong plasmon−exciton

coupling, thus enabling the design of structures that exhibit new
optical properties. The incorporation of plasmonic nanostruc-
tures opens up new dimensions for the construction of low-
dimensional systems, facilitating long-range energy exchange via
plasmon-exciton coupling.

■ POLYMER BRUSHES ARE VERSATILE STRUCTURAL
COMPONENTS IN THE DESIGN OF
LOW-DIMENSIONAL SYSTEMS

We have used polymer brush synthesis by atom-transfer radical
polymerization (ATRP)41,42 as a means of fabricating structural
and functional elements of low-dimensional systems. ATRP
offers a simple, rapid means to grow dense grafted polymer films
from solid substrates. It is a type of living radical polymerization:
an initiator is attached to a surface, and the polymer is grown
from this initiator with the initiator being transferred to the
chain end as each monomer is added to the polymer. Com-
monly, a film of aminopropyl(triethoxy)silane (APTES) is
formed on an oxide surface and derivatized by reaction with
bromo-isobutyryl bromide (BIBB). Br yields fast polymer growth
and well-controlled kinetics. However, Cl can also be used
effectively as an initiator for ATRP. Films of chloromethyl-
phenyltrichlorosilane (CMPTS) are readily patterned by
exposure to UV light, leading to dehalogenation and the conver-
sion of the chloromethyl group to a carboxylic acid. This proves
to be a simple, effective method of patterning supported lipid
bilayers.
Figure 7 shows a schematic diagram for the procedure used.43

A film of CMPTS on a glass surface is exposed to UV light
through a mask, leading to dehalogenation in exposed regions.
In the masked areas, the chloromethyl groups remain intact, and
poly(oligothylene glycol methacrylate) (POEGMA) brushes
can be grown. POEGMA is resistant to lipids. Thus, when a
supported lipid bilayer is formed on the sample by vesicle fusion,
it avoids the POEGMA regions. Figure 7b shows a trap structure
formed in this way. A small fraction of the lipids are labeled with
the fluorescent dye Atto 488, enabling the SLB regions to be
visualized by fluorescence microscopy. The dark features in
Figure 7b correspond to regions that were masked during UV
exposure; in these regions POEGMA has grown and has resisted

Figure 7. (a) Schematic diagram showing the fabrication of a patterned bilayer system.43 (b) Fluorescence image showing SLB regions containing a
low concentration of dye-labeled lipids (green) enclosed by POEGMA. (c) Nanochannels formed by IL. (d) Fluorescence image of SLBs in
nanochannels. (e) Fluorescence recovery after photobleaching of lipids in nanochannels. Reproduced from ref 43, copyright 2017 American Chemical
Society.
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the formation of an SLB. The mobility of lipids in the exposed
regions was determined to be 0.84 μm2 s−1 using fluorescence
recovery after photobleaching (FRAP), similar to values measured
for SLBs supported on glass, and the mobile fraction was 98%.
Nanostructured SLBs can be fabricated by IL. Figure 7c shows

an AFM image of channels that were designed with a period
large enough (1.39 μm) to enable imaging by optical micros-
copy. The polymer-free regions (channels) in these structures
had a width of ∼300 nm. The fluorescence image in Figure 7d
shows that after vesicle fusion the lipids are confined to the nano-
channels. In FRAP measurements on these lipids (Figure 7e),
a diffusion rate of 0.47 μm2 s−1wasmeasured, which is within the
normal range expected for mobile lipids on glass substrates
although clearly slightly smaller than the value measured for the
structure shown in Figure 7b.
An important design consideration when fabricating nano-

structures from polymer brushes is that their structures and
mechanical properties can be quite different from those of
unpatterned films.44−46 Photopatterning methods provide a
simple and versatile method of exploring the dependence of the
properties of low-dimensional brushes on their dimensions.
Zhang et al. used near-field lithography to write lines of poly-
(2-(methacryloyloxy)ethylphosphorylcholine) (PMPC) on a
silicon surface functionalized by the adsorption of a film of
nitrophenylpropyloxycarbonyl-protected APTES (NPPOC-
APTES).47 Exposure of the NPPOC-APTES film led to photo-
deprotection and exposure of the amine, which could be
derivatized by reaction with BIBB to enable the growth of
PMPC brushes by ATRP. By increasing the length of a series of
lines monotonically while maintaining the same scan rate
(frequency), it was possible to systematically control the dose
rate, thus yielding a series of lines with systematically varying
deprotection. The reaction between BIBB and the exposed
amines is expected to be approximately quantitative, meaning
that the resulting patterns yielded a systematically varying
initiator density. It was found that the heights of the lines of
surface-grafted polymers decreased smoothly as the writing rate
was increasedthere was not an abrupt transition from a brush
to a mushroom conformation. The coefficients of friction of the
lines (thought to be correlated with the degree of swelling of the
brush48) also varied smoothly with the writing rate.
Al Jaf et al. addressed the same question by using UV light to

