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Surface-Sensitive Raman Spectroscopy of Collagen | Fibrils

Corinne Gullekson, Leanne Lucas, Kevin Hewitt, and Laurent Kreplak*
Department of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia, Canada

ABSTRACT Collagen fibrils are the main constituent of the extracellular matrix surrounding eukaryotic cells. Although the
assembly and structure of collagen fibrils is well characterized, very little appears to be known about one of the key determinants
of their biological function—namely, the physico-chemical properties of their surface. One way to obtain surface-sensitive
structural and chemical data is to take advantage of the near-field nature of surface- and tip-enhanced Raman spectroscopy.
Using Ag and Au nanoparticles bound to Collagen type-I fibrils, as well as tips coated with a thin layer of Ag, we obtained
Raman spectra characteristic to the first layer of collagen molecules at the surface of the fibrils. The most frequent Raman
peaks were attributed to aromatic residues such as phenylalanine and tyrosine. In several instances, we also observed Amide
| bands with a full width at half-maximum of 10-30 cm~". The assignment of these Amide | band positions suggests the presence
of 340-helices as well as «- and -sheets at the fibril's surface.

INTRODUCTION

Collagen is the most abundant protein in the human body,
where it is the main constituent of connective tissues and
of the extracellular matrix surrounding most cells (1).
Currently, there are 29 members of the human collagen
protein family (2). Among these, Collagen I is the most
abundant and assembles into fibrils of ~100 nm in diameter
with a distinctive 67-nm banding pattern both in vitro and
in vivo (3). These fibrils assemble in the extracellular space
after cleavage of procollagen molecules that have first
undergone a variety of posttranslational modifications.
These include the hydroxylation of certain proline and
lysine residues and the glycosylation of hydroxylysine resi-
dues (4). These posttranslational modifications affect the
stability and function of collagen, as revealed by a variety
of human diseases. Collagen diseases such as Osteogenesis
Imperfecta and Scurvy are a result of overglycosylation (5)
and underhydroxylation (6) of the collagen molecule,
respectively.

After these modifications, the procollagen molecules
assemble into trimers initiated by the formation of di-sulfide
bonds in the C-terminal propeptide (7). The procollagen
trimers are then secreted into the extracellular space where
they are converted into collagen by the cleavage of the
C- and N-terminal propeptides (8). The collagen molecules
then aggregate into collagen fibrils several tens of microns
in length and with a diameter of ~100 nm. These fibrils
interact with proteoglycans, other proteins, and molecules
to form the so-called extracellular matrix. Electron tomog-
raphy of corneal collagen fibrils that are coassemblies of
Collagen I and V revealed the intrafibrillar organization of
collagen as well as the presence of macromolecules binding
to the fibril’s surface (9).

Submitted October 14, 2010, and accepted for publication February 17,
2011.

*Correspondence: kreplak@dal.ca or kreplak @fizz.phys.dal.ca
Editor: Denis Wirtz.

© 2011 by the Biophysical Society
0006-3495/11/04/1837/9  $2.00

What makes these fibrils unique is the collagen mole-
cule’s relatively uncommon characteristic secondary struc-
ture called the 3;¢-helix or triple helix. The structure of
the 3¢ helix has been characterized by x-ray diffraction
patterns of bulk tendons (10,11) and of collagen-like
peptides (12). This helix has three residues per turn and
a rise per residue of 0.29 nm (13). It is actually unstable
in its single-stranded form and is only observed in a triple
helix (8). In contrast, the most prevalent secondary struc-
tures in proteins are the a-helix followed by the (3-sheet.
The «-helix is far less tightly wound than the 3;¢-helix
with 3.6 residues per turn and a rise per residue of
0.15 nm, and occurs in a single-stranded form (14).

