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Abstract Surface-enhanced Raman spectroscopy (SERS)

has developed dramatically since its discovery in the

1970s, because of its power as an analytical tool for

selective sensing of molecules adsorbed onto noble metal

nanoparticles (NPs) and nanostructures, including at the

single-molecule (SM) level. Despite the high importance of

membrane proteins (MPs), SERS application to MPs has

not really been studied, due to the great handling difficul-

ties resulting from the amphiphilic nature of MPs. The

ability of amphipols (APols) to trap MPs and keep them

soluble, stable, and functional opens up onto highly inter-

esting applications for SERS studies, possibly at the SM

level. This seems to be feasible since single APol-trapped

MPs can fit into gaps between noble metal NPs, or in other

gap-containing SERS substrates, whereby the enhancement

of Raman scattering signal may be sufficient for SM sen-

sitivity. The goal of the present study is to give a proof of

concept of SERS with APol-stabilized MPs, using bacte-

riorhodopsin (BR) as a model. BR trapped by APol A8-35

remains functional even after partial drying at a low

humidity. A dried mixture of silver Lee–Meisel colloid

NPs and BR/A8-35 complexes give rise to SERS with an

average enhancement factor in excess of 102. SERS spectra

resemble non-SERS spectra of a dried sample of BR/APol

complexes.Electronic supplementary material The online version of this
article (doi:10.1007/s00232-014-9701-9) contains supplementary
material, which is available to authorized users.
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Introduction

It has long been recognized that Raman scattering (RS) is

one of the most informative spectroscopic techniques

(Carey 1982) to study biological macromolecules. This

vibrational spectroscopy provides information about con-

formational states of the analytes and their intra- and inter-

molecular interactions. For example, the changes in

molecular conformation that characterize many molecular

biological phenomena can produce large changes in Raman

band positions (Carey 1982; Peticolas 1995; Benevides

et al. 2004). By monitoring these frequency shifts, one can

analyze secondary structures and detect ligand-induced

conformational changes of biomolecules.

Despite the considerable advantages of RS for biological

studies, the very small cross section of biological mole-

cules (*10-30 to 10-24 cm2 per molecule) limits appli-

cations of this vibrational spectroscopy. In particular RS

does not possess single-molecule (SM) sensitivity (Kneipp

et al. 2006; Le Ru and Etchegoin 2012). To compare,

fluorescence cross sections are *10-16 cm2 per molecule.

Discovered in 1974 (Fleischmann et al. 1974; Jeanmaire

and Van Duyne 1977; Albrecht and Creighton 1977), surface-

enhanced Raman scattering (SERS) provides greater sensi-

tivity than conventional RS (Moskovits 1985; Otto 1984).

Because it provides Raman enhancement factors (EFs) in the

range of 104–1011, SERS is becoming a powerful technique

for probing biological molecules adsorbed onto noble metal

nanostructured surfaces (Kneipp et al. 2006; Le Ru and Et-

chegoin 2012). The enhancement mechanism originates in

part from the large local electromagnetic fields caused by

resonant surface plasmons that can be optically excited at

certain wavelengths for noble metal nanoparticles (NPs) of

different shapes, compact assemblies of NPs, or noble metal

nanostructures. In addition, metal nanostructures and analytes

can form charge-transfer complexes, providing further

enhancement of SERS (Otto 1984; Stiles et al. 2008).

The enhancement of Raman signals can be up to *109

to 1011 if the analyte lies in so-called ‘‘hot spots,’’ which

are usually highly localized regions (Le Ru et al. 2006a),

typically gaps between silver and gold nanostructures. The

‘‘hot spot’’ enhancement can then be large enough to allow

single-molecule Raman spectroscopy (Nie and Emory

1997; Kneipp et al. 1997; Xu et al. 2000; Jiang et al. 2003;

Futamata et al. 2005; Futamata 2006; Le Ru et al. 2006b).