modify brominated surfaces formed by the reaction of BIBBwith
APTES films.49On exposure to UV light, photolysis of the C−Br
bond occurs. As the exposure is increased, the density of
initiators at the surface is decreased, and consequently the
density of a brush layer grown by ATRP is decreased. The
relationship between the initiator density and the frictional
properties of the brush layer was investigated by nano-
mechanical analysis of friction−load plots acquired for samples
exposed to systematically varying UV doses. Using an approach
that treats the friction force as the sum of load- and area-
dependent terms, attributed respectively to energy dissipation in
plowing and shearing, it is possible to fit friction−load plots and
determine the surface shear strength τ of the polymer layer as a
function of UV dose (Figure 8a). At low UV doses the value of
τ increased with dose because the decreasing grafting density
reduced the effective modulus of the brush layer, leading to an
increase in the area of contact between the probe and the sur-
face. However, τ reaches amaximum value at a dose of∼0.5 J cm−2,
and after this, it decreases, as the grafted polymers become less
swollen and increasingly collapsed, causing more energy to be
dissipated in plowing than through shearing.

Nanostructured brushes were fabricated by using IL to
selectively dehalogenate the surface. In regions exposed to
intensity maxima, there is extensive modification of the surface,
while in regions exposed to minima, there is negligible surface
modification. Between these maxima and minima there was a
gradient in Br density. Patterned Br-functionalized surfaces
formed by IL were used to grow surface-grafted polymers by
ATRP. For brushes grown under identical conditions, the height
of the nanostructures was found to correlate with the pitch of the
patternthe larger the pitch, the higher the brush. As the fwhm
increased from 137 to 260 nm, the height of poly(cysteine
methacrylate) structures increased from 2.6 to 6.2 nm, approach-
ing the unpatterned brush thickness of 6.7 nm (Figure 8b). This
was attributed to a progressively decreasing lateral chain
mobility as the feature size increases. Fully swollen brushes are
observed only when a region forms at the center of the nano-
structure in which the chain density is similar to that in an unpat-
terned film, and this limit is reached only as the brush width
approaches 300 nm.

■ BINARY BRUSH SUPPORTS FOR LIPID BILAYERS

Poly(cysteine methacrylate) (PCysMA)50,51 is a new poly-
(amino acid methacrylate) that we have found to be a good
support for lipid bilayers. The monomer is synthesized via thia-
Michael addition of cysteine to a commercial methacrylate-
acrylate precursor.50 It can be prepared rapidly in multigram
quantities in aqueous solution with minimal workup. PCysMA
brush films can be grown from brominated surfaces by ATRP.
These brushes are stimulus-responsive: at neutral pH they are
zwitterionic, but below pH 3 they carry a net positive charge and

Figure 8. (a) Variation in the surface shear strength determined for
poly(cysteine methacrylate) in water as a function of the UV dose.
Schematic diagrams illustrate the change in polymer conformation with
grafting density.49 (b) Variation in the surface shear strength
(diamonds) and height (circles) with feature size for brushes immersed
in water. Reproduced with permission from ref 49, copyright 2017
Royal Society of Chemistry.
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above pH 9 they are negatively charged. Thus, at low and high
pH there is additional swelling of the polymer brush by ∼30%
(Figure 9a). PCysMA is exceptionally resistant to the adsorption
of biological molecules and to the attachment of tissue cells.
In studies of complement activation, it proved to be highly
biologically inert, outperforming well-established antifouling
polymer brushes POEGMA and PMPC (Figure 9b). However,
exposure of PCysMA to UV light causes photodegradation,
leading to the creation of protein-binding aldehyde functional
groups. The brush can thus be patterned conveniently by mask-
based exposure or by IL to enable the selective binding of
proteins (Figure 9c,d).
Although PCysMA is biologically inert, it is an effective