To obtain surface-sensitive structural and chemical infor-
mation on collagen fibrils, we decided to take advantage of
the spatial and chemical specificity of surface-enhanced
Raman spectroscopy (15). Raman scattering is an inelastic
process that suffers from a small scattering cross-section
(16). However, by coupling the molecule or macromolecular
assembly of interest with a metallic nanostructure such as
a Ag nanoparticle or a Ag-coated atomic force microscopy
(AFM) tip, it is possible to achieve signal enhancement
of up to 10 (17) and 10° (18), respectively. Both
approaches, named surface-enhanced Raman scattering
(SERS) and tip-enhanced Raman scattering (TERS), have
been applied to the characterization of viruses, cells,
DNA, single amino acids, and amyloid fibrils (19-23).
With the enhancement effect being due to a coupling
between the metal nanostructure and the sample, the pene-
tration depth is limited to 3 nm (24,25), making SERS and
TERS surface-sensitive techniques.

In this study, we demonstrate (to our knowledge) the first
characterization of the surface of in vitro-assembled rat tail
Collagen I fibrils by both SERS and TERS. The observed
spectra differ strongly from bulk Raman microspectroscopy
spectra and are mainly sensitive to the distribution of
aromatic residues at the fibril’s surface. We also observed
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in many instances the presence of narrow, <30 cmfl,

Amide I bands that were attributed to the presence of
310-helices as well as «-helices and ($-sheets at the fibril’s
surface. All our data indicates that both SERS and TERS
are very promising techniques for the structural and chemi-
cal characterization of the collagen fibril surface in physio-
logical and pathological situations.

MATERIALS AND METHODS

Collagen sample preparation

Rat tail Collagen I was purchased (Sigma, St. Louis, MO). For enhanced
Raman experiments, assembly was induced by diluting Collagen I to
0.1 mg/mL in phosphate-buffered saline (PBS). One-milliliter samples
were incubated in a 37°C water bath for 1 h. A 0.5 mL aliquot was depos-
ited on a clean glass-bottom petri dish. After 30 min, the sample was
washed with deionized water and dried with nitrogen gas. For diffraction-
limited Raman experiments, Collagen I was diluted to 0.45 mg/mL in
PBS and incubated 17 h to form a clump of fibrils. Every other step
remained unchanged. To form a sheet of collagen, collagen was diluted
to 0.5 mg/mL in a 20 mM Tris, 100 mM NaCl buffer. A 20 uL aliquot
was deposited on a clean glass-bottom petri dish. The sample was washed
and dried after 17 h.

SERS sample preparation

SERS samples were prepared in a variety of ways. Dried Collagen I fibrils
adsorbed onto glass were covered with either a solution of either citrate-
stabilized polydisperse Ag nanoparticles (100 uL), citrate-stabilized
65 nm Au nanoparticles (100 uL), or 30 nm Ag nanoparticles stabilized
in a 2 mM citrate solution (10 uL) (nanoComposix, San Diego, CA) and
deionized water.

The silver polydisperse nanoparticles were formed by heating 150 mL of
a 0.02% AgNOj; (Sigma) solution to a boil and adding 3 mL of 1% sodium
citrate (Alfa Aesar, Karlsruhe, Germany). The solution was stirred at
300 rpm for 6 min. When the nanoparticles formed, the transparent solution
turned yellow.

Gold nanoparticles were formed by heating 100 mL of a 0.01%
HAuClO,-3H,0 (Alfa Aesar) solution to a boil and adding 0.5 mL of
1% sodium citrate solution. In 10 min, nanoparticles formed and the solu-
tion changed from colorless to reddish purple.

The formed nanoparticles ranged in size, with an average diameter of
45 + 25 nm and 65 *= 11 nm for Ag and Au nanoparticles, respectively,
as determined by scanning electron microscopy.

Other samples were assembled in the presence of nanoparticles. Collagen
I was diluted to 0.1 mg/mL in a 0.5 mL solution of PBS and Ag nanopar-
ticles (100 uL of the Ag polydisperse nanoparticles or 10 uL of 30 nm
nanoComposix Ag nanoparticles). The samples were incubated in a 37°C
water bath for 1 h. The samples were then deposited on clean glass-bottom
petri dishes. All SERS experiments were performed in liquid.

