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ABSTRACT: A combination of nonionic, cationic, and zwitterionic surfactants is shown
both to stabilize the transmembrane protein proteorhodopsin, as well as to direct coassembly
into robust transparent mesostructured silica−surfactant films containing high loadings of
functionally active protein guests. Proteorhodopsin is a transmembrane protein that exhibits
light-activated H+ transport properties, the photocycle kinetics of which are quantified by
time-resolved UV−visible spectroscopy and demonstrated to be similar to proteorhodopsin
in the abiotic mesostructured films compared to native-like lipids. The surfactants mediate
the pKa of a key ion-channel residue, leading to an expanded pH functional range for
proteorhodopsin in mesostructured silica−surfactant host materials. Small-angle X-ray
diffraction results for 100-μm films show high extents of mesoscale order with protein
loadings up to 25 wt % and wormlike mesostructural order for 44 wt % proteorhodopsin.
Solid-state 1H, 13C, and 29Si NMR analyses provide atomic-scale insights into the
compositions and interactions at the mesochannel surfaces, which account for the
structure-directing roles of surfactant species. Nanoindentation measurements reveal the
mechanical robustness of the films, which interestingly increases with proteorhodopsin loading for the compositions examined. Heat
treatment analyses show improved thermal stability for proteorhodopsin to 110 °C within mesostructurally ordered films. The
results establish closely correlated relationships between the compositions, nano- and mesoscale structures, photocycle kinetics, and
macroscopic mechanical properties and thermal stabilities of the silica−surfactant- proteorhodopsin films, providing key biomimetic
design criteria.

■ INTRODUCTION

Membrane proteins perform within cellular environments a
variety of transport, sensing, and catalytic functions that are
attractive for technological applications. For example, the
transmembrane protein proteorhodopsin transports H+ ions in
response to light, thus converting solar energy into a chemical
(pH) gradient.1−3 Protein engineering strategies are improving
the stabilities and enhancing and diversifying the properties of
membrane proteins beyond their native functions.4 Protein
guest molecules can be incorporated into non-native abiotic
hosts, such as polymers, glasses, and mesostructured hybrid
materials, with diverse macroscopic morphologies, including
particles, fibers, films, or monoliths to improve the mechanical
or thermal stabilities of the protein-host system.5 For example,
globular proteins can be postsynthetically adsorbed onto the
surface of porous materials6 through hydrogen bonding,
electrostatic forces, or hydrophobic effects; however, these
interactions are often transient or weak, and leaching of the
protein can lead to a loss in activity.7 Alternatively, biologically
enabled materials can be made through the coassembly and
subsequent cross-linking of polymeric or inorganic oxide

matrices around protein moieties, producing uniform distribu-
tions of stable and functionally active guest molecules.
Incorporation of functionally active protein during syntheses
of many of these materials has been challenging, due in part to
the often countervailing chemical compositions or conditions
required to maintain protein stability compared with those
typically used to synthesize or process polymeric or inorganic
host materials.
As a host material for proteins, silica is a good candidate

because it is mechanically and thermally robust and can be
synthesized under relatively mild conditions. While many
mesostructured silica materials have been synthesized under
conditions that typically denature proteins, such as very high or
low pH or with high concentrations of organic solvents,
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extensive previous work has demonstrated that silica can be
synthesized in aqueous sol−gel mixtures at pH values in the
range of 5−8.8 These relatively benign conditions make sol−
gel-derived materials suitable for protein incorporation,
whereby hydrolyzed siloxane precursors cross-link around
typically globular proteins that are occluded within robust
inorganic host matrices.8 Such protein-silica materials are
processable into monoliths or thin films, although typically
with low protein loadings and often unfavorable or transient
interactions between the protein guests and the silica matrix
that alter protein function and reduce stability.
Compared to globular proteins, transmembrane proteins are

particularly challenging to incorporate into non-native host
environments due in part to their heterogeneous amphiphilic
characters. While useful for relatively hydrophilic globular
proteins,9 hydrophilic host environments such as silica are
generally incompatible with the highly hydrophobic trans-
membrane regions of membrane proteins. Most transmem-
brane proteins are made up of hydrophobic α-helices that span
the lipid bilayer of cell membranes, with hydrophilic loops that
are exposed to aqueous environments at the intra- and
extracellular sides of the bilayer. Such amphiphilicity can be
exploited by using surfactants to simulate native-like cell
membrane conditions in abiotic host environments, such as
liposomes or micelles.10−12 In fatty-acid−based lipid bilayers of
liposomes, hydrophobic lipid chains stabilize the α-helices of
the membrane protein, whereas the charged and hydrophilic
lipid headgroups at the cytoplasmic and extracellular interfaces
stabilize the protein.13 However, these bilayers, native or
synthetic, exhibit poor mechanical and thermal stabilities and
are also not easily processable into macroscopic material
morphologies. Amphiphilic block copolymers similarly provide
both hydrophilic and hydrophobic regions that offer suitable
synthetic environments to stabilize membrane proteins with
better mechanical and chemical stabilities, as well as local
orientational order.14−16 These wholly organic-amphiphile-
based synthetic hosts accommodate modest bulk amounts of
membrane proteins, with still relatively poor mechanical
properties.14−16

For optically responsive molecules such as proteorhodopsin,
it is additionally necessary for the host materials to be optically
transparent. Previously, highly hydrophobic photoresponsive
conjugated polymers have been incorporated into transparent
surfactant-directed silica and titania matrices with significant
extents of mesostructural order.17,18 Similar mesostructured
materials have been used to accommodate other molecular
guests, such as low-molecular-weight dyes19−23 and nano-
particles,24 although these hosts have generally been
synthesized using nonaqueous solvents that are incompatible
with proteins.
Here, we report novel transparent and robust silica−

surfactant films with high extents of mesostructural order
and that incorporate high loadings of functionally active
transmembrane protein proteorhodopsin guests. This unusual
combination of properties is enabled by the judicious selection
of three types of surfactants and synthesis conditions, which
both stabilize the membrane protein and direct its coassembly
into the hydrophobic regions of the mesostructured silica−
surfactant host materials, which can be processed into films up
to 1 mm thick with arbitrary lateral dimensions. Small-angle X-
ray scattering analyses elucidate the protein-stabilizing and
structure-directing roles of the surfactants, while solid-state
NMR resolves molecular-level interactions between the

surfactants and mesochannel silica surfaces. Notably, time-
resolved UV−visible absorption spectra quantify the photo-
cycle kinetics of the proteorhodopsin guests, which retain their
native-like light-activated conformational dynamics within the
mesostructured silica−surfactant materials, even at high
protein loadings.

■ EXPERIMENTAL SECTION

Protein Expression and Purification. The monomer-enriched
proteorhodopsin mutant E50Q (Figure 1a) was cloned into a pET26b

(+) vector (Novagen) as described previously.25 For expression, 10
mL cultures of BL21(DE3) E. coli (Thermo Fisher), transformed with
the above plasmid, were made in LB broth with 50 μg/mL kanamycin
and orbitally shook at 180 rpm for 16 h at 37 °C. These cultures were
diluted into 1 L of LB with 50 μg/mL kanamycin and grown at 37 °C
with 180 rpm orbital shaking until OD600 = 0.6, at which point PR
expression was induced with 1 mM isopropyl β,D-1-thiogalactopyr-
anoside (IPTG, Thermo Fisher) and 1 μM trans-retinal (Sigma-
Aldrich). Trans-retinal is essential for PR function, and the cells
cannot produce it on their own. After 18 h, each liter of cell culture
was spun down at 5000 rcf, resuspended in 30 mL of 50 mM K2HPO4
(Sigma-Aldrich) and 150 mM KCl (Sigma-Aldrich) (PR buffer) at pH
8.7, and then lysed for 1 h with incubation in lysis buffer (20 mg/mL
lysozyme, DNase and 20 mM MgCl2). Lysed cells were then
centrifuged at 1000 rcf for 10 min to remove large debris in the pellet.
The supernatant was then spun down at 10,000 rcf to harvest PR-
containing membranes in the new pellet. The supernatant was
removed, and the membranes were flash frozen as pellets in liquid
nitrogen and stored at −80 °C until needed for experiments.
Purification of PR began with homogenization of the membrane pellet
in 2 wt % n-dodecyl-β,D-maltoside (DDM, Anatrace) PR buffer with a
glass tissue grinder and then mixed for 1 h. The homogenized solution
was spun down at 100,000 rcf and the supernatant collected to obtain
PR E50Q in DDM micellar solution. Next, PR was further purified
using a 5 mL Ni-NTA resin column (ThermoFisher) with a binding
buffer (0.01 wt % DDM and 30 mM imidazole) and eluting buffer
(0.01 wt % DDM and 500 mM imidazole). Prior to incorporation into
materials, the ionic strength of the PR-containing solutions was
lowered by using a PD-10 desalting column (Millipore) and then
concentrating the eluate as desired by centrifugal concentration (
50 kDa MWCO, Amicon Ultra), generally >100 μM. Protein
concentration was determined using the absorbance at 520 nm
using an extinction coefficient of 49,000 M−1 cm and a molecular
weight of 29,000 g/mol.