support for lipid bilayers.52 Fusion of lipid vesicles containing
75% POPC (1-palmitoyl-2-oleoylphosphatidylcholine) and
25% DOTAP (1,2-dioleoyl-3-trimethylammonium-propane)
yielded mobile lipid bilayers. Measurements of FRAP for SLBs
formed from vesicles that contained a small amount of dye-
labeled lipids indicated that the diffusion coefficient was 1.0 ±
0.02 m2 s−1 and that the mobile fraction was 92%.
Good lipid mobilities were also measured for SLBs formed on

poly(2-dimethylamino)ethyl methacrylate) (PDMA) brushes
that had been quaternized by reaction with 1-iodooctadecane in
n-hexane, which is a nonsolvent for PDMA.53 Transfer of the
brush to a nonsolvent causes the collapse of the polymer chains
so that derivatization occurs only at the upper surface of the
polymer film. On transfer to water, the derivatized polymer
swells. In contrast, when the reaction is carried out in a good
solvent for the polymer, tetrahydrofuran (THF), extensive
quaternization occurs. Brushes that are derivatized in a poor
solvent are pH-responsive because the majority of the amines

remain basic, while brushes prepared in a good solvent are not
because the majority of the amines have been quaternized.
Quaternization of PDMA brushes using 1-iodooctadecane in
n-hexane provides the best protocol for the formation of robust
SLBs: FRAP measurements on such SLBs indicate diffusion
coefficients (2.8 ± 0.3 μm s−1) and mobile fractions (98 ± 2%)
comparable to the literature data reported for SLBs prepared
directly on planar glass substrates.
A key design element in a low-dimensional system such as that

shown in Figure 2c is the fabrication of “corrals” consisting of an
SLB resting on a polymer brush cushion, surrounded by “walls”
composed of a different polymera patterned binary brush
structure. A number of workers have explored the fabrication of
multicomponent polymer brushes using photopolymerization,55

photolithography,56−58 microcontact printing,59,60 capillary
force lithography,61 and electron beam lithography.46,62,63

Two-component brushes may also be formed by using comple-
mentary polymerization techniques.64,65 Figure 10a shows
schematically a route to such a structure based on photopat-
terning that is also compatible with nanofabrication using IL.54

An NPPOC-APTES film is formed on a glass substrate and
patterned to yield the selective deprotection of the adsorbates.
In the exposed regions, a Br initiator is then attached to enable
the growth of a polymer by ATRP. After the growth of this first
polymer, the sample is flooded with near-UV light to cause the
deprotection of adsorbates with intact protecting groups
enabling the attachment of initiator to these regions that were
masked during the initial UV patterning step. However, because
ATRP is a living radical polymerization method, it is essential to
remove the terminal Br atoms from the brushes grown in the first
polymerization step before attempting the second polymerization.

Figure 9. (a) Variation in the ellipsometric thickness of PCysMA brushes (dry thickness 15 nm). (b) Comparative complement depletion assays for
three types of antibiofouling polymer brushes. PCysMA, PMPC, and POEGMA brushes of equivalent thickness (approximately 25−30 nm) were
tested for complement depletion, and data were compared to both a nontissue culture (TC) plastic control (NTCP) and untreated glass. Antibio-
fouling performance was monitored over a range of human serum concentrations (100, 50, and 25%). (c) Micropatterns and (d) nanopatterns
formed by UV exposure of PCysMA brushes followed by immersion in a solution of GFP. Reproduced from ref 50, copyright 2014 American
Chemical Society.
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We find that this is conveniently achieved by the reaction of the
brushes with sodium azide.66 Aminor complication with the use
of NPPOC-APTES to fabricate binary brush structures is that
there is a side reaction between BIBB and the carbamate bond in
protected adsorbates that have not been exposed to UV light.
This is addressed by adding a small amount of water to the BIBB
to hydrolyze it, causing the formation of an anhydride, which
does not attack the carbamate.
Figure 10b shows an AFM topographical image of a brush

