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Abstract

We describe a new optical parametric amplifier (OPA) #raploys lithium
thioindate, Liln$ (LIS), to create tunable infrared light between 1500 @md 2000 cm
! The OPA based on LIS described within provides intense infraretMiigh a good
beam profile relative to similar OPAs built on silver galliuaifide, AgGa$ (AGS), or
silver gallium selenide, AgGag€AGSe). We have used the new LIS OPA to perform
surface-specific sum frequency generation (SFG) vibrationatregeopy of the Amide |
vibrational mode of a model peptide at the hydrophobic deuterated pehstfls-PS)/
phosphate buffered saline interface. This model polypeptide (whistoisn to be arm-
helix in the bulk solution under the high ionic strength conditions emgldeze)
contains hydrophobic leucyl (L) residues and hydrophilic lysyl (E$idues, with
sequence Ac-LKKLLKLLKKLKL-NH,. The Amide | mode at thay-PS/buffer interface
was found to be centered around 1655'cifthis can be interpreted as the peptide having
maintained itso-helical structure when adsorbed on the hydrophobic surface, although

other interpretations are discussed.



Introduction

The interaction of biological molecules with solid surfaces maportant
consequences for the biomaterial community, in addition to being an open and
fundamental scientific problef It is well understood that a protein or peptide can
denature as it adsorbs onto a solid surface (i.e. secondary #riscttiranged or often
completely lostf. However, measuring the change in secondary structure at the molecular
level when a protein or polypeptide adsorbs onto a solid surface has prticerdt dn
part due to a lack of surface specific techniques.

In recent years, several groups have turned to surface-spaaificfrequency
generation (SFG) vibrational spectroscopy to probe the intaffsttucture of proteins
and peptides with solid surfacgS.In this letter, we present a new type of optical
parametric amplifier (OPA) based on lithium thioindate, Li{BIS)® ° which more
easily allows for the creation of intense infrared light ingpectral window 1500 cito
2000 cmt'. This allows for the SFG measurement the backbone Amide | modailyus
somewhere between 1600 ¢rmand 1700 ci). The frequency of this mode is sensitive to
the secondary structure of interfacial peptitfeéSor example, it is generally accepted in
infrared and Raman spectroscopy that an Amide | mode observed aroundnibs9 c
characteristic of armx-helix; whereas &3-sheet has a characteristic Amide | mode
observed at 1630 ¢mand 1690 ci.*® The Amide | mode of a random coil, however,
can arise at any frequency in this spectral window.

Although many SFG studies of biomolecules at surfaces have focusde
spectral window 2800-3100 ¢émChen and coworkers have been studying the Amide |

vibrational mode of interfacial proteins and peptides since 20t3in one of their



pioneering studiéd they show that, much like in infrared and Raman spectroscopies, the
frequency of the Amide | mode is sensitive to peptide secondamstigie. In this study,
they show that the Amide | mode of arhelical peptide (in solution) at a hydrophobic
surface (measured by SFG) is mainly observed as a single peakdantened 1650 cm

1.

In this report, we present the study of the interfacial Amideotde of a model
peptide, the LK, peptide, which is composed of hydrophobic leucine (L) and lysine (K)
residues using a new type of OPA based on a LIS cfystaThis peptide is known to
fold into anx-helix in solution if the ionic strength of the solution is sufficiently high®
We have found that the frequency of the interfacial Amide | mow@agured by SFG) at
the hydrophobic deuterated polystyrends-RS)/phosphate buffered saline (PBS)
interface is 1655 cth Furthermore, we interpret the frequency of this interfaciaid |
mode to be characteristic of arhelix. In the case of the peptide adsorbing from a high
ionic strength solution, this is not unexpected: the results img@y ttie interfacial
structure of this peptide is maintained upon adsorption. However, tharassigof this

mode to a-helix is not definitive, as discussed below.

Experimental
Sum Frequency Generation

SFG is based on a second-order non-linear process whereby two beams are
overlapped in space and time on a surface and the resultant light at the suncfrégjuen
measured. In picosecond infrared-visible SFG, the two beams can be cyepitmaping