Considerable efforts have been made to exploit the non-

destructive nature of Raman spectroscopy, along with its

high information content, for spectroscopic studies of

single biomolecules, and as a basis of supersensitive bio-

sensors. There are good examples of using SERS for

studying and sensing proteins (Chumanov et al. 1990;

Nabiev et al. 1990; Drachev et al. 2005). For instance,

SERS can distinguish between two insulin isomers, human

insulin and its analogue insulin lispro (Drachev et al.

2004). SM SERS of several water-soluble proteins has also

been achieved (Xu et al. 1999; Habuchi et al. 2003; Delfino

et al. 2006). There is, however, little information about

applying SERS to membrane proteins (MPs) (Nabiev et al.

1990; Hrabakova et al. 2006; Naumann et al. 2006;

Deckert-Gaudig et al. 2012), and no examples of successful

MP SM SERS studies. Yet, MPs are among the most

important biological targets: they comprise about one-third

of the human genome (Krogh et al. 2001), perform the

main functions of biological membranes, and are of great

interest to the pharmaceutical industry, around 60 % of all

current drugs targeting MPs (Overington et al. 2006).

MPs are difficult to study because of their amphiphilic

nature. Upon being extracted from biological membranes and

rendered water-soluble by their association with detergents, as

is traditionally done, they tend to rapidly lose their function-

ality. As an alternative, MPs can be kept soluble in detergent-

free solutions by trapping them with amphipathic polymers

called amphipols (APols) (Tribet et al. 1996; Popot et al. 2011;

Zoonens and Popot 2014). Due to a combination of factors,

among which the low detergency of APols, their very low

critical aggregation concentration, and their damping effect on

MP dynamics (see Popot et al. 2011; Giusti et al. 2012; Perl-

mutter et al. 2014), most APol-trapped MPs are significantly

more stable than their detergent-solubilized counterparts

(reviewed in Popot 2010; Popot et al. 2003, 2011; Kleinsch-

midt and Popot 2014). APols do not desorb spontaneously

from MPs even at extreme dilutions (Zoonens et al. 2007;

Tribet et al. 2009), and fluorescence and surface plasmon

resonance experiments show that APol-trapped MPs immo-

bilized onto solid supports remain stable and functional even

after extensive flushing with APol-free solutions (Charvolin

et al. 2009). Under such conditions, it is possible to study MP/

APol complexes without any interference by free APol.

These properties of APols point to their potential useful-

ness for performing MP SERS studies. It seems feasible

indeed to insert MP/APol complexes, whose size is typically

in the 5–10 nm range, in hot spots of appropriate SERS

substrates, for example in the gaps between silver NPs, where

Raman signals can become enhanced by factors between

*107 (5-nm gap) and *105 (10-nm gap) (Xu et al. 1999,

2000, 2001). It has been suggested that SM sensitivity can be

achieved provided the effective SERS cross section of a

molecule is C10-19 cm2 (Le Ru and Etchegoin 2012). An

enhancement by 107 therefore in principle allows to detect a

single MP with a Raman cross section C10-26 cm2. Such

values are observed at least under resonance Raman (RR)
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conditions. For example, the Raman cross section of bacte-

riorhodopsin (BR), a light-driven proton pump from Halo-

bacterium salinarum, is *10-24 to 10-23 cm2 per molecule

for some Raman bands of its chromophore, retinal, under

resonance laser excitation at 514.5 nm (Myers et al. 1983).

An enhancement by 104–105 should therefore suffice to

observe SERS by a single-BR molecule. Thus, the use of

APols for keeping soluble and stabilizing MPs could open the

way to SM SERS studies of MPs, at least if one can combine

RR and SERS. It should also be mentioned that coherent anti-

Stokes Raman scattering (CARS) (Begley et al. 2003) in

combination with SERS may be another way to obtain RS by

SMs (Koo et al. 2005; Steuwe et al. 2011), because CARS

spectroscopy provides enhancements of several orders of

magnitude relative to conventional Raman spectroscopy.