Tip preparation

TERS tips were prepared using evaporated Ag films. Silicon AFM tips were
coated with 30 nm of Ag via thermal evaporation deposition. The evapora-
tion was preformed in an evaporator (Model 4; Edwards, West Sussex, UK)
with a background pressure between 10~ and 10~° Torr. Ag was heated in
a tungsten basket with the cantilevers 12—15cm above the Ag source. The
average deposition rate was ~10 nm/min with the thickness being moni-
tored by a quartz microbalance. Tips were used within one week of
deposition.
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Raman spectroscopy

The transmission tip-enhanced Raman setup consisted of an inverted micro-
scope (1X71; Olympus, Center Valley, PA), an atomic force microscope
(Bioscope II; Veeco, Santa Barbara, CA), and an iHR550 Raman Spectrom-
eter (Horiba Jobin Yvon, Edison, NJ). The samples were excited by a
532-nm (far-field, Ag SERS, TERS) or a 660-nm (Au SERS) solid-state
laser (Ventus Vis, Laser Quantum, Cheshire, UK) focused into a 1 um
spot with a 1.3 NA, 100x oil-immersion objective lens. For diffraction-
limited Raman experiments, the power on the sample was adjusted to
5 mW and the scattered light was collected for 75 s per 600 cm ™' wavenum-
ber window. For enhanced Raman experiments, the power was reduced to
100 uW and the scattered light was collected for 10, 20, or 100 s per
1000 cm~' wavenumber window for Au SERS, Ag SERS, and TERS,
respectively.

Atomic force microscopy

All samples were imaged in contact- or tapping-mode in air. For contact-
mode imaging, MSNL cantilevers (Veeco) with 0.03 and 0.1 N/m nominal
spring constants were used as well as CONT cantilevers (Nanoworld,
Neuchatel, Switzerland) with a 0.2 N/m nominal spring constant. For
tapping mode imaging, we used a TESP-SS cantilever (Veeco) with a
42 N/m nominal spring constant and a resonance frequency of 300 kHz.
The amplitude of oscillation was set to 10 nm for both imaging and Raman
scattering data collection. A scan rate of 1Hz was used to produce 512 x
512 pixel images. A closed-loop feedback system in the x, y, and z direc-
tions was used for all scans. All the images were analyzed with the program
Gwyddion (http://gwyddion.net/).

Spectral data processing

Spectra were fitted in LabSpec (Horiba Jobin Yvon) using Gaussian func-
tions to determine position, intensity, and widths of the peaks. The diffrac-
tion-limited Raman spectrum of Collagen I fibrils underwent background
subtraction as well as smoothing by a filtration of degree 2 and size 9 in
LabSpec. The spectrum of a sheet of collagen underwent background
subtraction. The Amide I band of this spectrum was then fit with multiple
Gaussian functions. The enhanced Raman spectra were not altered
with smoothing or background subtraction. The enhancement factor (M)
of a Raman spectrum was calculated from the enhanced peak intensity
(Ienhancea) and the nonenhanced noise intensity (Zyonenhanced) @S Well as the
scattering area radius for enhanced (Fephancea) and nonenhanced scattering
(Fnonenhanced) i Eq. 1 (26). The nonenhanced scattering radius was esti-
mated to be 500 nm and the enhanced scattering radius was estimated to
be 30 nm for TERS, 23 nm for SERS with polydisperse Ag nanoparticles,
and 33 nm for Au SERS, as

2
]enhanced Tnonenhanced
M = ( . )
I nonenhanced Fenhanced

RESULTS

Reference spectrum of Collagen I fibrils

Collagen I fibrils adsorbed onto glass were imaged by AFM
in air. We observed two types of structure, dense networks
of fibrils (Fig. 1 A) and sheets of fibrils several microns in
thickness (Fig. 1 B). Both spectra were dominated by the
Raman scattering of the glass substrate. Subtracting a spec-
trum of clean glass allowed us to obtain spectra with
a typical collagen fingerprint (Fig. 1 C), characterized by


http://gwyddion.net/
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FIGURE 1 Far-field Raman spectrum of
Collagen I fibrils. (A) Contact-mode AFM deflec-
tion image in air of a dense network of fibrils
obtained with a 0.01 N/m MSNL cantilever. (B)
Optical image of a sheet of Collagen I fibrils. (C)
Raman difference spectra of the sheet and a dense
network of fibrils. Positions of the major bands
are indicated. The 2432 cm ™' band is attributed
to glass. The FWHM of the Amide I bands are
90 cm™ .