a series of non-linear crystals by the 1064 nm fundamental of a Nd:YAGita#i@s (



paper, we used a Continuum Leopard D-20 to measure the damage threshold of LIS, and
the data in Figures 2, 3, and 4 were from an Ekspla PL2143A). In our set-up, the visible
(532 nm) is the second harmonic of this fundamental. The tunable infrared is created by
sending a portion of the 532 nm light into a tunable optical parametric genera@®y (OP
consisting of two KTP crystals. The OPG creates two tunable beams (~90038td ~
nm) of which one (~1300 nm) is sent to the OPA stage (where difference frequency
generation (DFG) occurs-OPA and DFG are synonyfipughere it is mixed with the
remaining 1064 nm light. This OPA stage often is composed of KTA or Lib@tals,
which provide strong conversion efficiencies out to the ~5 pm transparencyflitinése
oxides. Our prior choice of nonlinear crystals suitable for generation of deeper mid
infrared wavelengths has been limited primarily to two ternary chatodge
semiconductor crystals, AgGaSAGSe) or AgGag(AGS). AGS has sufficient
birefringence and transparency to directly convert the Nd:YAG fundametddlnable
mid-IR out to ~9 um, but the intrinsic damage threshold is low and the surface degrade
rapidly with use. AGSe does not have this surface degradation problem but its use is
limited to difference-frequency mixing the signal and idler outputs of a nearadf
OPA, since it is not phase-matchable with a 1064 nm pump. For both crystals, these
limitations result in mid-IR pulse energies that are low and not welldstateSFG
vibrational spectroscopy. For the present study, we have incorporated the new nonlinea
crystal, LIS, to replace the oxide crystals in our 1064 nm OPA. Figure 1 shows a
schematic layout of the OPG/OPA system.

LIS has distinct advantages for mid-IR generation. The crystal possesse

transparency that spans from the visible out to 10 um, a large birefringend®othsit a



phase-matching over most of the transparency range, and a damage thnesh®ld t
higher than either AGS or AGSe. The crystal is negative biaxial, having kn ang
between the optic axis of ~65° at 1064 nm. For 1064 nm pumping, Type | phase
matching in the X-Z plane can generate an idler tunable from 2128 nm to 10 um with an
angular tuning of only 12.8°. In the X-Y plane, Type Il phase-matchingsexitt a
short wavelength limit of 2.52 um, but the nonlinear coefficient is ~50% higher than in
the X-Z plane. A tuning range from 5 to 10 um is covered in this plane with an angular
tuning of 10.9°. For our first study, we chose a crystal cut in the X-Y plagre 26.9°
measuring 6x6x12 miong, having quarter wave AR coating centered at 5.4 pm.

For a 20 ps pulse at 1064 nm, we found the surface damage threshold tobe nea
Jlcnt. Specifically, we observed immediate surface clouding with appemergy of 15
mJ/pulse. This permitted us to safely pump the LIS OPA stage 1@ mJ/pulse.
Although AGS can be pumped with this energy, we have observed a Sarviace
clouding effect (on the time scale of a few weeks) at this pengsgy. In fact, slow
surface clouding was observed for AGS at half this pump end&vgyare currently
investigating LIS for this slower surface clouding effectisltlikely that the specific
damage threshold and time scale until surface damage occursyisevssitive to the
pump beam spatial energy profile. A detailed comparison of the dathagpholds of
LIS and AGS is given is section 10 of reference 8. In our expatjrttee mid-IR output
measured at this pumping level (12 mJ/pulse) is shown in Figuret 2858 cni, the
output of 0.35 mJ corresponds to conversion of nearly 15% of the 1064 nm pump.

A second crystal in tandem oriented for walk-off compensation didesattrin a

significant increase in the conversion efficiency. With thpetyf phase matching



employed, this second crystal would need to be cut from an adjagstdl quadrant
(i.e.,p= -38.9 or +141.1°) in order to have the correct sign for the nonlovedficient®
and this could not be verified for the crystal pairs we tried.

Phase-matching is also possible in LIS with propagation outside of the principal
planes. The main advantage of an out of plane cut is an increase in the nonlinear
coefficient caused by the rotation of the polarization directions from the plane of
propagation containing the Z axis. This rotation is a result of the biaxial natine of
crystal and it can be quite large at propagation directions near the optitnatkis.
formula for the second-order nonlinearity, this rotation anyleduples the tensor
element g (=-16(+/- 25%) pm/\jto the total nonlinear coefficient. This contribution
can increase in the calculated nonlinear coefficient by a factor of twanwd'gigated a
crystal cut ab= 59.9,¢p= 20.5° measuring 7x7x12 nimThis angle was far from the
optimum cut of 6= 65, ¢= 30°, so the rotation angle of the crystal needed to generate the
same wavelengths as the on-axis cut reported above was quite large, resshime i
loss in ‘clear aperture' and efficiency. The results are shown in figli€638 Hm pump
energy was 10 mJ/pulse). This out of plane cut can cover the full tuning range from
2.128 to 10 um with an internal angle change of 15.7°.