BR is one of the best characterized MPs, which has been

studied by a vast array of biophysical techniques (see e.g.,

Maeda 1995; Lanyi 2004; Hirai et al. 2009; Morgan et al.

2012), including Raman spectroscopy (Smith et al. 1985;

Nabiev et al. 1990; Mathies 1991). Furthermore, BR has

been used as a model MP to develop APols, and its com-

plexes with the polyacrylate-based APol A8-35 (Tribet et al.

1996) have been extensively studied (Pocanschi et al. 2006;

Gohon et al. 2008; Charvolin et al. 2009; Dahmane et al.

2013; Etzkorn et al. 2013, 2014; Elter et al. 2014). When BR

is transferred to A8-35 from a solution of detergent-solubi-

lized purple membrane, as has been done in the present work,

the complexes comprise the protein, purple membrane lipids,

and*2 g of APol per g of protein (Gohon et al. 2008). APol-

trapped BR is functional and highly stable (Gohon et al.

2008; Dahmane et al. 2013). It can be immobilized onto solid

supports, using various tagged APols, and flushed with sur-

factant-free buffers without denaturation (Charvolin et al.

2009; Della Pia et al. 2014a, b; Le Bon et al. 2014). In the

present study, BR/A8-35 complexes have been used to

explore the feasibility of studying APol-trapped MPs by

SERS. We found that A8-35-trapped BR stays native and

stable even in a dried state at low humidity, which allows one

to assemble it with noble metal NPs. A dried mixture of BR/

A8-35 solution and Ag NPs colloid prepared by the Lee-

Meisel method (Lee and Meisel 1982) showed considerable

enhancement of Raman signals. The SERS spectrum of A8-

35-trapped BR is similar to the non-SERS spectrum of the

same complexes in the dried state at low humidity, with an

average SERS enhancement by at least 102.

Materials and Methods

Chemicals

n-Octyl-b-D-glucopyranoside (OG), potassium dihydrogen

phosphate (KH2PO4), disodium hydrogen phosphate

(Na2HPO4), trisodium citrate dihydrate, and silver nitrate

were purchased from Sigma Aldrich (France). Bio-Beads

SM-2 adsorbent was obtained from Bio-Rad (France).

Amphipol A8-35 was synthesized by F. Giusti (UMR

7099) as described in refs. (Gohon et al. 2004, 2006).

Purple Membrane Purification and BR Solubilization

Purple membranes were extracted from Halobacterium

salinarum S9 (Oesterhelt and Stoeckenius 1974), and

purified and solubilized in OG as described in detail in

(Gordeliy et al. 2003; Borshchevskiy et al. 2011), except

that 20 mM Na2HPO4/KH2PO4 (Na/K–Pi) buffer, pH 7.1,

was used as a solubilization buffer instead of 20 mM Na/

K–Pi buffer, pH 6.9.

The concentration of solubilized BR was estimated by

UV–Visible (UV–Vis) absorption spectroscopy using

e554 = 47 mM-1 cm-1 and e280 = 81 mM-1 cm-1 (Go-

hon et al. 2008; London and Khorana 1982) and was typ-

ically equal to 2.5 g L-1.

Preparation of BR/A8-35 Complexes

The preparation of BR/A8-35 complexes was performed as

described in ref. (Gohon et al. 2008). A8-35 from a 10 %

w/w stock solution in water was added to BR solubilized in

OG at 5:1 w/w APol/BR. After 15 min, detergent adsorp-

tion onto Bio-Beads SM-2 (10 g per g OG) was carried out

for 2 h under gentle stirring and the Bio-Beads were

removed. The concentration of BR was estimated by UV–

Vis absorption and typically was equal to 2–2.5 g L-1.