800 1200 1600

five bands. The Amide III and I bands were observed at
1268 + 22 and 1655 * 3cm ' (27-29). The 1447 =+ 2
and 2933 = 5 cm ™' bands are associated with CH, and
CHj; deformations and the 3320 + 10 cm™ ' band is attrib-
uted to NH stretching (27-29).

Surface-enhanced Raman spectroscopy

As a first step to obtain enhanced Raman spectra, silver
nanoparticles were attached to Collagen I fibrils in water.
Fibrils with well-attached nanoparticles (Fig. 2, A and B)
were used for SERS experiments. Typically, the SER spectra
of a Collagen I fibrils had many intense bands in the 1000-
1800 cm ™' region (Fig. 2 C). The spectra of the silver nano-

2000 2400 2800 3200 3600

Wavenumber (cm™)

particles in water on clean glass did not reveal any distinct
peaks (see Fig. S1 in the Supporting Material). Even so,
most of the PBS in which fibrils were assembled was
washed before the SERS experiments, and we did observe
in most spectra a weak contribution of PBS with peaks at
~936 and 1022 cm™' (30). A histogram of peak positions
observed in the 600-1800 cm ™' region (Fig. 2 D) revealed
two common bands. These peaks, located at ~1585 and
1605 cm_l, can be attributed to ring vibrations (29,31) of
either phenylalanine or tyrosine residues and were each
observed in roughly 30% of all SER spectra.

Interestingly the fingerprint modes of phenylalanine and
tyrosine residues at 1000 and 828 cm ™' (32), respectively,
were not observed in any spectrum. Using uncoated regions

40 nm

FIGURE 2 Silver-surface-enhanced Raman spec-
trum of Collagen I fibrils. (A) Differential interfer-
ence contrast image of several Collagen I fibrils
coated with polydisperse Ag nanoparticles. Each
bright dot corresponds to at least one nanoparticle.
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(B) AFM contact mode height image of 30 nm Ag
nanoparticles attached to collagen fibrils on glass
obtained in air with a 0.03 N/m MSNL cantilever.
(C) Raman spectra single Collagen I fibrils with Ag
nanoparticles attached and a spectrum of a fibril
without nanoparticles (bottom spectra). The Raman
scattering signal was enhanced by a factor of 10*,
(D) Histogram of peak positions observed in 87 silver
SERS spectra of Collagen I fibrils.
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of the fibrils as a reference, the polydisperse Ag nanopar-
ticles were found to enhance the Raman scattering signal
by a factor of 10*. This number is much lower than SERS
enhancement factors of roughened metallic surfaces due to
the lack of intense hot spots regularly found on these
surfaces (33). This is also a conservative estimate. Consid-
ering that these peaks were not present in the nonenhanced
spectra, the noise was used as the intensity of the peak.

As an attempt to observe the fingerprint modes of phenyl-
alanine and tyrosine residues, 65-nm gold nanoparticles
were also attached to Collagen I fibrils in water. The Au
nanoparticles had a high affinity to the collagen fibrils
(Fig. 3 A). The particles often attached to the fibrils in
register with the 67-nm banding pattern (Fig. 3 B). The
gold SER spectra of Collagen I fibrils had many peaks in
the 1000~1800 cm ™" region, with a distinctive 1000 cm ™"
phenylalanine peak in nearly every spectrum (Fig. 3 C).
The 828 cm™' tyrosine peak was much less common, but
still apparent.

The spectra of the gold nanoparticles in water on clean
glass did not reveal any distinct peaks (Fig. S1). A histogram
of peak positions observed between 600 and 1800 cm ™
revealed four more very common peaks at ~1025, 1165,
1195, and 1585 cm™' that each appeared in >40% of all
spectra. These peaks can all be attributed to phenylalanine
(22,29,32,34-36). However, the 1025 cm™! may also arise
from PO43_ attached to the fibrils (30). Using uncoated
fibrils as a reference, the Au nanoparticles were found to
increase the Raman scattering signal by a factor of 10°.