Figure 1. Schematic diagrams of (a) the E50Q mutant form of the
transmembrane protein proteorhodopsin (PR) with 7 α-helices, light-
responsive retinal moiety, and key ion-channel aspartic acid residue
D97; (b) nonionic C12-maltoside n-dodecyl- β,D-maltoside (DDM)
surfactant, zwitterionic 1-palmitoyl-2-oleoyl-glycero-3-phosphocho-
line (POPC) lipid, cationic 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) lipid, and zwitterionic 1,2-diheptanoyl-sn-
glycero-3-phosphocholine (DHPC) lipid.
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Preparation of Proteorhodopsin-Containing Silica−Surfac-
tant Films. Mesostructured silica materials were prepared by mixing
a 3:1 ratio by weight of 262.5 mg of tetraethoxysilane (TEOS, Acros
Organics) and 87.5 mg of n-propyltriethoxysilane (PTEOS, 97%, Alfa
Aesar) with 1.5 g of H2O and 10 μL of 400 mM HCl. The solution
was stirred vigorously for 3 h, at which point the solution was
transparent. Two hundred milligrams of this solution were removed
and mixed with an appropriate amount of DDM, n-decyl-β,D-
maltoside (DM, Anatrace), or n-hexadecyl-β,D-maltoside (HDM,
Anatrace). Another solution was created by mixing a desalted PR-
containing DDM micellar solution with a 9.1 wt % solution of 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC, Avanti Polar
Lipids) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP,
Avanti Polar Lipids) in 4:1 molar ratio or, for comparative pKa
measurements, with 1,2-diheptanoyl-sn-glycero-3-phosphocholine
(DHPC, Anatrace); the molecular structures are shown in Figure
1b. The two solutions were then mixed and quickly titrated to a pH of
4.1 using 50 mM HCl or 50 mM NaOH. The final concentration of
species in this mixed solution depended on the desired PR loading;
however, ratios of the other components were kept fixed at 62.5
maltoside surfactant: 6.1 POPC: 1.4 DOTAP: 22.5 SiO2: 7.5 n-
propyl-SiO1.5 by weight. The amount of the maltoside surfactant
added to the silica precursor solution (as discussed above) is
dependent on the concentration of the maltoside surfactant in the
protein-stabilizing micelles, measured via 1D solution-state 1H NMR,
which varies for different expressions. Final solutions were cast onto
PDMS stamps (∼2 cm × 2 cm) or Si wafers with a fluoro-monolayer
(for mechanical property testing) under ambient temperature and
58% relative humidity conditions for films with rectangular or cubic
mesostructural ordering and at 98% relative humidity for films with
wormlike mesostructural order. Solvent evaporation was allowed to
proceed for 4 days before the materials were characterized.
Synthesized films had thicknesses >100 μm. Films made with
predominantly DM- and HDM-structure-directed surfactants still
contained small concentrations of DDM, which was used in the
expression and purification of PR.
Material Characterization. Small-angle X-ray scattering (SAXS)

was used to assess the impact of synthesis conditions on the long-
range mesostructural ordering of the silica−surfactant-proteorhodop-
sin films. SAXS records the pattern of a continuously scattered beam
of X-rays incident on a sample. With knowledge of the distance
between the sample and the detector, the angles of reflection of the X-
ray path due to interactions with the material can be calculated. Well-
ordered samples will cause the scattered X-rays to be concentrated at
certain positions and angles, whereas disordered samples will scatter
X-rays in all directions, leading to a broad distribution of X-rays across
the detector. The positions and intensities of the SAXS reflections
show high extents of mesostructural order that can be analyzed to
calculate d-spacings that correspond to characteristic scattering
distances, such as the mean center-to-center dimensions between
surfactant-directed silica mesochannels. SAXS measurements were
conducted on a custom instrument using a XENOCS Genix 50W X-
ray microsource with Cu Kα radiation (λ = 1.542 Å, voltage 50 keV,
current 1 mA), a focus size of 50 μm, a XENOCS FOX2D multilayer
optics for SAXS monochomator, and a Dectris EIGER R 1M detector
(77.2 mm × 79.9 mm sensitive area, 1030 × 1065 32 bit image)
located 1.7 m behind the sample. SAXS patterns were recorded over a
range of 1−2.7 q (nm−1).

A two-dimensional (2D) 29Si{1H} HETCOR NMR analysis of
5 wt % PR, 59.4 wt % DDM, 5.8 wt % POPC, 1.3 wt % DOTAP, 21.4
wt % SiO2, and 7.1 wt % n-propyl-SiO1.5 was performed at 11.7 T on a
Bruker Avance NMR spectrometer equipped with a double-resonance
4 mm NMR probehead operating at frequencies of 500.2 MHz for 1H
and 99.4 MHz for 29Si.26 The experiment was performed at a magic-
angle-spinning frequency of 12.5 kHz and room temperature. For the
experiment, 48 increments of 512 scans with an t1 increment of 96 μs
were acquired. The recycle delay between scans was set to 1.2 s to
correspond to 1.4T1, where the 1H T1 was measured by a saturation
recovery experiment. A 50 kHz 90° radiofrequency (r.f.) pulse was
used for the initial excitation of 1H nuclei, and a 1 ms cross-

polarization contact pulse was used to transfer polarization from 1H to
29Si nuclei. The 1H and 29Si contact pulse frequencies were optimized
to maximize 29Si signal intensity. During the t1 evolution period,
eDUMBO-122 homonuclear decoupling was applied to the 1H
channel to enhance the resolution of the 1H dimension.27 SPINAL-
64 heteronuclear decoupling was applied to 1H nuclei during
acquisition.28 Solution-state 2D 1H−13C HSQC NMR spectra of
POPC and DOTAP were acquired at 300 K on a Bruker Avance
NMR spectrometer at a field of 18.8 T equipped with a 5 mm PABBO
BB 1H/D Z-GRD probehead operating at frequencies of 800.2 MHz
for 1H and 201.2 MHz for 13C (Figures S1 and S2). The high-
resolution solution-state 2D 1H−13C NMR spectra were used to
assign the 1H signals in the solid-state 2D 29Si{1H} HETCOR NMR
analysis. The 2D spectra were acquired using a phase-sensitive
gradient HSQC experiment with echo/anti-echo detection (hsqcetgp
pulse program in the Bruker library) with 256 increments of 16 scans
and a recycle delay of 1.5 s between scans. The 13C and 1H spectral
widths were 166 and 13 ppm centered at 94 and 6 ppm, respectively.
GARP decoupling was used to decouple 13C from detected 1H spins
during acquisition. A 2-fold linear forward prediction with 32 linear
prediction coefficients was applied to the indirect dimension when
processing the data. The samples were prepared as follows: stock
solutions of POPC and DOTAP in chloroform (25 mg/mL) were
blow-dried under a stream of N2 gas and further dried under vacuum
overnight to remove residual chloroform. Then, samples were
redissolved in CDCl3 to final concentrations of 33 mM for NMR
experiments. Solution-state 2D 1H−13C HSQC NMR spectra of
DDM in D2O were acquired at 300 K on a Varian VNMRS NMR
spectrometer at a field of 14.1 T, equipped with a 5 mm AutoXDB
PFG probehead operating at frequencies of 599.7 MHz for 1H and
150.8 MHz for 13C (Figure S3). Specifically, the 2D spectra were
acquired using a gHSQCAD pulse program in the Varian library with
256 increments of 16 scans and a recycle delay of 1.5 s between scans.
The 13C and 1H spectral widths were 220 and 16 ppm centered at 90
and 6 ppm, respectively. The 29Si and 1H NMR spectra were
referenced indirectly to tetramethylsilane (TMS) at 0 ppm using
tetrakis(trimethylsilyl)silane (TKS) as a secondary standard (−9.84
ppm for 29Si, 0.25 ppm for 1H).

Static visible absorption spectroscopy measurements were con-
ducted on a Shimadzu UV-1800 spectrophotometer. For measure-
ment of the pKa of D97, free-standing films of mesostructured silica
were inserted into a home-built sample holder that fit into a
transparent plastic cuvette. The sample was incubated initially in a
solution containing 50 mM K2HPO4 and 150 mM KCl (pH ∼ 8.7)
for 15 min before UV−vis absorbance measurements were taken.
Subsequently, the solution in the cuvette was removed and replaced
with 2 mL of new buffered solution that had been titrated to the
desired pH, one minute was allowed for incubation, the pH of the
solution was measured, and the UV−visible absorbance of the film
was taken. To determine the amount of time required for soaked films
to equilibrate with the buffered solution, we monitored the visible
absorbance of PR in the mesostructured silica after exposure to
different buffered solutions; these measurements indicated that
soaking as-synthesized films for 15 min and following this initial
soak incubation times of 1 min in a new buffer were sufficient to allow
equilibrium among PR species in the synthetic host and the buffered
solution. Using an initial incubation time of 15 min and with 1 min of
exposure to a new buffered solution between pH changes, this process
was repeated using at least 11 buffered solutions that were at different
pH values.