According to ref. (Gohon et al. 2008), the weight ratio

of BR/A8-35 in the complexes is approximately equal to

1:2, whereas to prepare them A8-35 is added to OG-solu-

bilized BR in a weight ratio of 5:1. The concentration of

A8-35 can be estimated by Fourier transform infrared

(FTIR) spectroscopy in the wavelength range from 400 to

3,000 cm-1. To remove the excess of free, unbound A8-35,

the following procedure was used. The BR/A8-35 solution

was concentrated to 30 g L-1 by 15 min of centrifugation

at 3,0009g in a 100-kDa cut-off centrifugal filter (Vivaspin

500, Vivasciences, USA), after which the FTIR absorption

spectrum of the 30 g L-1 BR/A8-35 solution was mea-

sured with a FTIR spectrometer Vertex 70 (Bruker, Ger-

many). After the FTIR measurement, the solution was

diluted 59 with 20 mM Na/K–Pi buffer, pH 7.1, and again

concentrated to 30 g L-1 by 10 min of centrifugation at

3,0009g in the 100-kDa cut-off centrifugal filter. This

dilution–concentration step was repeated *49 until there

were no detectable changes in the FTIR spectrum of the

concentrated solution, indicating that unbound APol mol-

ecules had been essentially eliminated from the solution.

The solution at 30 g L-1 BR concentration was diluted
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with 20 mM Na/K-Pi buffer, pH 7.1, 2 g L-1 BR con-

centration. The final solution was stored in the dark at 4 �C

and used for further experiments.

Preparation of Ag NP Solution

The Ag NP colloid solution was prepared by the Lee–

Meisel method (Lee and Meisel 1982). The basic procedure

comprised the following steps: 90 mg of AgNO3 was

added into 500 mL of pure water and heated up to 100 �C.

10 mL of 1 % sodium citrate was added and the solution

boiled for 1.5 h. The resulting silver colloid had a peak of

UV–Visible absorption at 405 nm, with a full width at half

height of *102 nm (Fig. S1).

Preparation of Samples for UV–Visible Absorption

and Raman Spectroscopy Experiments

In order to avoid the formation of salt crystals during drying,

the concentration of Na/K–Pi buffer in the BR/A8-35 solution

was reduced to the nM range by several dilution–concentra-

tion steps using a 100-kDa cut-off centrifugal filter, as

described in the previous section, except that deionized water

(Milli-Q, Millipore) was used for dilution instead of the

20 mM Na/K–Pi buffer. 4 lL of the resulting solution of ‘‘BR/

A8-35 in water’’ (8 g L-1 BR) was deposited on a clean sil-

iconized glass slide HR3-215 (Hampton Research, USA) and

dried during 12 h in the dark at 22 �C under*50 % humidity.

The UV–Visible absorption spectrum of the dried BR/

A8-35 film was measured, in the dark-adapted state (Lanyi

2004), right after the drying process and was controlled

during 6 months of storage in the dark at 22 �C under

*50 % humidity (Fig. 1).

For SERS measurements, 1 mL of Ag NP suspension

was placed in an 1.5-mL Eppendorf tube and the NPs

concentrated by centrifugation for 30 min at

3,0009g. 950 lL of supernatant was removed, after which

950 lL of the ‘‘BR/A8-35 in water’’ solution at

0.08 g L-1 BR was added to the concentrated Ag NP

suspension (of 50-lL volume) and the NPs resuspended by

vortexing. This centrifuging–resuspending step was repe-

ated 79 to reduce the concentration of reactants remaining

after the synthesis of Ag NPs (Munro et al. 1995) to the pM

range, in order to avoid the detection of spurious SERS

signals from the reactants. The resulting 1-mL mixture of

BR/A8-35 complexes and Ag NPs was again centrifuged

for 30 min at 3,0009g. 950 lL of supernatant was

removed, and the NPs were redispersed in the remaining

50 lL by vortexing. 5 lL of the concentrated BR/A8-35–

Ag NPs solution were deposited on a glass slide HR3-215

and dried during 12 h in the dark at 22 �C under *50 %

humidity. The resulting dried drop was used for SERS

experiments.

To evaluate the SERS enhancement factor (EF), 5 lL of

the ‘‘BR/APol A8-35 in water’’ solution at 0.8 g L-1 BR

was deposited on a siliconized glass slide HR3-215, dried

during 12 h in the dark at 22 �C under *50 % humidity,

and used for resonance Raman measurements.