structure formed by exposing an NPPOC-APTES film to UV
radiation through a 600 mesh copper grid, yielding patterned
amine groups that were reacted with BIBB to yield a pattern of
Br initiators fromwhich POEGMEMAbrushes were grown. The
line section shows that the height difference between themasked
and exposed regions was 54 nm after surface ATRP. The POEG-
MEMA brush chain-ends were then azide-capped, and the wafer
was irradiated at 325 nm to remove the remaining NPPOC
groups, which enabled PCysMA brushes to be grown from these
regions. The height difference between the square and the bar
region of the pattern was reduced to 33 nm (Figure 10c),
indicating the formation of a PCysMA brush with a mean
thickness of 21 nm. SIMS imaging provided further evidence for
the presence of two chemically distinct, spatially organized
brushes within the pattern, with clear chemical contrast being
observed and PCysMA-specific sulfur-containing ions being
confined to the corrals (Figure 10d,e).
Corrals were formed in which PCysMA regions were enclosed

by POEGMA (Figure 11a). SLBs were formed in the PCysMA
regions by the fusion of vesicles containing a small amount
of labeled lipids, enabling the structures to be imaged by

Figure 10. (a) Schematic diagram showing the formation of a binary brush structure by the photopatterning of NPPOC-APTES films combined with
ATRP. (b) Tapping-mode topographical image of amicropatterned brush formed by UV photopatterning anNPPOC-APTES film followed by surface
ATRP of OEGMEMA.54 (c) Topographical image of the POEGMEMA brush sample shown in panel a following azide end-capping, UV exposure at
325 nm, BIBB treatment, and subsequent growth of PCysMA brushes via surface ATRP.54 (d) SIMS image of the binary brush pattern obtained by
mapping the summed intensities of the C2H3O

− (m/z 43.04), C2H2O2
− (m/z 58.04), and C4H5O2

− (m/z 85.08) ions.54 (e) Complementary SIMS
image formed by mapping the summed intensities of the CN− (m/z 26), S− (m/z 32.07), HS− (m/z 33.07), C2HS

− (m/z 57.09), C4HS
− (m/z 81.12),

and C3H5SO2
− (m/z 105.12) ions. Reproduced with permission from ref 54, copyright 2017 Royal Society of Chemistry.

Figure 11. (a) PCysMA brush corral surrounded by POEGMEMA
walls. (b) Fluorescence micrograph of a series of dc trap structures
obtained after liposome adsorption and subsequent in situ rupture to
form an SLB.54 (c) Fluorescence recovery as a function of time after
photobleaching. Circles: experimental data points. Red line: fitted
recovery curve. Reproduced with permission from ref 54, copyright
2017 Royal Society of Chemistry.
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fluorescence microscopy (Figure 11b). Regions of bright contrast
in the fluorescence image correspond to PCysMA regions on
which an SLB has formed. These are surrounded by POEGMA,
which exhibits dark contrast because it resists the formation of an
SLB. FRAP measurements (Figure 11c,d) yield a mobile fraction
of 93% and a diffusion coefficient of 1.36 μm2 s−1, comparable
to literature values determined for the same lipids on posi-
tive control surfaces such as glass. These data provide strong
evidence that the PCysMA corrals formed within POEG-
MEMA walls enable the construction of spatially confined,
highly mobile SLBs.

■ FUNCTIONAL MICROSYSTEM

The proton-motive force has a central importance in biology.
For example, the function of the photosynthetic apparatus of
R. sphaeroides shown in Figure 1 is to generate a proton gradient
that will drive the conversion of ADP to ATP.2 Thus, the design
of low-dimensional systems that incorporate methods for the in
situ measurement of proton concentration (via the pH) could be
valuable for the modeling of many biological processes. The
device shown in Figure 2c is a functional low-dimensional sys-
tem that allows the measurement of transmembrane proton trans-
port.67 Rather than using the entire photosynthetic pathway
depicted in Figure 1, proteorhodopsin (pR), a light-driven
proton pump, is used. When illuminated, pR drives trans-
membrane proton transport. The pR is reconstituted into a lipid
bilayer corral supported on a PCysMA cushion and enclosed
within POEGMA walls. To facilitate pH measurement, a ratio-
metric dye is incorporated into the walls. Under illumination,
pR pumps protons from the corral into the aqueous region
above the membrane, raising the pH in the PCysMA cushion,
which, in turn, causes the pH in the POEGMA walls to increase.
Because the POEGMA is not capped by a lipid bilayer, the
system is under kinetic control: a change in the local pH will
be observed in the walls if the rate of proton transport across
the lipid bilayer is greater than the rate of the diffusion of
protons into the POEGMA from the aqueousmedium above the
corral.

