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Abstract. We present the studies on surface-enhanced Raman spectroscopy (SERS) of bacteriorhodopsin in purple
membranes using self-assembled silver nanoisland films for Raman signal enhancement. These metal island films were
fabricated on soda-lime glass slides subjected to silver-sodium ion exchange in molten AgosNagosNO5 at the temperature of
325°C for 20 minutes and subsequent treatment in hydrogen atmosphere at the temperature of 250°C for 10 minutes. The
films typically consisted of 20-30 nm closely placed nanoislands. Being tested as SERS substrates for rhodamine 6G the
nanoisland films gave the possibility to observe respective characteristic Raman lines from a dried drop of rhodamine 6G
dissolved in water in the concentration of 10° M. Similarly fabricated substrates were used to obtain SERS spectra of
bacteriorhodopsin in purple membranes dispersed in water, and Raman peaks at 1000-1020 cm™, 1150-1220 cm™ and 1530
1570cm™ were resolved. The substrates made it possible to register characteristic Raman peaks only for an order of
magnitude lower concentration of bacteriorhodopsin in contrast to the virgin glass substrate, that is the enhancement of
Raman signal was considerably less than for rhodomin 6G. This is supposed to be due to bacteriophodopsin molecules
packing in patches, and it prevents bacteriophodopsin in purple membranes from penetration between the nanoislands where
the local enhancement of the electric field of exciting light wave is maximal.
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AnHoTanus. [IpencraBieHs! pe3ylbTaThl HKCIEPUMEHTOB II0 TIOBEPXHOCTHO-ycHIIeHHOH pamanoBckoii (I'KP) crexrpocko-
UM MOJIEKYJ I OaKTepHOpOIOIICHHA B IIYPIYPHBIX MeMOpaHaX, aficopOMpOBaHHBIX Ha CaMOOPTaHW30BaHHBIX CEPEOPSHBIX
HaHOOCTPOBKOBBIX IUIeHKax. OCTpOBKY cepedpa GpopMUpOBANIUCh HAa HOBEPXHOCTH HATPHUH-KaJIBLHEBOIO CHIIMKATHOTO CTEK-
J1a B pe3ysIbTaTe HOHHOIO 0OMeHa B pacIylaBe CMECH HUTpaToB cepebpa u Hatpus, Ag osNay 9sNOs, ipu Temneparype 325°C
B TeuyeHne 20 MUHYT U HOCIEAYIOIIEM OTKUTE B BOAOPOIHOI atmMochepe mpu temmneparype 250°C B Teuenue 10 munyt. Tu-
MUYHBIE TUIEHKH COCTOSUTH M3 PACHONIOKEHHBIX ONU3KO IPYT K Ipyry OocTpoBKoB pazmepoM 20-30 HM. B xone TectiupoBaHus
B KadecTBe notoxek 1t [KP crekrpockonuu ocTpOBKOBEIE IIEHKH ITO3BOJIMIM HAOMIONATE COOTBETCTBYIONINE XapaKTep-
HBIC JINHAM KOMOWHAIIOHHOTO PAacCEesiHUs OT BBICYIICHHOH KalUIM BOAHOTO pacTBopa pofgaMuHa 6G ¢ KOHIEHTparuei
10°® MonB/11. AHATOTMYHBIM 06PA30M H3TOTOBICHHBIC IOUIOKKH GBUTM HCIONB30BAHBI IS HccnenoBanus ITKP crexrpos
0aKTepHOPOIOIICHHA B ITyPITypHBIX MeMOpaHax, IUCIIEPIrHPOBaHHEIX B Bozie. Hamu ObUIH 3aperncTpupoBaHbl JIMHUU KOMOU-
HAIMOHHOTO paccesiHus B obnactax 1000-1020 CM’I, 1150-1220 em™' 1 1530-1570cm™". TToaiokku co HaHOOCTPOBKOBBIMH
TUIEHKaMK cepebpa MO3BOIMIN 3apErHCTPHPOBATH XapaKTEPHBIE IMHHN KOMOWHAIMOHHOTO PaccesHHUs OaKTepHOPOIOIICUHA C
KOHIIEHTpAaLMel JHUIIb Ha TOPAIOK MEHBILIEH, yeM B Ciydae CTEKISIHHOW MOMUIOKKH. Takum oOpa3oM, YCHJICHHE CUTHasa
KOMOMHAIMOHHOTO PAcCesHUs 0Ka3aJoch CYMIECTBEHHO MEHBIINM, YeM B ciydae pomamuna 6G. IIpexnonoxurensHo, 3T0
CBSI3aHO C TEM, YTO MOJEKYJIbl OaKTepHOPOOIICHHA YIAKOBAHBI B OCIKOBBIN KPHCTAJII, YTO HE MO3BOISIET UM HMPOHHKATH B
TIPOMEXKYTKH MEX]y OCTPOBKaMH cepebpa, Iie JOKaJIbHOE YCHICHHE MICKTPUIECKOTO IO T a0IeH BOIHBI MaKCUMAJIBHO.
Kuniouesbie cioBa: I'KP, cepeOpsiHble HAHOOCTPOBKOBBIE IUICHKH, OaKTEPHOPONONCHH, pogaMuH 6G