Gullekson et al.

Tip-enhanced Raman spectroscopy

To control the position of the Raman probe, we used TERS
tips coated with a 30-nm Ag layer in air. These coated AFM
tips were put in contact with Collagen I fibrils to collect
enhanced spectra (Fig. 4 A). The TERS tips also did not
have a very intense background spectrum (Fig. S1). The
TER spectra of fibrils had fewer peaks per spectra than
SERS but still had many intense peaks evident in a histogram
of the TERS peak positions between 1150 and 1750 cm ™!
(Fig. 4 B). The peaks between 600 and 1150 cm™" were
not common (Fig. S2 in the Supporting Material). The
ring vibrations at 1585 and 1610 cm ™" were also common
peaks in the TER spectra. When compared with an out-of-
contact spectrum of the fibril, the tip was found to enhance
the Raman scattering signal by a factor of 8000.

These silver-coated tips were used to make a line profile
across a collagen fibril. A 1.14-um line across a fibril was
scanned on an AFM image with spectra taken every 39 nm
(Fig. 5 A). Spectra taken at points on the fibril contained a
1330 cm ™' peak not observed in the other spectra (Fig. 5 B)
that can be attributed to either a tyrosine ring vibration or
a CH vibration (see Table 2). The spectra taken on the fibril
were homogeneous (see Fig. S3 in the Supporting Material).
Similar spectra with shifted peaks and an absent 1330 cm ™
peak were observed in a region next to the fibril on what could
possibly be a small aggregate of collagen molecules
(Fig. S3). A plot of the intensity of the 1330 cm ™' peak along
the scan was comparable to the AFM height profile of the

&5 nm

FIGURE 3 Gold-surface-enhanced Raman spec-
trum of Collagen I fibrils. (A) Differential interfer-
ence contrast image of several Collagen I fibrils
coated with 65 nm Au nanoparticles. Each bright
dot corresponds to at least one nanoparticle. (B)
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AFM tapping mode height image in air of 65 nm
1 Au nanoparticles attached to collagen fibrils on
i glass obtained with a TESP-SS cantilever. (C)
Raman spectra single Collagen I fibrils with Au
nanoparticles attached and a spectrum of a fibril
without nanoparticles (bottom). The Raman scat-
tering signal was enhanced by a factor of 10°.
(D) Histogram of peak positions observed in 87
gold SERS spectra of Collagen I fibrils.
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fibril. The full width at half-maximum (FWHM) of the fibril
along the line was found to be 100 nm in both the height map
and the 1330 cm ™! peak intensity map.

Analysis of the Amide | band

Several spectra of Collagen I fibrils obtained with TERS
(Fig. 6 A) and SERS (Fig. 6 B) presented Amide I peaks.
We observed narrow peaks that were similar in position to
the 1655 cm ™' reference Amide I band. The reference Amide
I'band from the collagen sheet (Fig. 7 A) was fit with a convo-
lution of narrower Gaussian functions with a FWHM of 25 or
30 cm~'. The Gaussian fitting function positions were
comparable to a histogram of Amide I peak positions found

1400

] FIGURE 4 Tip-enhanced Raman spectrum of
Collagen I fibrils. (A) Raman spectra of a single
Collagen I fibril with Ag-coated tips in contact
E with the fibril and out of contact (bottom). The
Raman scattering signal was enhanced by a factor
of 8000. (B) Histogram of peak positions observed
in 154 TERS spectra taken on 15 Collagen I fibrils.

15|55

1500 1600 1700

Range (cm")

in SERS and TERS (Fig. 7 B). The mean width of the
SERS and TERS Amide I peaks was 22 = 12 cm™'. The
SERS and TERS peaks were also more similar in width to
the Gaussian fitting functions, 25 and 30 cm_l, than the
90 cm ™! wide Raman Amide I band itself.