The absorbance data acquired from films soaked in different
buffered solutions were analyzed by using a home-written MATLAB
script to yield the acid dissociation constant for residue D97 of
proteorhodopsin. The program calibrated each spectrum such that the
absorbance intensity at 700 nm was zero and then normalized each
absorption spectrum such that the absorbance maximum between 500
and 550 nm had an absorbance intensity of unity. Subsequently, the
wavelength of maximum absorbance intensity was extracted and
plotted as a function of pH. The resulting data were then fit to the
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Henderson−Hasselbalch equation using a nonlinear fitting algorithm
with two fitting constants, the pKa value and the Hill coefficient.

Static UV−visible light absorbance measurements at 520 nm were
conducted on 5 wt % PR-containing films before and after heat
treatment for 24 h at various temperatures to determine the effect of
the host matrix on the stability of guest proteorhodopsin. Films with
rectangular mesostructural ordering were subjected to heat treatment
at 70, 80, 90, 100, 110, 120, 130, 140, and 150 °C. Films with
wormlike mesostructural ordering were tested up to 120 °C, at which
point all of the guest PR molecules had been denatured. All
measurements were taken through the center of each film, as aligned
visually. The experimental uncertainties in these analyses are 5−10%,
due in part to heterogeneity in the thickness of the sample and
limitations of the sample alignment.

Transient UV−visible absorption data were acquired using a
SpectraPro-500 Triple Grating Monochromator (Acton Research
Corporation). Mesostructured silica films that incorporate proteo-
rhodopsin were placed into borosilicate capillaries and measured
either as-synthesized or after hydration at pH 9 in PR buffer for 1
week. During measurements, samples were illuminated using a white-
light-emitting halogen lamp; the transient response of proteorhodop-
sin, as well as the monochromator, was triggered using a
SpectraPhysics Quanta-Ray Nd:YAG GCR-150 series 532 nm laser
(pulse length ∼5 ns, pulse power ∼10 mJ). The absorbance intensities
at 400, 410, 500, 510, 540, 570, 590, 620, and 630 nm were recorded
over time scales ranging from 1 μs to 0.45 s (Figure S4). The
absorption data at each wavelength were compiled together from 512
scans in which 500,000 absorbance data were measured over a linear
time scale. The absorbance data at each wavelength were averaged
over 200 equally spaced bins on a logarithmic scale and truncated at
short times to remove artifacts from the laser. Global fitting analyses
were performed with a home-build MATLAB code first reported by
Idso et al.29 These analyses were performed with two to seven
exponential terms, and the sum of squared residuals decreased with
each added term. However, global fit analyses performed with greater
than three exponential terms for as-synthesized films in pH 4.1
environments or greater than five exponential terms for films hydrated
to pH 9 showed significantly diminished improvements as well as the
introduction of time constant values that were either repeated or
outside the time range of collected data. These artifacts of the analyses
indicate that the data for monomeric proteorhodopsin in DDM +
POPC + DOTAP-structure-directed films are the best fit with five
exponential time constants.

Nanoindentation measurements were performed to provide a rapid
assessment of the indentation hardness and elastic modulus of
mesostructured silica membranes as a function of their concentration
of PR and silica. The films were cast on the fluorinated surface of a Si
wafer to diminish adhesion to the substrate and thereby prevent
strains as the mesostructured PR-silica−surfactant films formed. Small
diameter films were used to minimize their surface curvatures,
enabling an accurate determination of the tip area function and
consistency in mechanical measurements between specimens. Nano-
indentation measurements were performed using a Nanomechanics
iMicro Nanoindenter equipped with a 1 N load cell and diamond
Berkovich tip indenter, using load control at a constant strain rate of

0.2 s−1, defined as P
P

·

· . All data were collected using a continuous
stiffness method, where dynamic periodic oscillations were super-
imposed on the loading profile at a frequency of 100 Hz and an
amplitude of 2.0 nm to enable the continuous measurement of
properties as a function of the depth of the indent. In these
experiments, indentations were performed to a maximum depth of 1
μm and with a spacing of 20 μm between neighboring indents to
avoid overlap of plastic zones. Each measurement of hardness and
modulus reported herein reflects the average (and standard deviation)
of between 10 and 20 indents, quantified at depths between 300 and
1000 nm to exclude the effects of surface roughness. Measurements of
force, indent depth, and contact stiffness were converted to elastic
modulus using the Oliver and Pharr method.30 Nanoindentation
measurements enable the direct determination of the reduced elastic

modulus Er of the film, which was used to calculate the elastic

modulus, E, of the film using
E E
1 1

r

2
= and an estimated Poisson’s

ratio, υ, of 0.2.31

■ RESULTS AND DISCUSSION

Syntheses of Proteorhodopsin-Silica−Surfactant
Films. The coassembly of functional membrane proteins into
mesostructured silica films is a transient multicomponent
process that requires judicious selection of synthesis
compositions and conditions to achieve high degrees of
mesostructural order and retention of proteorhodopsin
function. Key design objectives are to incorporate high
loadings of functionally active membrane proteins into robust
abiotic host matrices that are processable into films with
macroscopically uniform properties. Achieving these objectives
simultaneously is challenging and requires trade-offs between
countervailing synthesis considerations that often promote
either protein stability or the formation of a mechanically
stable host matrix but not both. We hypothesized that
membrane-protein-stabilizing and structure-directing amphi-
philic surfactants could be used to incorporate high loadings of
functionally active guest proteins into mesostructurally well-
ordered silica−surfactant host matrices that also impart strong
mechanical properties onto the host film. Syntheses of these
materials are governed by (i) the thermodynamics of
coassembly and interactions between the protein, surfactant,
solvent, and silica species and (ii) the kinetic processes
associated with the rates of solvent evaporation, coassembly of
the component species, and polymerization of the silica into a
robust cross-linked matrix. A slow rate of solvent evaporation is
typically desirable to promote the coassembly of protein−
silica−surfactant films with high extents of mesostructural
order before the silica polymerizes into a rigid matrix. Key
factors that influence these processes and thus the properties of
the film include pH, solvent, humidity, types and relative
concentrations of surfactant species, silica precursors, and
protein guest molecules. Screening across these conditions
leads to an optimized combination of surfactants and
hydrolyzed silica precursors in aqueous solution that enables
the formation of robust, crack-free, and free-standing
mesostructured films with high loadings of the functionally
active membrane protein proteorhodopsin.
Many syntheses of mesostructured silica−surfactant materi-

als have relied on extremes of acidic or alkaline conditions, e.g.,
pH > 10 or pH < 2, to slow the rate of silica polymerization.
For highly alkaline conditions greater than pH 10, strong
electrostatic interactions between cationic surfactant moieties
and hydrolyzed silica anions promote their coassembly into
well-ordered hybrid materials.32 By comparison, for highly
acidic conditions below pH 2 (the isoelectric point of silica),
hydrogen-bonding interactions between hydrophilic moieties
of nonionic surfactants with hydrolyzed silica cations similarly
lead to well-ordered hybrid materials.33 Such conditions,
however, are incompatible with many proteins and result in
their denaturation. In particular, native proteorhodopsin has
evolved in marine environments to function at pH ∼8.2,
although it retains its general structure and behavior over a
broad range of pH 4−10.34,35 It can irreversibly denature at pH
conditions outside of this range, due in part to ionization of
protein side chains or backbone moieties. These trade-offs are
summarized in Figure 2a. Nevertheless, robust, well-ordered,
and homogeneous films can be synthesized at pH 4.1,
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balancing the pH-dependent synthesis near the acidic limit of
proteorhodopsin stability where comparatively slower silica
polymerization rates can be achieved (Figure S5).36
Coassembly of proteorhodopsin into mesostructured silica−

surfactant host materials thus requires that the composition of
the synthesis mixture be carefully balanced with respect to
solvents, acidity, amphiphilicity, and ionicity of the surfactants,
and silica precursor species. With respect to hydrolyzed,
network-forming silica precursors, organosiloxane species have
been shown to increase the hydrophobicity of the mesochannel
surfaces, and at moderate concentrations yield surfactant-
templated silica materials with high extents of mesostructural
order.37,38 Here, tetraethoxysilane (TEOS) was combined with
n-propyltriethoxysilane (PTEOS) in a 3:1 ratio by weight, with
the hydrophobic propyl moieties promoting interactions with
the hydrophobic moieties of the structure-directing surfactants.
Organic cosolvents, including ethanol produced by the
hydrolysis of TEOS and PTEOS silica precursors, aid
hydrolysis by solubilizing water-insoluble alkoxide precur-
sors,39 although they tend to denature proteorhodopsin in the
presence of moderate concentrations of organic cosolvents.40
Aqueous solutions also present challenges due to the highly
hydrophobic transmembrane regions of membrane proteins,
which require stabilizing surfactants to promote their solubility
in solution. The judicious selection of surfactants with specific
hydrophobic, hydrophilic, or charged moieties is also
important for the incorporation of proteorhodopsin in
silica−surfactant films. For example, the length of hydrophobic
alkyl chains and the type and size of hydrophilic headgroups of
surfactant species have been shown to increase both the
stability of functionally active membrane proteins in aqueous
solutions and promote greater extents of mesostructural order
in silica.40 Charged surfactant headgroups are also used to
promote mesostructural order by increasing interactions
between the surfactant and inorganic species.41 However,
charged headgroups can also lead to protein denaturation,
necessitating careful selection of structure-directing surfactants
for syntheses of mesostructured silica−surfactant host
materials with functionally active proteorhodopsin. Conversely,
neutral surfactants, both nonionic and zwitterionic, are often
used to stabilize membrane proteins in micellar solutions and

rarely destabilize the protein. We hypothesized that favorable
structure-directing features of the surfactants, such as relatively
long alkyl chains and hydrophilic nonionic or charged
headgroups, could be selected from amphiphilic surfactants
known to stabilize membrane proteins and thereby used to
incorporate high loadings of proteorhodopsin into a robust
silica−surfactant film, as depicted in Figure 2b. Optimized
synthesis conditions promote the formation of well-ordered
mesostructured silica−surfactant host materials with signifi-
cantly greater loadings of proteorhodopsin and mechanical
robustness than previously reported.5