UV–Visible Absorption Spectroscopy

All absorption spectra were measured with a UV2450

spectrophotometer (Shimadzu, Japan).

Raman Measurements

For Raman measurements, we used a microspectropho-

tometer based on a spectrograph Renishaw InVia (UK),

which has been described in detail in ref. (Carpentier et al.

2007). All RS spectra were collected in backscattering

geometry with a 509 objective (which provided a collec-

tion area with a diameter of *20 lm) at a laser wavelength

of 514.5 nm and an exposure time of 30 s. The SERS

sample was examined at 10 lW laser power. Liquid and

dried BR samples (without Ag NPs) were examined at 20

and 1 mW laser powers, respectively.

Results and Discussion

UV–Visible Absorption Spectrum and Resonance

Raman Spectra of Dried A8-35-Trapped BR

The procedure used to prepare SERS-active samples is to

mix solutions of Ag NPs and BR/A8-35 complexes, deposit

a drop of the mixture on a glass substrate, and dry it at a

Fig. 1 UV-Visible absorption spectra of dark-adapted (DA) BR/A8-

35 complexes in 20 mM Na/K–Pi pH 7.2 buffer (black line), of a DA

dried BR/A8-35 film (red line), and of the same film after 6-month

storage in the dark at 22 �C at *50 % humidity (blue line) (Color

figure online)
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relative humidity of *50 %. A8-35-trapped BR remains

properly folded after this procedure, as indicated by its

native purple color and by the similarity of the UV–Visible

absorption spectra of dark-adapted BR/A8-35 complexes in

aqueous solution and in dried form, both of which present

an absorption maximum at *552 nm (Fig. 1). The com-

plexes in the dried form are highly stable, almost no

changes in their spectrum being observed after 6 months of

storage of the dried films in the dark at 22 �C (Fig. 1).

RR spectra (Fig. 2) from both BR/A8-35 complexes in

solution in Na/K–Pi buffer and the dried films feature peaks

in the range 1,500–1,600 cm-1 (Smith et al. 1985; Diller

and Stockburger 1988), revealing the presence of different

retinal conformational states, spectrally assigned to the

light-adapted and dark-adapted resting states of BR, char-

acterized by the 1,526–1,536 cm-1 Raman lines (Smith

et al. 1987a, b), and to the M-state of BR, an intermediate

in the photocycle, characterized by the 1,566 cm-1 Raman

line (Braiman and Mathies 1980; Smith et al. 1985). These

peaks are usually assigned to C=C stretches of retinal

(Smith et al. 1985; Diller and Stockburger 1988). Dried

BR/A8-35 films redissolved in water and BR/A8-35 com-

plexes kept in Na/K–Pi buffer exhibit similar RR spectra

(Fig. 2), indicating that the different intensity ratios of the

*1,530 and 1,566 cm-1 lines are likely caused by drying

and/or immobilization of BR/A8-35 complexes, rather than

unfolding of BR molecules.

The RR peaks cannot be assigned to vibrations of A8-

35 molecules. Indeed, Stokes Raman lines were not

detected, in the range of 1,500–1,600 cm-1, when a

100 g L-1 A8-35 solution was observed under the same

Raman signal acquisition conditions as for the 2 g L-1

A8-35-trapped BR in solution, where the APol concen-

tration cannot exceed *10 g L-1, given the procedure

used for the preparation of BR/A8-35 complexes. This

indicates that A8-35 molecules have a much lower Raman

cross section than BR molecules in the range

1,500–1,600 cm-1 under 514.5-nm laser excitation. This

silence of A8-35 makes it possible to detect even weak

RR signals of BR.