BaarogaprocTu. Pabora BeimonHeHa npy (GHHAHCOBOW moanepskke MuHucrepcra obpasoBanus M Hayku Poccuiickoit ®e-
nepauun (rpantsl NeNe 11.G34.31.0020 u 16.1233.2014/K), a Taxxke rocynapcTBeHHOI (pUHAHCOBOH MOIAEPIKKE BEIYIIHX
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Introduction

Bacteriorhodopsin (BR) is a light-driven proton pump from Halobacterium salinarum: it captures light
energy and uses it to move protons through the membranes out of biological cells [1]. This gives the possibility
for the conversion of light into chemical energy. In nature BR exists in so-called purple membranes (PM) which
have patches consisting of BR incorporated into lipids with an approximate mass ratio BR: lipids equal to 3:1
[1]. BR is well studied by various biophysical methods [1-4] and belongs to the class of membrane proteins,
which are of great interest to the pharmaceutical industry [5, 6]. This paper is devoted to the observation of
surface-enhanced Raman scattering (SERS) [7] from BR in PM. The SERS is assisted by self-assembled silver
nanoisland films formed on the surface of an ion-exchanged glass.

Silver nanoisland films: fabrication and characterization

The technique used to fabricate the silver nanoisland film on a glass substrate includes two steps (Fig. 1):
silver ion exchange into glass followed by thermal treatment of the glass in a hydrogen atmosphere [8]. We used
commercially available Menzel microscope slides [9] as glass substrates. These soda-lime glass substrates are
placed for 20 minutes in AggosNag9sNO; ion exchange batch at the temperature of 325°C (Fig. 1, a). This
temperature is sufficient to activate the diffusion of alkali ions out of the glass and their replacement with silver
ions from the melted silver-sodium nitrate. This results in the enrichment of the subsurface layer of the glass
with silver ions.
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Figure 1: Silver nanoisland film fabrication: ion exchange between glass and molten salt (a); thermal treatment in
hydrogen atmosphere (b); Typical AFM picture of the fabricated nanoisland film used for SERS measurements (c)

After the ion exchange the glass substrate is treated for 10 minutes in hydrogen atmosphere at the
temperature of 250°C (Fig. 1, b). Hydrogen diffuses into the subsurface glass layer, reducing silver ions via the
following reaction:

=Si-0-Ag" -i-%H2 —>=S8i-0-H" +Ag".

Due to the low solubility of neutral silver in the glass the silver atoms coagulate and form nanoparticles. In this
soft mode of hydrogen treatment the nanoparticles are being formed on the glass surface rather than in the bulk
of the glass and the self-arrangement of the formed nanoparticles results in the formation of the silver nanoisland
film. A typical atomic force microscopy (AFM) image of the surface of the glass film with nanoislands is shown
in Fig. 1, c. The size of the nanoislands obtained in the regime described above is about 20-30 nm.

Silver nanoisland films as SERS substrates. For the measurements of the Raman spectra we used the

confocal Raman spectrometer Horiba LabRAM™ HR UV-VIS-NIR and a frequency-doubled continuous-wave
Nd:YAG laser with a wavelength of 532 nm as a light source. The laser beam was focused at the sample surface
with a Mitutoyo M Plan Apo 50x/0.55 objective lens. The beam waist was approximately 1.5 um.
To perform the Raman experiments, we deposited drops of the analytes dissolved in water in different
concentrations on the surface of the prepared glasses and dried them at room temperature; the diameter of the so
formed spots of the analytes was about 7 mm. All the experiments were carried out with analytes deposited both
on the nanoisland film and virgin glass surface.