Surfactant and Protein Influences on the Mesoscale
Order. A mixture of neutral and charged surfactants was
identified to stabilize proteorhodopsin and direct its assembly
into silica−surfactant host materials with high extents of
mesostructural order. Nonionic alkyl-saccharide surfactants,
specifically alkyl-glucosides and alkyl-maltosides, were identi-
fied as promising candidates because of their extensively
studied protein-stabilizing properties in solution40 and their
separate propensity to direct the structures (without protein)
of crack-free mesoporous films.42 Alkyl-saccharide surfactants
with varied chain lengths enable the dimensions of the
mesochannel diameters to be adjusted to a characteristic length
that is conducive for the incorporation of monomeric
proteorhodopsin (PR, ∼4 nm in length × ∼3 nm in diameter).
The lipids 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) were selected as cosurfactants to have a
combination of protein-stabilizing and structure-directing
properties. Specifically, a 4:1 molar ratio of POPC and
DOTAP forms liposomes that stabilize PR and also favorably
lowers the apparent pKa of the key function-dependent D97
residue in proteorhodopsin,43 enabling native-like photo-
activation of PR at neutral pH. Individually, POPC is a
zwitterionic lipid with a phosphocholine headgroup, which has
been found to enrich the monomeric fraction of proteo-
rhodopsin by disrupting protein−protein interactions. By
comparison, DOTAP is a cationic surfactant that contributes
to the lower pKaD97 and favorably promotes interactions with
the anionic silica precursors. In addition, POPC and DOTAP
each have two relatively long hydrophobic carbon chains that
can be expected to promote a high extent of mesostructural
ordering.
The ratio of the protein-stabilizing and structure-directing

surfactant species to silica was selected to produce mesostruc-
tural order, either hexagonal or rectangular, based on the
binary phase diagrams of these or similar surfactants in water.
Furthermore, as water evaporates during synthesis, mesostruc-
tural order develops, according to precepts that have previously
been reported.44,45 The binary phase diagram of protein-
stabilizing n-octyl-β-D-glucoside (OG) reveals a small synthesis
space for the formation of a cylindrical hexagonal mesophase
below 22 °C for 60−70 wt % OG and preferentially forming
cubic or lamellar mesophases at higher temperatures or higher
concentrations of surfactant.46 In contrast, the binary phase
diagram of n-dodecyl-β-D-maltoside (DDM) in water reveals
that hexagonal or rectangular mesophases are favored at 20 °C
over the range 45−80 wt % DDM, above which a multiphase
mixture, including crystallized surfactant, results.47 Thus, the
larger disaccharide headgroup of DDM is expected to be
preferred over glucoside surfactants for forming mesostruc-
tured PR-containing silica−surfactant materials. The compo-
sition of nonprotein molecules in PR-containing mesostruc-

Figure 2. (a) Approximate pH ranges over which proteorhodopsin
(PR) is stable in solution and corresponding relative ranges of silica
polymerization rates.34−36 (b) Schematic diagram of a rectangular
array of mesostructured silica−surfactant channels containing
proteorhodopsin guests (red) and an enlarged region of a single
proteorhodopsin molecule in a silica−surfactant mesochannel.
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tured silica−surfactant films was selected to be 70 wt %
surfactant and 30 wt % silica, in the center of the hexagonal/
rectangular synthesis space of the DDM-water binary phase
diagram. The ratios of surfactants were further refined to
balance the structure-directing and protein-stabilizing proper-
ties of DDM, POPC, and DOTAP, in particular, to overcome
the poor solubility of the lipids in aqueous solutions. The
optimized composition of nonprotein components in the
mesostructured PR−silica−surfactant films investigated here
was determined to be 62.5 wt % DDM, 7.5 wt % POPC/
DOTAP (80/20, mol/mol), and 22.5 wt % SiO2, and 7.5 wt %
n-propyl-SiO1.5. This balances the chain lengths, charges, and
solubilities of surfactants with the anionic silica precursors in
aqueous solution at pH 4.1 to produce a well-ordered
mesostructured PR−host film.
The structure-directing properties of different alkyl-chain-

length maltoside surfactants were optimized experimentally.
Small-angle X-ray scattering (SAXS) was used to probe the
mesostructural ordering of 5 wt % PR-containing silica−
surfactant films synthesized under identical conditions, except
for the use of maltoside surfactants with different hydrophobic
alkyl chain lengths: n-decyl-β,D-maltoside (C10-maltoside,
DM), n-dodecyl-β,D-maltoside maltoside (C12-maltoside,
DDM), and n-hexadecyl-β,D-maltoside (C16-maltoside,
HDM) (Figure 3). For example, 5 wt % PR-containing

silica−surfactant films synthesized with 5.8 wt % POPC,
1.3 wt % DOTAP, 21.4 wt % SiO2, 7.1 wt % n-propyl-SiO1.5,
9.5 wt % DDM, and 49.9 wt % of the structure-directing C10-
maltoside DM yield a single broad SAXS reflection at 1.57
nm−1 (Figure 3a), corresponding to a d-spacing of 4.0 nm that
is characteristic of wormlike mesostructural ordering. By
comparison, the SAXS pattern in Figure 3b acquired for a
film containing 5 wt % PR synthesized under identical
conditions except with the C12-maltoside DDM shows two
intense, narrow, and well-resolved reflections at 1.18 and 1.542
nm−1, as well as weak higher-order reflections at 2.23 and 2.31
nm−1. These are indexable as the (20), (11), (31), and (40)
reflections of a rectangular mesophase with d-spacings of 5.3,
4.07, 2.8, and 2.7 nm, respectively, which manifest a high
extent of mesostructural ordering that is corroborated by
electron microscopy images in Figure S6 of the Supporting
Information. For a 5 wt % PR−silica−surfactant film
synthesized with a longer C16-maltoside HDM surfactant, the
SAXS pattern in Figure 3c exhibits a similar (11) reflection at
1.518 nm−1, corresponding to a d-spacing of 4.14 nm, and a
partially resolved (20) reflection at 1.43 nm−1 (4.4 nm d-
spacing). These are also consistent with rectangular meso-
structural order and a modestly larger center-to-center distance
separating the larger cylindrical C16-maltoside surfactant
aggregates. The differences in the lengths of the alkyl chains
of the C10-, C12-, and C16-maltoside surfactants thus lead to
significant differences in mesostructural order of the PR−
silica−surfactant films, manifesting the importance of hydro-
phobic chain length on the coassembly and structures of these
materials. As the C12-maltoside surfactant DDM led to the
highest extent of rectangular mesostructural order, it was used
to synthesize all of the PR-containing silica−surfactant films
investigated here, unless otherwise specified.
The incorporation of proteorhodopsin guest molecules into

the hydrophobic mesochannels of PR−silica−surfactant films
serves to swell their local dimensions, with the overall effect on
mesostructural order depending on protein loading. For
example, Figure 4 shows SAXS patterns acquired for
mesostructured silica−surfactant films containing 0, 5, 15, 25,
and 44 wt % proteorhodopsin, which were synthesized with the
same 62.5 DDM (C12-maltoside): 6.1 POPC: 1.4 DOTAP:
22.5 SiO2: 7.5 n-propyl-SiO1.5 mass ratios by weight of
nonbiological components under otherwise identical condi-
tions. Each film exhibited a high degree of transparency and
macroscopically uniform distributions of PR across the 1 cm
diameter films. Nevertheless, significant differences are
observed in the SAXS patterns of the respective films. For
example, for mesostructured silica−surfactant films without
PR, Figure 4a shows three resolved reflections at 1.30, 1.44,
and 1.60 nm−1 (full-width-half-maximum, fwhm, values of
0.035, 0.049, and 0.032 nm−1, respectively), with d-spacings of
4.8, 4.4, and 3.9 nm, that are indexed to the (200), (210), and
(211) planes of a Pm3n cubic mesophase. Interestingly, the
inclusion of 5 wt % PR results in a silica−surfactant material
with a well-ordered rectangular mesophase structure, as
evidenced by narrow (20) and (11) reflections at 1.18 and
1.542 nm−1 (0.049 and 0.036 nm−1 fwhm, respectively) and
also higher-order (31) and (40) Bragg reflections at 2.23 and
2.31 nm−1, corresponding to d-spacings of 5.3, 4.07, 2.8, and
2.7 nm, respectively (Figures 3b and 4b). The displacements of
the (20) and (11) reflections to higher d-spacings are
consistent with PR swelling the hydrophobic regions of the
mesostructured silica−surfactant films. The effect of increased