All the aforementioned leads to the conclusion that, in a

dried state, A8-35-trapped BR undergoes its photocycle

after green (514.5 nm) laser excitation, but probably with

intermediate states and relaxation times different from

those of the solution form (Gohon et al. 2008), as observed

in the case of the dried versus suspended forms of purple

membranes (Korenstein and Hess 1977a, b; Lazarev and

Evgeni 1980; Hildebrandt and Stockburger 1984; Váró and

Lanyi 1991). Indeed, a longer life time of the M-state, as

observed for partially dried purple membrane (Korenstein

and Hess 1977b; Lazarev and Evgeni 1980), could account

for the higher intensity of the 1,566-cm-1 peak relative to

the 1,530-cm-1 one.

It is worth mentioning that A8-35-trapped BR in solu-

tion has nearly the same RR spectrum as BR in native

purple membranes (Fig. S2), as expected given that it

contains all-trans retinal in its ground state and has pho-

tochemistry kinetics similar to that in purple membranes

(Gohon et al. 2008; Dahmane et al. 2013).

Fig. 2 Scaled resonance Raman spectra of BR/A8-35 complexes in

20 mM Na/K–Pi, pH 7.2 (red line), of a dried BR/A8-35 film (blue

line), and of the same film after redissolution in water (black line)

(Color figure online)

Fig. 3 a A bright-field optical image of a dried mixture of BR/A8-35

complexes and silver NPs (5-lL drop at a BR concentration of

0.08 g L-1). b Four Raman spectra marked as 1 (black line), 2 (red

line), 3 (blue line), and 4 (green line) are typical SERS spectra

observed from the dried drop in a. These spectra were collected (30 s,

514.5-nm laser, 10-lW power) from the areas marked by red spots

with corresponding numbers in a. The Raman spectrum drawn as an

orange line is the RR spectrum collected (30 s, 514.5-nm laser, 1-mW

power) from a dried 5-lL drop of A8-35-trapped BR (0.8 g L-1 BR)

in the absence of NPs, normalized to the acquisition parameters of the

SERS spectra, neglecting the higher concentration of BR in the RR

sample (Color figure online)

V. Polovinkin et al.: Nanoparticle SERS of Bacteriorhodopsin 975

123



SERS Spectrum of A8-35-Trapped BR

A microscopic image of a dried mixture of BR/A8-35 and

Ag NPs is presented in Fig. 3a. The different colors are due

to the non-uniform distribution and aggregation of Ag NPs,

which usually occur during the drying process (Félidj et al.

1999; Wang et al. 2008; Avci and Culha 2013). The non-

uniform aggregation of Ag NPs results in variable degrees

of red shift and broadening of the plasmon peak (Félidj

et al. 1999; Wang et al. 2008) and causes the UV–Visible

absorption spectrum to vary along the dried drop (Fig. S1).

Upon scanning the sample and accumulating Raman sig-

nals from various points of the sample, all SERS spectra

were found to be qualitatively similar to each other, and

SERS peaks were observed at identical positions with

relative intensities (for example, for 1,529 and 1,578 cm-1

lines) varying by a factor \2 (Fig. 3b).

The SERS spectra qualitatively resemble the RR spec-

trum of BR/A8-35-dried films (Fig. 4; Table 1). Significant

differences of peak positions and intensity ratios do exist,

however. They may be caused by the influence of surface

plasmon on retinal photochemistry (Biesso et al. 2008,

2009; Yen et al. 2010) and/or by the dependence of SERS

electromagnetic enhancement on the distance between

chemical bonds of the analyte and the metal surface

(Kennedy et al. 1999; Dick et al. 2000; Stiles et al. 2008),

which may vary depending on the local nanostructure of

the NP/BR aggregates. It is known that the electromagnetic

field of surface plasmons decays dramatically with the

distance from the surface of a noble metal NP (Hao and

Schatz 2003; Stiles et al. 2008). Nevertheless, the band

around 1,530 cm-1 of C=C retinal stretches, a marker for

BR in its light-adapted and dark-adapted states (Smith et al.

1985), is observed for both RR and SERS spectra of BR/

A8-35.