To verify the ability of the prepared silver nanoisland films to enhance the Raman signal, we used
rhodamine 6G (R6G) dissolved in water in the concentration of 10® M. The spectrum shown in Fig. 2 was
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acquired from R6G on silver nanoisland film at 30 s exposition and averaged over 20 measurements while using
20 nW exciting laser radiation power at the sample. The observed characteristic peaks at 612 cm ', 772 cm ™,
1362 cm ', 1510 cm ™' and 1647 cm ' are in good agreement with literature data [10]. Similar BR SERS results
were reported earlier in our paper related to silver nanoislands formed on the surface of a silver-containing
phosphate glass using out-diffusion technique [11]. The reference spectra obtained from R6G deposited on a
virgin SERS-inactive glass substrate demonstrated a strong luminescent background which gave no possibility to
distinguish any Raman peaks and to estimate the degree of the enhancement provided by the nanoisland film.
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Figure 2: SERS spectrum from R6G on nanoisland film acquired at laser power of 20 nW, 30 s exposition.

Raman scattering of bacteriorhodopsin. The main goal of this study was to register SERS spectra of
BR in PM assisted by fabricated silver nanoisland film. The experiments have been carried out using BR in
concentrations of 0.48 and 0.048 mg/ml, see Fig. 3. We used 200 uW exciting laser power and acquired the
spectrum within 50 s averaging it over 2 measurements. For the sample with a concentration of 0.48 mg/ml
(Fig. 3, a) the observed Raman peaks at 1000—-1020 cm™', 11501220 cm ™' and 1530-1570 cm™ are in good
correspondence to the literature [12]. Raman peaks were registered using both virgin glass and the nanoisland
film. Fig. 3, a, clearly shows that the nanoisland film makes it possible to resolve more Raman peaks than the
virgin glass.

Raman measurements were performed using BR in concentration of 0.048 mg/ml. We have demonstrated

that the spectrum obtained using the non-SERS-active glass substrate contains only background without any
distinguishable peaks (Fig. 3, b). At the same time the Raman spectrum of BR acquired using the nanoisland film
shows vivid peaks around 1020 cm ' and 1530 cm .
It is important to mention that BR molecules are packed in PM patches consisting of approximately
1000 molecules [1]. The thickness of each patch is about 5 nm and corresponds to the size of BR molecules,
whereas the lateral size of each patch is of the order of several hundreds of nanometers. So BR molecules in PM
are not located between the nanoislands where the local enhancement of the electric field in the light wave is
maximal. These results in a weaker Raman signal were compared to the ones obtained for R6G molecules.

L 28 ——— . ' . :
< 1,0 t 4
S 24] «
o
mO 2’0' < 0,8 i -
z Lot 1 0,6 } !
g 121 ‘
E 08 04 | ]
g Tt 02 | ]
5 04| ] ;

[ imie Tt T L SV RIS

0 0 L p oo T E——

500 750 1000 1250 1500 1750 2000 500 750 1000 1250 1500 1750 2000
Raman shift, cm Raman shift, cm '

Glass substrate Glass substrate

——— SERS substrate ——— SERS substrate

a b

Figure 3. Raman spectra of BR in the concentrations of (a) 0.48 and (b) 0.048 mg/ml. The black and red curves
correspond to reference Raman spectra of BR on virgin glass substrate and SERS spectra of BR deposited on
the nanoisland film respectively. The spectra were acquired at laser power of 200 uW, with an exposition of 50 s
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Conclusion

Finally, we have fabricated silver nanoisland films by means of hydrogen/metal ions reactive diffusion in
glasses followed by the transport of neutral metal to the glass surface. This gave the possibility to obtain uniform
nanoislands with the size of the order of tens of nanometers.

We have performed SERS measurements of R6G in order to verify the capability of the fabricated silver
nanoisland films to deliver enhancement for Raman spectroscopy. The BR in PM spot formed after drying a 5 pl
drop with BR in PM in concentration of 0.48 mg/ml demonstrated selective enhancement of Raman peaks
already observed in experiments without SERS substrate. For an order of magnitude with lower concentration of
BR in PM the usage of the fabricated silver nanoisland film gives the possibility to resolve characteristic Raman
peaks in contrast to the virgin glass substrate.
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