Figure 3. Small-angle X-ray scattering (SAXS) patterns for 200-μm-
thick mesostructured PR-surfactant-silica films synthesized using
structure-directing maltoside surfactants with different alkyl chain
lengths and overall compositions of 5.0 wt % PR, 5.8 wt % POPC, 1.3
wt % DOTAP, 21.4 wt % SiO2, 7.1 wt % n-propyl-SiO1.5, 9.5 wt %
DDM from the expression and purification of PR, and 49.9 wt %
additional structure-directing maltoside: (a) decylmaltoside (C10-alkyl
chain), (b) dodecylmaltoside (C12-alkyl chain), and (c) hexadecyl-
maltoside (C16-alkyl chain) surfactants. Each SAXS pattern is
accompanied by a schematic diagram showing PR monomers (red)
dispersed within mesostructured surfactant channels in silica (gray).
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protein loading is observed in the SAXS pattern of a 15 wt %
PR-silica−surfactant film shown in Figure 4c, for which a single
narrow reflection is observed at 1.536 nm−1 (0.052 nm−1

fwhm), corresponding to a d-spacing of 4.09 nm, similar to but
slightly broader than the (11) reflection of the 5 wt % PR-
containing film. This reflection is also observed at 1.518 nm−1

(4.14 nm d-spacing, Figure 4d) for a film with 25 wt % PR,
which additionally yields another broader overlapping
reflection centered at 1.33 nm−1 (4.7 nm d-spacing). The
relatively narrow (11) displaced reflections observed for 15
and 25 wt % PR-containing silica−surfactant films suggest
moderate degrees of rectangular mesostructural ordering at
these high protein loadings, although the absence of resolvable
higher-order Bragg reflections prevents indexing to a specific
phase. The broad reflection observed at 1.33 nm−1 is consistent
with increased swelling of the silica−surfactant mesochannels
and the presence of worm-like mesostructural order. PR-
containing silica−surfactant films have been synthesized with
up to 44 wt % functionally active PR, yielding a single broad
SAXS reflection at 1.39 nm−1 (Figure 4e), corresponding to a
d-spacing of 4.5 nm, with the absence of higher order Bragg
reflections indicative of worm-like mesostructural order. The
worm-like mesostructural order exhibited by this film is due in
part to the relatively low concentration of structure-directing
surfactants (39.2 wt % DDM + POPC + DOTAP), below the
1:1 mass ratio of DDM:PR required for the hydrophobic
membrane protein PR to remain soluble during synthesis.48
The maximum loading of proteorhodopsin into these films is
limited by its solubility in water, which may be increased by
increasing the relative concentrations of the lipid surfactants
(POPC and DOTAP). Careful tuning of composition and
synthesis conditions for PR-containing silica−surfactant films
with 62.5 DDM: 6.1 POPC: 1.4 DOTAP: 22.5 SiO2: 7.5 n-
propyl-SiO1.5 by weight has enabled high PR loadings to be
obtained, although with reduced extents of mesostructural
order at higher PR contents. Further improvements in
mesostructural ordering of the films with high protein loadings
may require higher concentrations of structure-directing
surfactants at the expense of lower silica contents or careful
manipulation of external influences such as material-substrate
interactions or directed nucleation sites.

Local Compositions and Interactions at Mesochannel
Surfaces. At the atomic scale, complicated interactions
between organosiloxanes, silica precursors, surfactants, and
proteins govern the assembly of mesostructured silica−
surfactant-protein composites. In particular, the interactions
of the surfactant species at the mesostructured silica walls are
expected to provide insights into the local compositional
features that are key to balancing the combined protein-
stability and structure-directing functions of the different
surfactants. Conventional one-dimensional (1D) solid-state
1H, 13C, and 29Si NMR analyses are sensitive to differences in
local bonding environments, which can lead to differences in
the isotropic chemical shifts of these NMR-active nuclei that
enable different types of chemical species in a material to be
identified. To establish the relative proximities or interactions
of different moieties with each other, two-dimensional (2D)
heteronuclear correlation (HETCOR) NMR techniques are
used to correlate the isotropic chemical shifts of nearby (<1
nm) dipole−dipole-coupled nuclei. Such 2D HETCOR
analyses provide detailed atomic-scale insights into the
interactions of the coassembled surfactant and silica species,
including at the mesochannel surfaces. For example, a 2D
29Si{1H} HETCOR NMR spectrum in Figure 5a of the same 5
wt % PR-containing film as previously discussed (Figures 3b
and 4b) reveals correlated 29Si and 1H signal intensity that can
be assigned to specific moieties that are within nanoscale
proximities of one another. Five distinct 29Si NMR signals are
observed and can be assigned to 29Si moieties in different

Figure 4. SAXS reflections of 200-μm-thick mesostructured
proteorhodopsin (PR)-surfactant-silica films containing different
protein loadings: (a) 0 wt % PR, 62.5 wt % DDM, 6.1 wt %
POPC, 1.4 wt % DOTAP, 22.5 wt % SiO2, 7.5 wt % n-propyl SiO1.5,
(b) 5 wt % PR, 59.4 wt % DDM, 5.8 wt % POPC, 1.3 wt % DOTAP,
21.4 wt % SiO2, 7.1 wt % n-propyl SiO1.5, (c) 15 wt % PR, 53.1 wt %
DDM, 5.2 wt % POPC, 1.2 wt % DOTAP, 19.1 wt % SiO2, 6.4 wt %
n-propyl SiO1.5, (d) 25 wt % PR, 46.9 wt % DDM, 4.6 wt % POPC,
1.0 wt % DOTAP, 16.9 wt % SiO2, 5.6 wt % n-propyl SiO1.5, and (e)
44 wt % PR, 35.0 wt % DDM, 3.4 wt % POPC, 0.8 wt % DOTAP,
12.6 wt % SiO2, 4.2 wt % n-propyl SiO1.5. Each SAXS pattern is
accompanied by an optical image of the film and a schematic diagram
showing PR monomers (red) dispersed within the mesostructured
surfactant channels in silica (gray).
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bonding environments. Fully cross-linked four-coordinate 29Si
Q4 silica species are assigned to the signal at −110 ppm, and
partially cross-linked Q3 silica species with a silanol group are
assigned to the 29Si NMR signal at −101 ppm.49 Organo-
siloxane T1, T2, and T3 29Si moieties are associated with 29Si
NMR signals at −46, −56, and −65 ppm, respectively, where
T3−n represents a tetrahedrally coordinated 29Si atom with one
Si−C covalent bond, 3−n Si−O−Si linkages, and n silanol
groups.49 These 29Si organosiloxane moieties originate from
the hydrolysis of n-propyltriethoxysilane (PTEOS) silica
precursor molecules and contribute to increased mesostruc-
tural order of the films.
Five distinct regions of correlated 29Si and 1H intensity are

observed in the 2D 29Si{1H} HETCOR NMR spectrum of
Figure 5a, which reveal distinct types of dipole−dipole-coupled
silica moieties that are in nanoscale proximities to various
organosiloxane, adsorbed water, and surfactant 1H species.
Specifically, the 1H NMR signal at 1.2 ppm from alkyl moieties
on the organosiloxanes and surfactants is correlated with 29Si
NMR intensity at −56, −65, −101, and −109 ppm associated
with T2, T3, Q3, and Q4 silica species, respectively, as
highlighted in blue. The majority of the correlated signal
intensities between the 1H signal at 1.2 ppm and the 29Si
signals at −56 and −65 ppm from the Tn moieties is due to the

strong dipolar interactions that are associated with the
covalently bonded organosiloxane propyl groups (Figure 5b).
The 1H signal at 4.3 ppm is attributed to the cationic lipid
headgroups of the DOTAP and POPC, which is consistent
with the solution-state 2D 13C−1H NMR correlation spectra of
these lipids (Figures S1 and S2) and literature reports50 and
which exhibits correlated intensity with the 29Si signal centered
at −101 ppm (red) from hydrophilic Q3 silica moieties.
Importantly, the 1H signals in the region of 6.5−7.5 ppm
manifest hydrogen-bonded moieties associated with the DDM
surfactant species, which are strongly correlated with the 29Si
signal centered at −101 ppm (yellow) from partially cross-
linked Q3 moieties and more weakly correlated with 29Si signals
at −46 and −56 ppm (yellow) from partially cross-linked T1

and T2 moieties, all of which have pendant silanol groups.
These results provide evidence for the nanoscale proximity of
the DDM species near the mesochannel walls and their role in
directing the coassembly of the mesostructured silica−
surfactant matrix. There are no correlated signals that would
suggest strong direct interactions between the proteorhodopsin
guests and the silica matrix, which is consistent with the
conformational freedom of the protein discussed below. The
2D 29Si{1H} HETCOR NMR analyses thus establish strong
interactions between the silica mesochannel surfaces and both
the saccharide headgroups of the DDM surfactant species and
the cationic headgroups of the DOTAP or POPC lipid species.
The results corroborate the schematic diagrams in Figure 2b,
which depict proteorhodopsin in the mesochannel centers of
the PR-containing silica−surfactant films.