The SERS spectra obtained from BR/A8-35 complexes

qualitatively resemble tip-enhanced Raman scattering

(TERS) and SERS spectra obtained from purple mem-

branes (Deckert-Gaudig et al. 2012; Nabiev et al. 1985,

1990). TERS spectra of purple membranes (Deckert-Gau-

dig et al. 2012) also show point-to-point variations, a

phenomenon attributed to the small number of molecules

under the silver-coated AFM tip and differences in their

orientation. The variability we observe from point to point

suggests that SERS signals are dominated by the contri-

butions of a limited number of BR molecules, which

experience particularly high EFs.

The average SERS EF (Stiles et al. 2008) is equal to the

ratio of SERS band intensities of an analyte molecule to the

Raman line intensities, normalized to laser excitation

power and analyte concentration. To evaluate the minimum

SERS EF, we took the minimum intensity observed for the

1,529-cm-1 line from our SERS sample (5-lL drop of

0.08 g L-1 BR mixed with Ag NPs, 10 lW laser power,

*1.5-mm drop diameter) and the maximum intensity for

the 1,530 cm-1 line observed from the dried BR/APol film

(5-lL drop of 0.8-g L-1 BR without Ag NPs deposited on

a glass slide, 1-mW laser power, *2.6-mm dried drop

diameter). Assuming for EF estimation uniform area

Fig. 4 SERS spectrum 2 (from Fig. 3) from a dried drop of BR/A8-

35 complexes mixed with Ag NPs (red line) and scaled RR spectrum

of dried BR/A8-35 complexes in the absence of NPs (orange line)

(Color figure online)

Table 1 Raman bands detected from dried films of BR/A8-35

complexes with and without Ag NPs

SERS spectrum of BR/A8-35

(with Ag NPs) (cm-1)

RR spectrum of BR/A8-35

(without Ag NPs), (cm-1)

754 w 786 w

928 w 954 w

963 w 975 w

985 w

1,009 w 1,010 m

1,029 w

1,123 w 1,123 w

1,161 m 1,182 m

1,197 m 1,199 m

1,275 w 1,275 w

1,306 w

1,343 w

1,373 m 1,376 w

1,395 m

1,453 w

1,529 m 1,530 s

1,578 s 1,566 s

1,620 w

Relative intensities are marked as w (weak), m (medium), s (strong)
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distribution of BR in the samples, the intensities were

normalized to the BR concentrations (divided by the area

of the dried drop) and to the 514.5-nm laser acquisition

powers. The resulting minimum SERS EF was found to be

[102.

Because of non-uniform sample and EF distribution in

aggregated Ag NPs colloids of the SERS sample, which is

mainly caused by ‘‘hot spot’’ formation in gaps between

NPs (Corni and Tomasi 2002; Xu and Käll 2003; Le Ru

et al. 2006a; Le Ru and Etchegoin 2012), it can be

assumed that only a small percentage of BR molecules

contributes to the overall SERS signal, and that the EFs

for these molecules are much larger than 102, perhaps 105

or more if less than one molecule in 1,000 sits in a SERS-

favorable position. Such a factor, as was mentioned

above, could be enough to detect a Raman signal from a

single BR molecule. Further experiments are obviously

necessary to directly prove the experimental feasibility of

performing SM SERS experiments with A8-35-trapped

BR.

Apart from SM studies, SERS measurements on APol-

trapped MPs can open the way to creating supersensitive

sensors, which could allow one to observe conformation

changes of MPs, e.g., upon ligand binding, or as a result of

site-directed mutations, using very small amount of analyte

relative to conventional Raman spectroscopy, as has been

demonstrated for water-soluble proteins (e.g., Chumanov

et al. 1990; Drachev et al. 2005; Siddhanta and Naray

2012). A particularly tantalizing suggestion would be to

use the APol itself to bind MPs to SERS substrates, as has

been done for surface plasmon resonance experiments

(Charvolin et al. 2009; Della Pia et al. 2014a, b). In par-

ticular, one could make use, for this purpose, of a recently

developed thiamorpholine-carrying variant of A8-35

(‘‘SulfidAPol’’; Zoonens and Popot 2014, and unpublished

data). SulfidAPol could be used to bind MPs to the surface

of gold or gold-coated silver colloidal or nanostructured

SERS substrates, thereby placing a high proportion of

APol-trapped MPs in hot spots, which could conceivably

increase the average EF observed in the present work by

several orders of magnitude (cf. Cui et al. 2006; Stiles et al.