To build binary brushes, a CMPTS film was photopatterned,
causing the conversion of chloromethyl groups to carboxylic
acids in exposed regions. The POEGMA walls were grown
from chlorinated regions that had been masked during the
patterning step. To enable pH measurement in the walls,
POEGMA was polymerized in the presence of 0.1 equiv of Nile
blue 2-(methacryloyloxy)ethyl carbamate (NBC) relative to
copper(I). NBC is a methacrylate monomer that incorporates
the pH-sensitive dye Nile blue. An additional property of this
reagent is that the dye label acts as a radical spin trap: halogen
end-groups are removed from the brushes via in situ dye
addition upon transfer to the reaction mixture of 1 mol equiv of
NBC relative to copper(I). The carboxylic acid groups can subse-
quently be derivatized to introduce a Br initiator, facilitating the
growth of the second polymer (PCysMA) from regions that
were exposed in the patterning step.
To calibrate the response of the NBC to pH changes, micro-

structured binary brushes were immersed in solutions of varying
pH and characterized by microspectroscopy (thus enabling data
to be collected from the two components of the binary brush
structures separately). NBC was incorporated into both
POEGMA and PCYSMA. For both polymers, a strong peak
was observed at ca. 700 nm at a pH of 5.2 (Figure 12a), but at
pH 8.0, the most intense peak in the spectrum was observed at
ca. 650 nm. The ratio of the intensities at these wavelengths,
I650/I700, was found to be diagnostic of the pH (Figure 12b).
To ensure the uniform orientation of pR at the PCysMA

surface, a His-tagged mutant was used. PCysMA was first
immersed in THF (a poor solvent for this polymer), causing the
brushes to collapse and enabling the selective derivatization of
carboxylate groups near the chain termini with NTA. After
transfer to water and treatment with Ni2+, the brushes bound
His-tagged pR. The membrane was reconstituted by the fusion
of vesicles that contained a small amount of Texas red-labeled
lipid.68 This enabled a qualitative evaluation of the efficacy of
proton transport by pR. Figure 13b shows a confocal fluores-
cence image recorded for a POEGMA-NBC/PCysMA binary
brush structure, where proteorhodopsin was first conjugated to

Figure 12. (a, Top) pH-dependent fluorescence spectra based on CLSM images of NBC-labeled POEGMA brushes (approximate dry brush
thickness = 60 nm). (Bottom) pH-dependent fluorescence spectra based on CLSM images of NBC-labeled PCysMA brushes (approximate dry brush
thickness = 10 nm). (b) Ratiometric fluorescence vs pH plot obtained for these PCysMA and POEGMA brushes. Reproduced with permission from
ref 67, copyright 2018 Royal Society of Chemistry.
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the PCysMA brush (square regions) followed by reconstitution
of the protein into a lipid bilayer. The corrals exhibit dark
contrast, but the walls containing Nile blue exhibit intense
fluorescence. Fluorescence emission is increased under basic
conditions; the bright fluorescence in Figure 13b is consistent
with the maintenance of a basic pH in the walls. Figure 13c
shows the corresponding binary brush system without proteo-
rhodopsin. The contrast difference between the corrals and walls
is now much smaller, and the low level of background emission
from the labeled lipids (present at ∼1% of the concentration of
NBC in the lipid-resistant POEGMA brushes)61 appears to be
more significant.
These data indicate qualitatively that there is a significant

difference in the local pH of the POEGMA walls depending on
whether pR is present in the corrals. Ratiometric analysis based
on the dependence of the I650/I700 ratio on the pH allows the pH
in the walls to be determined (Figure 13d). An I650/I700 emission
ratio of 4.3 was measured in the presence of proteorhodopsin,
indicating a pH of ∼8, whereas a I650/I700 ratio of 2.7 in the

absence of proteorhodopsin suggests a pH of ∼7.3 according to
Figure 12b. At the very least, the significant difference in the
emission ratio observed in the presence and absence of
proteorhodopsin provides strong evidence for directional active
proton pumping leading to the establishment of a changed local
pH in the POEGMA walls.
This is a proof-of-concept experiment. However, it demon-