Effects of Non-Native Host Environments on Proteo-
rhodopsin Photocycle Kinetics. Under native conditions,
photoactivation of proteorhodopsin induces a series of cyclical
conformational changes that transport H+ cations along its
associated ion channel and across the cell membranes of
marine bacteria. This photocycle is dependent, in particular, on
the D97 residue of proteorhodopsin (Figure 1a), which is a key
H+ acceptor that, if already protonated, discourages net H+

transport.51 The protonation state of the D97 residue and its
pKa (the pH value at which half of these residues are
protonated) are therefore integral to the function of
proteorhodopsin. Importantly, the pKa of residue D97 of
proteorhodopsin is significantly influenced by its local
environment. For example, in similar DDM micellar solutions,
the pKaD97 is 6.5 for wild-type oligomeric proteorhodopsin and
7.2 for the monomer-enriched E50Q mutant of proteorhodop-
sin.25,52 Similarly, the coassembled surfactants and silica
species in the mesostructured films influence the local chemical
environments of the PR guest molecules, including the D97
residue and, importantly, the light-responsive retinal group.
The latter can be probed by using UV−visible spectroscopy to
measure the pH-dependent optical absorbance transition of the
retinal group. Doing so reveals a pKaD97 of 6.2 for monomeric
PR in the DDM + POPC + DOTAP-directed silica films, a
value that is higher than previously reported (pKaD97 5.6) for
PR in POPC + DOTAP liposomes without DDM,43 and
significantly lower than the pKaD97 of 8.2 observed for PR in
DDM + DHPC-directed silica films. The 2-unit lower pKaD97
value for PR in DDM + POPC + DOTAP-directed silica films
results in a significantly larger percentage (86%) of H+-
transporting PR monomers with a deprotonated D97 residue
compared to DDM + DHPC-silica films for which only 6% of
the D97 residues are deprotonated at pH 7. These large
differences in pKaD97 appear to arise from differences in ion

Figure 5. (a) Solid-state 2D 29Si{1H} HETCOR NMR spectrum for
the same mesostructured 5 wt % PR, 59.4 wt % DDM, 5.8 wt %
POPC, 1.3 wt % DOTAP, 21.4 wt % SiO2, and 7.1 wt % n-propyl
SiO1.5 film for which the SAXS patterns in Figures 3b and 4b were
obtained. The spectrum was acquired at 298 K, 11.7 T, and 12.5 kHz
MAS with a short 1.0 ms cross-polarization contact time used to
probe strong 29Si−1H dipolar couplings between 29Si and 1H moieties
in subnanoscale proximity. 1D projections of correlated 29Si and 1H
intensities are shown on the horizontal and vertical axes, respectively.
(b) Schematic diagram of molecular moieties at the mesochannel
walls, which are consistent with the 2D NMR results. Proximate silica-
organosiloxane (blue) and silica−surfactant (red) interactions are
highlighted.
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distributions near function-dependent residues along the PR
ion channel, which are sensitively influenced by the
compositions and architectures of the cationic and zwitterionic
lipid components in mesostructured PR−silica−surfactant
films with otherwise similar compositions.
The fact that the proteorhodopsin-stabilizing lipid compo-

nents so strongly affect protonation of the interior D97 residue
suggests extensive nonlocal conformational changes of the PR
guests that are expected to influence their light-activated
photocycle kinetics as well. Such effects can be probed by time-
resolved UV−visible light spectroscopy, which measures the
relative absorbance of light by PR molecules as they undergo
photoactivated conformational changes during their photo-
cycle. The retinal chromophore of PR (which absorbs green
light, giving the protein its distinct purple-red color) is
sensitive to changes in its local environment, which are
manifested by differences in the wavelength of light that the
retinal absorbs. As a consequence, the relative absorbance of
light by the retinal is a function of both the wavelength of the
incident light and time as the photocycle proceeds. Time-
resolved UV−visible absorbance spectra of PR in different
chemical environments can therefore be compared to elucidate
the effects that different hosts or conditions have on the
photocycle kinetics of PR. In particular, it is possible to
monitor the photocycle of monomeric PR with time steps that
are sufficiently short so that both the accumulation and
depletion of photointermediates are observed. This is
demonstrated in the time-resolved UV−visible light spectra
in Figure 6 for 5 wt % PR-containing DDM + POPC +
DOTAP-directed silica films at different pH conditions at
wavelengths of 410, 500, 570, and 630 nm. For an as-
synthesized 5 wt % PR−silica−surfactant film at pH 4.1
(chosen to balance mesophase coassembly and PR stability
considerations during synthesis, as discussed above), the low
pH conditions result in less than 1% of the D97 residues of
monomeric PR guests being deprotonated. Under these
conditions, a distinct photocycle with three spectrally resolved
intermediates (K, L, and N) and one spectrally silent
intermediate (PR′) are observed, as shown in Figure 6a.51
The UV−visible light spectra of PR in as-synthesized DDM

+ POPC + DOTAP-directed silica−surfactant films (Figure
6a) show no absorbance changes at 410 nm throughout the PR
photocycle, which is characteristic of proteorhodopsin with a
dominating fraction of protonated (i.e., inactive) D97.51 At
early times following green laser excitation, mesostructured
silica−surfactant films with PR show a positive difference
absorbance intensity at 570 and 630 nm and a negative
intensity at 500 nm. The intensities at each of these
wavelengths decay monotonically toward zero at long times,
similar to spectra observed for PR in DDM micellar solutions
and in E. coli lipids under aqueous acidic conditions, which also
show positive difference intensities at 570 and 630 nm and
negative intensities for 500 nm immediately after light
excitation.51 To evaluate these differences quantitatively, the
spectra were fit by approximating the absorbance intensities at
each wavelength as a sum of monoexponential decays with
wavelength-specific pre-exponential factors and mutual (wave-
length-nonspecific) time constants. These time constants are
shared across the set of linear equations and represent the
characteristic time scales for the serial light-activated
interconversions of PR between two or more down-cycle
photointermediates. For the spectra in Figure 6a, three
exponentials corresponding to time constants τ1 = 1 ms, τ2 =

19 ms, and τ3 = 165 ms were used to produce accurate fits. By
comparison with other photocycle analyses of PR in E. coli
lipids,51 these characteristic times (the reciprocals of which
represent apparent rate coefficients) are associated with the
rates of interconversion between specific PR photointermedi-
ates: τ1 to the conformational change that occurs as the K
conformer isomerizes into the L intermediate, τ2 to the
conversion of the L conformer into the N intermediate, and τ3
to the rate-limiting conversions of the N conformer into the
PR′ intermediate and the subsequent isomerization of PR′
back to the original PR conformation, whereupon the cycle can
repeat. For the proteorhodopsin-containing mesostructured
silica−surfactant films investigated here, acidic conditions are
not suitable for selective H+ transport.
By comparison, moderately alkaline pH conditions lead to

substantial deprotonation of the key D97 residue of
proteorhodopsin in DDM + POPC + DOTAP-directed silica
films, which is required for H+ transport. Previously,
photoactivation of proteorhodopsin at pH 9.5 in membrane-
fragments encased in polyacrylamide was shown to produce a
spectrally distinct photocycle that transported a H+ cation
through the PR ion channel.53 To observe this photocycle in
5 wt % PR-containing DDM + POPC + DOTAP-directed
silica materials, the films were hydrated for 1 week in pH 9

Figure 6. Time-resolved UV−visible light spectra showing transient
absorbance traces at wavelengths of 410, 500, 570, and 630 nm for
monomeric proteorhodopsin (PR) in PR-containing silica−surfactant
films under varying pH conditions: (a) as-synthesized at pH 4.1 and
(b) hydrated for 1 week at pH 9. Schematic diagrams are provided for
the (a) acidic and (b) alkaline photocycles of proteorhodopsin.
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buffer containing 50 mM K2HPO4 and 150 mM HCl.
Importantly, due to the low pKaD97 value of 6.2 of this
material, these conditions result in deprotonated D97 residues
in 99.8% of PR monomers in the film. The effect of alkaline
hydration on this film can be observed macroscopically as a
displacement of the maximum absorbance of the retinal of PR
to shorter wavelengths, causing the film to change from purple
to red. The photocycle of proteorhodopsin under these pH
conditions has been previously reported and involves
conformational changes into six photocycle intermediates
(PR, K, M1, M2, N, and PR′, as shown in the inset of Figure
6b).54
In fact, the complicated photocycle kinetics of PR-