DISCUSSION

Differences between enhanced and normal
Raman techniques

In the diffraction-limited Raman spectrum of collagen
fibrils (Fig. 1 B), only contributions from C-H, N-H, Amide
I, and III bands were visible in both spectra. A 1000 cm ™"

FIGURE 5 Tip-enhanced Raman line scan of
a Collagen I fibril collected in tapping mode in
air at an oscillation amplitude of 10 nm. (A)
AFM height image of the Collagen I fibril obtained

with a TESP-SS cantilever before Raman line
scanning. (White horizontal line across the fibril)
The 1.14 pum path of the Raman line scan. (B)
The tip-enhanced Raman spectra at different points
along the 30 point path. (C) Height profile of the
Collagen I fibril after Raman profile (squares)
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1330 30 '20 profile at 1330 cm™' both have a FWHM of
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FIGURE 6 Spectra of Collagen I fibrils with peaks in the Amide I region
generated using TERS and SERS. (A) Tip-enhanced spectra of Collagen I
fibrils obtained with a silver-coated 0.01 N/m MSNL tip (1 and 3) and
a CONT tip (2). (B) Surface-enhanced spectra of Collagen I fibrils obtained
with polydisperse Ag nanoparticles (4), 30 nm Ag nanoparticles (5 and 7),
and 65 nm Au nanoparticles (6).

phenyl ring vibration, commonly observed in published
collagen spectra (27,28), was, however, visible in our spec-
trum of collagen fibrils arranged in microns-thick sheets.

Enhanced Raman techniques are sensitive to the surface
of the fibril, and in enhanced Raman, we observed peaks
not seen in diffraction-limited Raman. In a previous study
using an oscillating cantilever, the Raman intensity of
a sample was found to decay exponentially with increasing
tip-sample separation with a decay length of 2.8 nm (24).
Note that SERS has a sensing volume within a few nanome-
ters of the surface (25), and collagen molecules have a diam-
eter between 1 and 2 nm (8). This means that our enhanced
Raman experiments only probed bonds in the first layer of
collagen molecules on the surface of the fibril.

Another advantage of enhanced Raman techniques is the
spatial resolution. We were able to make 1-um line scans
across fibrils with a resolution comparable to that of AFM
profiling (Fig. 5). Because of their surface sensitivity,
SERS and TERS could be used to characterize the surface
of naturally occurring collagen fibrils. It should be possible,
for example, to detect posttranslational modifications such
as glycosylation and hydroxylation on the fibrils’ surface.
We could also use this approach to detect the presence of
uncleaved propeptides at the surface of the fibrils by using
their high disulfide content.

Observation of ring modes

The commonly observed peaks in both SERS and TERS
spectra included ring vibrations, amide bands, and C-H
and COO™ vibrations (Table 1). The CH vibrations were
understandably frequent due to the plethora of CH bonds
present in the collagen chain. The COO™ vibrations arise
from the ionized carboxyl groups in the residues of aspartic
and glutamic acid (31) which account for 7.8% of the
collagen peptide chain (Table 2). But most importantly,
amino acids with aromatic side groups give rise to strong

Biophysical Journal 100(7) 1837-1845
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FIGURE 7 Comparison of the diffraction-limited and enhanced Raman
Amide I peaks for Collagen I fibrils. (A) Peak fitting of the Amide I band
observed in a sheet of collagen presented in Fig. 1 B. The positions, height,
and FWHM of the Gaussians are presented in Table 1. (B) Histogram of the
Amide I peak positions observed in SERS and TERS. The average FWHM
of the Amide I band in 42 silver SERS, 37 gold SERS, and 29 silver
TERS spectra used were 27 + 12 cmfl, 22 + 11 Cmfl, and 15 = 7 cmfl,
respectively.

Raman bands. It has been observed that the SER spectra
of di- and tri-peptides are dominated by amide bands and
aromatic side-chain vibrations (31). Although collagen is
mostly comprised of glycine, proline, and alanine, the
helical sequence contains the aromatic amino acids phenyl-
alanine and tyrosine (Table 2). Therefore, we chose to focus
our assignment and discussion on the aromatic residues (see
the Supporting Material for a detailed discussion).