2008; Yang et al. 2008; Coluccio et al. 2009; Patra and

Kumar 2013).

It is fair to note that the variability of SERS spectra from

one point to another of the samples (presumably due to the

non-uniform distribution of local orientations of MP mol-

ecules relative to the surface of the SERS substrate, as

mentioned above) complicates their analysis. Perhaps, the

problem can be solved by averaging many SERS spectra,

until no significant changes are observed anymore, or by

creating SERS substrates that provide a more uniform

(relative to the size of a Raman collection spot) EF dis-

tribution and analyte orientation.

Conclusions

The present data show that BR trapped in APol is highly

stable even at low humidity, and suitable for SERS

experiments. Ag NPs were mixed with A8-35-trapped BR,

and the aggregates formed upon drying the mixture were

found to be highly SERS-active. The estimated average

SERS enhancement was estimated to be at least 102.

According to the literature, the aggregation of noble metal

NPs leads to formation of so-called ‘‘hot spots’’ in the gaps

between NPs, where SERS enhancement can be much

higher than 105, which is estimated to be suitable to per-

form SM SERS with BR. Besides SM SERS studies, it

seems that APols can be potentially suitable for creating

SERS sensors that could detect conformational changes of

MPs using much lower amounts of protein than is required

for conventional Raman spectroscopy.
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(2011) X-ray-radiation-induced changes in bacteriorhodopsin

structure. J Mol Biol 409:813–825

Braiman M, Mathies R (1980) Resonance Raman evidence for an all-

trans to 13-cis isomerization in the proton-pumping cycle of

bacteriorhodopsin. Biochemistry 19:5421–5428

Carey P (1982) Biochemical applications of Raman and resonance

Raman spectroscopies. Elsevier, New York

Carpentier P, Royant A, Ohana J, Bourgeois D (2007) Advances in

spectroscopic methods for biological crystals. 2. Raman spec-

troscopy. J Appl Crystallogr 40:1113–1122

Charvolin D, Perez J-B, Rouvière F, Giusti F, Bazzacco P, Abdine A,

Rappaport F, Martinez KL, Popot J-L (2009) The use of

amphipols as universal molecular adapters to immobilize

membrane proteins onto solid supports. Proc Natl Acad Sci

USA 106:405–410

Chumanov GD, Efremov RG, Nabiev IR (1990) Surface-enhanced

Raman spectroscopy of biomolecules. Part I.—Water-soluble

proteins, dipeptides and amino acids. J Raman Spectrosc

21:43–48

Coluccio ML, Das G, Mecarini F, Gentile F, Pujia A, Bava L, Tallerico

R, Candeloro P, Liberale C, De Angelis F, Di Fabrizio E (2009)

Silver-based surface enhanced Raman scattering (SERS) substrate

fabrication using nanolithography and site selective electroless

deposition. Microelectron Eng 86:1085–1088

Corni S, Tomasi J (2002) Surface enhanced Raman scattering from a

single molecule adsorbed on a metal particle aggregate: a

theoretical study. J Chem Phys 116:1156–1164

Cui Y, Ren B, Yao J-L, Gu R-A, Tian Z-Q (2006) Synthesis of

AgcoreAushell bimetallic nanoparticles for immunoassay based on

surface-enhanced Raman spectroscopy. J Phys Chem B

110:4002–4006

Dahmane T, Rappaport F, Popot J-L (2013) Amphipol-assisted

folding of bacteriorhodopsin in the presence or absence of lipids:

functional consequences. Eur Biophys J 42:85–101
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