containing silica−surfactant films at pH 9 resemble the light
absorbance properties of native-like PR. Specifically, the
accumulation and decay of the 410 nm trace, which is not
observed for as-synthesized acidic PR−silica−surfactant films
(Figure 6a), is attributable solely to the populations of the M
intermediates and indicates that proteorhodopsin undergoes a
native-like photocycle.51 Interestingly, this 410 nm trace rises
to a maximum at ∼500 μs, significantly slower than
monomeric PR in DDM micellar solutions, which peak at
∼60 μs for a similar alkaline pH value,29 and is instead more
similar to the absorbance spectra observed for wild-type
proteorhodopsin in POPC bicelles.55 This is notable because
the 5 wt % PR−silica−surfactant films analyzed in Figure 6
contain 59.4 wt % DDM and only 7.1 wt % POPC + DOTAP,
suggesting that interactions between the protein, POPC, and
DOTAP significantly impact the PR photocycle. While the
accumulation and depletion of the M intermediate of PR,
which maximally absorbs at 410 nm, can be observed on its
own, the absorbance spectra of the PR, K, N, and PR′
photointermediates overlap, absorbing maximally at approx-
imately 520, 555, 560, and 520 nm, respectively.54 The
absorbance-difference data at 570 nm show initially positive
intensity, which is attributable to the accumulation of the K
intermediate conformer, and decays until ∼300 μs, at which
point a second increase in intensity is observed, corresponding
to an increase in the population of the N intermediate. These
results correlate well with the accumulation and decay of theM
intermediates, as characterized by the 410 nm spectral data,
which are between the K and N intermediates in the PR
photocycle. Although not directly attributable to the
populations of specific photocycle intermediates, the absorb-
ance-difference data at 500 and 630 nm show distinct
decreases in intensity at ∼3 ms, which are similar to the
behavior of monomeric proteorhodopsin in DDM micelles at
similar wavelengths.29 Importantly, the similar UV−visible
light spectral behavior of proteorhodopsin in alkaline-hydrated
mesostructured silica−surfactant films, compared to PR in
native-like micellar solutions and lipid bicelles, demonstrates
that functionally active PR guest species can be obtained by
rehydrating the films from pH 4.1 to alkaline conditions, such
as pH 9.
Based on global fit analyses of transient UV−visible

spectroscopy results in Figure 6b, four exponentials accurately
described the photocycle kinetics of PR in DDM + POPC +
DOTAP-directed silica materials under alkaline conditions at
pH 9. Specifically, the absorbance-difference spectra lead to
distinct time constants of τ1 = 95 μs, τ2 = 2 ms, τ3 = 8 ms, and
τ4 = 60 ms. Following the analyses of Idso et al. for monomeric
PR in DDM micellar solutions,29 τ1 is attributed to the
conversion of the K conformer into the M1 intermediate, τ2 is

associated with sequential conversions between the M1, M2,
and N intermediates, and τ3 and τ4 correspond to serial
conversions between the N, PR′, and PR intermediates.
Notably, the longest time constant (τ4 = 60 ms) observed for
monomeric PR in DDM + POPC + DOTAP-directed silica−
surfactant films is significantly shorter than the corresponding
time constant of 82 ms for PR in DDM micelles, as reported by
Idso et al.29 Comparison of these analyses suggests that the
time constants τ3 and τ4 correspond to the rate-limiting steps
N to PR′ and PR′ to PR associated with H+ transport of PR in
the mesostructured silica−surfactant host film, which are
dependent on and can be mediated by interactions between PR
molecules and the structure-directing and stabilizing DDM
surfactant species and POPC and DOTAP lipids.

Mechanical and Thermal Stability Properties of
Proteorhodopsin-Containing Silica Films. The composi-
tion-structure relationships of protein-host materials influence
their mechanical properties. Specifically, the elastic moduli and
hardnesses of mesostructured PR-containing silica−surfactant
films are dependent on the extent of mesostructural ordering
and PR loading of the films. This is evident in Figure 7, which
shows nanoindentation analyses of PR-containing mesostruc-
tured silica−surfactant films as a function of proteorhodopsin
content over the range 0−44 wt % PR. Previously, relatively
poor mechanical properties (0.005 GPa mean hardness,

Figure 7. Nanoindentation analyses of the (a) hardness and (b)
elastic moduli of mesostructured silica−DDM + POPC + DOTAP
films with different monomeric proteorhodopsin loadings: 0, 5, 15, 25,
35, and 44 wt % PR with rectangular (blue) or wormlike (orange)
mesostructural order.
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0.260 GPa mean modulus) were reported for a 5 wt % PR-
containing silica−surfactant film with worm-like mesostruc-
tural order that was synthesized using DDM, 1,2-diheptanoyl-
sn-glycero-3-phosphocholine (DHPC), and sodium perfluor-
ooctanoate.5 Here, for comparison, 5 wt % PR-containing
DDM + POPC + DOTAP-directed mesostructured silica−
surfactant films with worm-like or rectangular mesostructural
ordering were synthesized and their mechanical properties
compared. The worm-like material exhibited a hardness of 0.05
± 0.01 GPa (Figure 7a) and modulus of 2.40 ± 0.26 GPa
(Figure 7b), while the rectangular mesostructured PR-silica−
surfactant material was measured to have a hardness of 0.10 ±
0.02 GPa (Figure 7a) and a modulus of 3.19 ± 0.35 GPa
(Figure 7b), values of which are at least an order of magnitude
greater than previous PR-containing films. For PR-containing
DDM + POPC + DOTAP-directed mesostructured silica−
surfactant films over the range 0−25 wt % PR loading,
rectangular mesostructural ordering exhibited on average a
0.04 GPa higher hardness and 0.94 GPa higher modulus,
compared to similar films with wormlike mesostructural
ordering. The increased hardnesses and moduli of PR-
containing silica−surfactant films with rectangular, compared
to wormlike, mesostructural ordering is attributed in part to
the periodic organization and thickness of silica walls between
the mesochannels over which stresses are relatively evenly
distributed.56
PR loading is also observed to have a significant effect on the

mechanical properties of the mesostructured silica−surfactant
films. For example, PR-containing films with wormlike
mesostructural ordering exhibited hardnesses of 0.05 ± 0.01
GPa without PR and up to 0.08 ± 0.01 GPa for a 25 wt % PR
film (Figure 7a), while compositionally similar films with
rectangular mesostructural ordering (the same films as in
Figures 4a−d) exhibited hardnesses of 0.07 ± 0.01 GPa
without PR and up to 0.14 ± 0.01 GPa for a 25 wt % PR-
containing film (Figure 7b). The moduli of the respective films
similarly increased from 1.54 ± 0.55 to 3.2 ± 1.6 GPa for films
with worm-like mesostructural order and from 2.9 ± 0.19 to
4.0 ± 0.19 GPa for films with rectangular mesostructural order.
Interestingly, the hardnesses and moduli of the films increased,
even though the relative silica contents were lower in films with
higher PR contents (with the ratios of all other species held
constant). This is consistent with the relatively stiff properties
of the seven aligned α-helices that constitute much of each PR
monomer and is supported by recent investigations that have
reported similar moduli and trends for other α-helix-containing
proteins.57 However, otherwise identical mesostructured-
containing silica−surfactant films with higher PR loadings of
35 and 44 wt % PR and reduced extents of worm-like
mesostructural order (Figure 4) exhibited less robust
mechanical properties, with hardnesses of 0.05 ± 0.01 and
0.07 ± 0.01 GPa, and moduli of 2.64 ± 0.21 and 2.55 ± 0.2
GPa, respectively. These hardness and modulus values are
significantly lower than those measured for the mesostructured
25 wt % PR films with similar worm-like mesostructural order.
This is due in part to the lower silica contents of the 35 and 44
wt % PR-containing films (19.5 and 16.8 wt % silica,
respectively), compared to the 25 wt % PR film (22.5 wt %
silica), which provides the most robust host matrix for the film
compositions and conditions examined. These results demon-
strate that, for the compositions and conditions investigated, a
high extent of mesostructural order and 25 wt % PR loading
correlate with increased film hardness and modulus, observa-

tions that are supported by trends in other materials in which
high-modulus guest molecules have been incorporated to
increase the bulk modulus of composite materials.58 The
moduli and hardnesses of rectangular PR-containing silica−
surfactant films are significantly greater than previous
formulations of similar materials5 and comparable with
nonprotein-containing mesostructured silica materials.31,59
Similarly, the thermal stability of proteorhodopsin guest

molecules in silica−surfactant host matrices also depends on
the compositions of the films and their extents of
mesostructural order. Previously, DDM + DHPC + PFO-
directed host films were shown to exhibit higher thermal
stability of PR (up to approximately 97 °C) compared to PR in
P123 triblock copolymer-directed films or PR in native-like
phospholipid membranes.5 Figure 8 shows the results of

normalized static UV−visible light absorbance measurements,
as functions of temperature, for 5 wt % PR incorporated into
DDM + POPC + DOTAP-directed rectangular and worm-like
mesostructured silica films. Interestingly, proteorhodopsin
guest molecules exhibited significantly greater thermal
stabilities, up to approximately 110 °C after 2 h in well-
ordered rectangular mesostructured silica−surfactant materials,
compared to compositionally identical host matrices with
worm-like structures. For PR in the rectangular mesostructured
host, 85% normalized intensity at 520 nm was retained at
110 °C and 48% at 130 °C, which represents a significant
increase in the thermal stability of PR, compared to other
previously reported synthetic host materials.5 The retention of
PR stability up to 110 °C and the gradual loss in absorbance at
520 nm (attributed to denaturation of PR) can be observed
visually as a loss in the purple color of the film (Figure S7).
Significant and essentially complete denaturation of the PR
guest molecules, at 140 and 150 °C, respectively, can be
observed visually as a transition to a yellow film, the color
associated with denatured PR.
For comparison, heat treatment analyses were conducted on