Peptide Synthesis and Experimental Details

Peptide synthesis and experimental details, such as PBS buffer type and SFG
sample geometry are identical to our previous publicHtighe one exception being the
use of substrate: fused silica is not transparent in the mid infrared. Therafoienc
fluoride was used in this study). The sequence of the peptide studied here (named LK

is Ac-LKKLLKLLKKLLKL-NH . Details concerning SFG vibrational spectroscopy are



available in the literaturé® The spectrum presented here are is irsshgolarization
combination (SFG, visible, and IR, respectively). The data in Figure 4 was tékehev
LIS crystal cut in the X-Y plane gt 38.9° measuring 6x6x12 mrong, having quarter
wave AR coating centered at 5.4 pum.
Resultsand Discussion

The SFG spectrum of L adsorbed from PBS buffer at thag-PS/buffer
interface is shown in Figure 4. The vibrational mode observed around ch655s
assigned to the Amide | mode of the peptide backbone (it should be notetthdethe
signal-to-noise ratio in Figure 4 is less than that publishetiéZhen grou™* This is
likely due to the fact that we are far away from the sweguency, visible, and infrared
critical angle. Although this results in lower signal-to-eorsitio, it can simplify the
interpretation of the spectrdfy It is well accepted in infrared, Raman, and more
recently SFG studies that a Amide | mode at 1650 can be assigned to arhelix.’°
Additionally, it has been established that the 4 Beptide is am-helix in solution under
these experimental conditiofts.'® Therefore, this spectrum could be interpreted as
showing that the LK, has maintained its-helical structure upon adsorption. However,
the vibrational energy of a random coil has a wide range; ebtai is possible for a
random coil to also have a Amide | frequency of 1655".cAdditionally, interactions
with a solid surface can blue- or red-shift vibrational modes. Well accepted that the
local environment of a molecule can have a strong affect aibitational energy® For
example, if the LK, peptide is a random coil, the frequency of the Amide | mode could
be anywhere in the range 1600-1700criEven if the vibrational frequency of the

random coil is not ~1655 c¢hmin solution, it could be shifted to this energy via



interactions with the surface. Therefore, a definitive assignraerihis time is not
possible. We are currently working on methods to make this assignmerft clear.
Conclusions

We have developed a new OPA based on LIS. This allows for thegbimdof
infrared light with wavelength between 1500 tend 2000 cr. This LIS OPA provides
more power and better beam quality than either AGS or AGSen&hi<OPA has been
used to measure the Amide | vibrational mode of a model peptidg, We have found
that the frequency of the Amide | mode of this peptide at theophdbicds-PS/buffer
interface to be centered around 1655'¢cpossibly implying ar-helical structure on this
surface.
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Figure Captions:

Figure 1. Schematic of the OPG/OPA. Briefly, a pump Nd:YAG laser sends ligltiGut
nm into the OPG/OPA. This light is split into two beams (Beaand Beam II). Beam |
is sent into a KTP crystal, where it is frequency doubled to 532Timms beam is split
into two (Beam la and Ib). Beam la is used as the visible)(Y&am for our SFG
experiment. Beam Ib is sent into a set of two angle tunable d¢fJ$Rals, whereby two
more beams are created (Beams 2a and 2b) by a process cptical parametric
generation. Beam 2a (the “signal”) is light at ca. 900 nm, aahB2b (the “idler”) is
light at ca. 1300 nm, whereby the exact frequency of Beams 2a asdl2termined by
the angles of the KTPs relative to the incoming Beam Ib. B&aim dumped, and Beam
2b is sent to a second set of non-linear crystals (LIS). He@n 1l and Beam 2b (the
idler from stage 1 becomes the signal in stage 2) arednmixthe LIS crystals, and light
at the difference frequency (between the two incoming beantsgated. This light (the
idler from LIS) has a tunable wavelength between 5000 nm (s) &l 7000 nm (or
more) and becomes the infrared (IR) for our SFG experiments.

Figure 2. Infrared intensity output of LIS OPAp (= 38.9° measuring 6x6x12 nirong,
having quarter wave AR coating centered at 5.4 um). The intensity of the 1Q@4hmmn
was 12 mJ/pulse.

Figure 3. Infrared intensity output of LIS OPA£ 59.9,¢= 20.5° measuring 7x7x12
mm®, having quarter wave AR coating centered at 5.4 pm). The interigtie 1064 nm
pump was 10 mJ/pulse. Since two different energy meters wdghtlg different
sensitivities were used to measure the IR intensity between2E@cnt, 2100-3100

cm?, and 3100-4000 ch the data were normalized such that the IR intensities at 2100

11



cm™* and 3100 c were equal. See the supporting information for the raw, unnormalized
data.

Figure 4. The Amide | SFG spectrum of 0.15 mg/mL (bulk solution concentratikin)

in PBS buffer @) at the deuterated polystyrene/solution interface and the SKEBwpe

of the deuterated polystyrene/solution interfage The location of the Amide | mode

centered at 1655 chis characteristic of as-helical peptide.
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