strates the feasibility of constructing experimental systems using
a combination of surface chemistry, photolithography, and
ATRP that enable quantitative in situ monitoring of trans-
membrane transport. An important experimental challenge in
the future will be to develop the system shown in Figure 13 to
incorporate multiple different protein components. In order to
replicate the organization found in biological membranes, these
proteins should be organized within membranes on nanometer
length scales. The system shown in Figure 13 relies upon the
site-specific attachment of transmembrane proteins to a polymer
brush; to achieve this in a spatially organized fashion, it would
be necessary to control selectively the reactivity of the brush
chain end to a protein-binding ligand. The tools to attempt this
are effectively in place. Chapman et al. demonstrated the photo-
patterning of polymer brushes using the selective deprotection
of polymers end-capped using chloroformate derivatives of
nitrophenylpropyloxycarbonyl protecting groups.66 The fab-
rication of multiple-component nanostructures using near-field
lithography of monolayers with nitrophenyl protecting groups
has also been demonstrated.21 Alternatively, interferometric
lithography can be used to fabricate protein patterns with feature
sizes commensurate with the distances over which spatial
organization occurs in the chromatophore vesicle shown in
Figure 1.28

Further challenges might include the design of functional
nanosystems in which the corral size was reduced in size so that
its surface area approached that of a single chromatophore
vesicle, such as the one shown in Figure 1, and the integration of
biosynthetic pathways, for example, by incorporating ATP
synthase andmeasuring the rate of ATP production as a function
of the architecture of the low-dimensional system.

■ CONCLUSIONS

There is an important sense in which, upon close inspection, all
biological systems are low-dimensional. Cellular processes may
best be viewed as sequences of single-molecule interactions.
At the cellular level and below, the function of biological systems
is profoundly different from that of binary, deterministic devices
that are the basis of electronic technology: biological systems are
intrinsically stochastic, utilizing gradients of composition to
drive complex molecular processes occurring in fluid structures
(proteins in cell membranes are in constant motion). Brownian
processes (e.g., diffusion) are harnessed to transfer charge and
signals in systems where the control of size is critical. The
development of a detailed understanding of low-dimensional
molecular systems can enhance our fundamental knowledge of
how biological systems function and can also inspire the design
of new kinds of devices and materials. While there has been an
explosion of interest in systems biology in recent years, the
development of experimental approaches to the study of
biological systems has lagged far behind computational models.
However, computational models must be tested experimentally.
The system depicted schematically in Figure 13 provides a
realistic empirical test bed against which the predictions of the
computational analysis may be compared.

Figure 13. Proton pumping action of proteorhodopsin immobilized on
a POEGMA-NBC/PCysMA binary brush structure.67 (a) Schematic
diagram of the model system. (b) Image formed by mapping the
emission between 600 and 700 nm from POEGMA-NBC/PCysMA
where pR is immobilized on PCysMA using a His tag, following bilayer
formation. (c) Emission between 600 and 700 nm for POEGMA-NBC/
PCysMA without pR following in situ bilayer formation by the addition
of the lipid vesicle suspension. (d) Emission intensity from POEGMA-
NBC walls for samples with and without immobilized pR. The I650/I700
emission intensity ratio is calculated in each case and inserted with
permission from ref 67, copyright 2018 Royal Society of Chemistry.
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Although the fabrication of low-dimensional systems
themselves presents substantial challenges for the experimen-
talist, the studies sketched in this Invited Feature Article provide
a set of tools that may prove to be useful in designing systems for
fundamental investigations. An obvious and significant exten-
sion of this work in the future would be to collaborate with
computer scientists to begin integrating experimental outputs
from low-dimensional systems with computer modeling. Huck
has done this with impressive success for networks of interacting
enzymatic reactions carried out in vesicles.69

The basic principles applied to light-driven processes in the
examples discussed in this article should also be extendable to
many other biological systems. The ubiquity of the proton-
motive force in nature means that systems capable of the micros-
copic measurement of proton concentration will have wide-
spread value in the study of biological systems. The importance
of energy transfer in biology is of course far wider than
photosynthesis; according to Schrödinger, living systems avoid
the collapse into equilibrium by generating “negative entropy”
through the action of the metabolism.70 The development of
experimental systems for the study of the transport of energy in
biological systems would be important in many processes, for
example, in understanding the function of the mitochondrion.
While the structure shown in Figure 13 is a functional low-
dimensional system, there are many ways that it could be
elaborated, enabling a much wider set of biological problems to
be explored.
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