films with identical compositions but with wormlike

Figure 8. Normalized UV−visible light absorbance intensities at 520
nm for mesostructured 5 wt % PR, 59.4 wt % DDM, 5.8 wt % POPC,
1.3 wt % DOTAP, 21.4 wt % SiO2, and 7.1 wt % n-propyl SiO1.5 films
with rectangular (blue) and wormlike (orange) mesostructural
ordering after heat treatment for 24 h. The absorbance at 520 nm
was measured for the center of each sample following heat treatment
and normalized against a similar measurement taken prior to heat
treatment.
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mesostructural order. As shown by the orange data points in
Figure 8, PR guest molecules in films with wormlike structures
exhibited significantly lower normalized absorbances at 520 nm
following heat treatment over the range 70−120 °C. More
specifically, PR in DDM + POPC + DOTAP-directed silica
films with worm-like mesostructural order retained approx-
imately 80% absorbance at 520 nm up to 80 °C, similar to PR
in phospholipid membranes.5 However, PR in such films
exhibited significantly diminished absorbance above 90 °C,
temperatures at which PR in phospholipid bilayers is also fully
denatured. The different thermal stabilities of PR in DDM +
POPC + DOTAP-directed mesostructured silica films with
rectangular versus wormlike mesostructural order are thought
to be due, in part, to differences in the local hydration
environments of hydrophilic moieties at the extracellular and
cytoplasmic ends of PR.60,61 Such moieties are expected to be
influenced by interactions with the structure-directing
surfactant species that depend on the extent of mesostructural
order. Hydrophilic protein loops can exchange protons with
surrounding water molecules, and environment-induced
changes in hydration have been shown to have significant
effects on the photocycle kinetics of PR.62 The normalized
absorbance data in Figure 8 suggest that lower extents of
mesoscale order perturb the hydration of these hydrophilic
moieties and their interactions with surrounding water
molecules, resulting in unfavorable distributions of PR
hydration that reduces their hydrothermal stability compared
to similar host matrices with more ordered mesoscale
structures.

■ CONCLUSIONS

Mesostructured silica−surfactant materials have emerged as
promising hosts to harness the unique and diverse function-
alities of transmembrane proteins in macroscopic material
morphologies such as thin films. The mesostructured
proteorhodopsin-containing silica−surfactant materials re-
ported here are well-ordered and have high membrane protein
contents that exhibit native-like photocycle kinetics in
transparent mechanically and thermally robust films. Comple-
mentary multiscale characterization techniques provide de-
tailed insights into the protein-stabilizing and structure-
directing roles of surfactant species that promote coassembly
of membrane proteins into mesostructured silica−surfactant
hosts, along with the effects of different abiotic environments
on the photocycle kinetics of the proteorhodopsin guests.
SAXS analyses establish the alkyl chain lengths that promote
high extents of rectangular mesostructural order in DDM +
POPC + DOTAP−structure-directed films. Furthermore, this
technique elucidates the effects of guest PR loading (up to 44
wt %) on the mesostructural ordering of silica−surfactant host
films. Solid-state NMR corroborates that hydrophilic saccha-
ride surfactant and charged lipid headgroups associate with
hydrophilic moieties of the silica mesochannel wall by
hydrogen-bonding and electrostatic interactions, respectively.
The results demonstrate the importance of film composition,
particularly the types and relative fractions of nonionic,
zwitterionic, and cationic surfactants that contribute toward
significantly improved mesostructural ordering, protein load-
ings, and mechanical properties, when compared to polymer,
gel, glass, or previously reported mesostructured silica protein-
host materials. Nanoindentation analyses quantify the bulk
mechanical properties of the films and showed that the
hardness and modulus of a silica−surfactant film increased

with PR loading or mesostructural order. Additionally, thermal
testing analyses reveal improved stability for PR guest moieties
within well-ordered host materials. Complementary pKa
measurements and time-resolved UV−visible absorption
spectroscopy establish that the inclusion of zwitterionic
POPC and cationic DOTAP lipids significantly lower the
pKa of a key function-dependent residue of PR, thereby
increasing the active populations of PR. Global fit analyses of
the time-resolved UV−visible light spectra quantify influences
of local chemical environments on the photocycle of
proteorhodopsin, revealing that the kinetics of the rate-limiting
step in the photocycle of PR are dependent on and can be
mediated by the host material composition and structure. Such
insights enable the selective incorporation of monomeric
proteorhodopsin molecules into mesostructured silica−surfac-
tant materials, with the tertiary structure of the protein largely
unperturbed during the coassembly process. The high protein
loading, mechanical robustness, and thermal stability of these
DDM + POPC + DOTAP−silica−surfactant proteorhodopsin-
host films open opportunities for harnessing transmembrane
proteins in non-native environments. The results provide
improved understanding of the complicated interactions that
mediate PR functionality in nonbiological environments and
provide criteria and guidance for selecting and optimizing the
compositions and conditions that enhance PR performance.
Given the archetypical seven-α-helical structure of proteo-
rhodopsin, the insights are expected to apply to other
transmembrane membrane proteins and provide general
guidance for synthesizing abiotic host materials for incorporat-
ing proteins with diverse functions.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01303.

Solution-state 2D 1H−13C HSQC NMR spectra for
structure-directing surfactants; time-resolved UV−visible
spectra of monomeric proteorhodopsin (in as-synthe-
sized films at pH 4.1 and in silica−surfactant films at pH
9) for all wavelengths measured and used in the global fit
analyses; and SEM, TEM, and optical images of
mesostructured silica−surfactant-proteorhodopsin mate-
rials (PDF)

■ AUTHOR INFORMATION

Corresponding Author

Bradley F. Chmelka − Department of Chemical Engineering,
University of California, Santa Barbara, California 93106-
5080, United States; orcid.org/0000-0002-4450-6949;
Email: bradc@ucsb.edu

Authors

Maxwell W. Berkow − Department of Chemical Engineering,
University of California, Santa Barbara, California 93106-
5080, United States

Hosu Gwak − Department of Chemical Engineering,
University of California, Santa Barbara, California 93106-
5080, United States

Matthew N. Idso − Department of Chemical Engineering,
University of California, Santa Barbara, California 93106-
5080, United States; orcid.org/0000-0001-5685-0870

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01303
Chem. Mater. 2023, 35, 8502−8516

8513

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01303?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01303/suppl_file/cm3c01303_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradley+F.+Chmelka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4450-6949
mailto:bradc@ucsb.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxwell+W.+Berkow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hosu+Gwak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+N.+Idso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5685-0870
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+B.+Schmithorst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Michael B. Schmithorst − Department of Chemical
Engineering, University of California, Santa Barbara,
California 93106-5080, United States; orcid.org/0000-
0002-8795-5082

Bailey E. Rhodes − Department of Materials, University of
California, Santa Barbara, California 93106-5050, United
States

Brad D. Price − Department of Physics, University of
California, Santa Barbara, California 93106-9530, United
States; orcid.org/0000-0002-2674-4206

Daniel S. Gianola − Department of Materials, University of
California, Santa Barbara, California 93106-5050, United
States

Songi Han − Department of Chemical Engineering, University
of California, Santa Barbara, California 93106-5080, United
States; Department of Chemistry and Biochemistry,
University of California, Santa Barbara, California 93106-
9510, United States; orcid.org/0000-0001-6489-6246

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.3c01303

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We are pleased that this paper is being featured in special issue
in honor of Dr. Clement Sanchez, whose leadership, creativity,
and depth of knowledge have inspired progress across
interdisciplinary fields of materials research. This work was
supported by the Institute for Collaborative Biotechnologies
through grant W911NF-19-2-0026 from the U.S. Army
Research Office. Materials characterization analyses were
conducted using the shared facilities of the Materials Research
Science and Engineering Center (MRSEC) at UC Santa
Barbara: NSF DMR-2308708. The UC Santa Barbara MRSEC
is a member of the Materials Research Facilities Network
(www.mrfn.org). B.E.R. gratefully acknowledges support by
the U.S. Department of Defense (DoD) through the National
Defense Science & Engineering Graduate (NDSEG) Fellow-
ship Program. We thank Prof. G. Váró for helpful discussions
and Prof. M. Sherwin and NSF MCB-2025860 for the support
of time-resolved UV−visible light spectroscopy measurements.

■ ABBREVIATIONS

PR, monomer-enriched E50Q proteorhodopsin mutant; DM,
n-decyl-β,D-maltoside; DDM, n-dodecyl- β,D-maltoside; HDM,
n-hexadecyl-β,D-maltoside; POPC, 1-palmitoyl-2-oleoyl-glyc-
ero-3-phosphocholine; DOTAP, 1,2-dioleoyl-3-trimethylam-
monium-propane; DHPC, 1,2-diheptanoyl-sn-glycero-3-phos-
phocholine; TEOS, tetraethoxysilane; PTEOS, n-propyltrie-
thoxysilane; IPTG, isopropyl β,D-1-thiogalactopyranoside;
SAXS, Small angle X-ray scattering; NMR, Nuclear magnetic
resonance spectroscopy; HETCOR, heteronuclear correlation;
HSQC, heteronuclear single quantum coherence spectroscopy
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