The modes of ring vibrations are categorized into groups
that have different polarizability components. In general,
a mode is strongly enhanced if its polarizability component
is perpendicular to the metal’s surface (37). This is in
contrast to far-field techniques, where, in a randomly
oriented sample, all of the Raman active modes will be
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TABLE 1 Spectral peak assignments
Proposed assignment
Phenylalanine ring Tyrosine ring (Wilson vibration
Gold  Silver Silver (Wilson vibration number, number, group, and range) Amide Other
Far field SERS SERS TERS group, and range) (22,29,34-37,39) (22,29,34-37,39) (27,28,40,42,43) (22,27,28,34-36)
645 665 — 6b, B3, (630 + 20) COO™ wag.
685 — 4, B, (690 = 10) 4, By, (700 % 35)
765 —
795 — A, (725 £ 75) A, (820 = 50)
835 — 10a, A, (835 =+ 25) 10a, By, (820 + 30) CH
945 940 — 17a, Ay (960 =+ 20) 17a, A, (960 = 30) C-COO™
1002 995 — 12, A, (1000 = 10)
1025 1025 — 18a, A, (1024 * 6) 18a, By, (1012 = 9)
1065 — 18b, B, (1074 = 8)
1165 1155 15, B, (1156 + 5) 9a, A, (1166 = 24)
1195 1175 9a, A, (1175 £ 5)
1215 Ay (1205) A, (1210 = 15)
1245 1235 By, (1250 = 15) Amide III
12461289 Amide III CH
1265 1285 1275 3, B, (1275 = 20) 3, B3 (1286 + 26) Amide 111 CH
1355 1335 14, B,, (1310 = 70) CH
1405 1410 1415 19b, By, (1420 = 50) COO™ sym.
(1390 = 50)
14451449 1445 1445 1460 19b, B, (1455 * 16) CH
1485 1485 1515 19a, Ay (1492 =+ 22) 19a, By, (1495 = 35)
1530
1565 1565 Amide II
1585 1585 1585 8b, B, (1579 = 18) 8b, B3g (1578 + 26) COO™ asym.
1605 1605 8a, A (1594 = 20) 8a, A, (1600 + 29) COO™ asym.
1627 1632%* Amide I (3¢-helix) COO asym.T
(1620 = 70)
1649 1656 Amide I (a-helix) COO™ asym.
1675 1675 Amide I (-sheet) COO™ asym.

Values and vibration numbers are given by Dollish et al. (34).

*Amide I values are from the histogram including all enhancement methods (Fig. 7 B).

fA COO— asymmetric stretch is very weak in Raman.

observed. For this reason, the orientation of the rings, with
respect to the metal surface, greatly affects the observed
spectra. The phenylalanine and tyrosine residues each
have a group of modes, A; and A, (34), respectively, that
have polarizability components in all directions, x, y, and z
(Fig. 8) (38). These modes should be enhanced regardless
of the orientation of the ring. The 1000 and 1605 cm ™
modes are of this kind—the first one for just phenylalanine,
and the second one for phenylalanine and tyrosine (Table 1).

The other groups of modes will only be enhanced in
particular orientations. The B, and B,, modes would be
ideally enhanced if the face of the ring was tilted toward
the metal’s surface due to their polarizability in the x,z direc-
tion of the ring. The only mode of this kind was observed at
685 cm ™! in the gold SERS experiments. The B, and Bs,
modes would be optimally enhanced if the edge of the
ring was tilted toward the surface due to their polarizability
in the y,z direction (Fig. 8). The 1585 cm™' peak that was
strongly observed in all methods is of this kind. The A,
and B;, modes would be greatly enhanced if the face of
the ring was tilted toward the metal surface as well as the
edge due to their polarizability in the x,y direction. The

828 cm™! band characteristic of tyrosine is a B, mode
and was only rarely observed in the gold SERS experiments.

In the gold SERS experiments, the symmetric 1000 cm ™'
peak was visible in almost every spectrum but was
also regularly of a lower intensity than the other peaks
(Fig. 3, and see Fig. S4 in the Supporting Material).
This has also been observed in previous gold SERS experi-
ments with phenyl-containing samples (37,39). Because the
1000 cm ™' peak arises from an A; mode, it will always be
expressed regardless of the orientation of the phenyl ring.
The other groups of modes will only be expressed in certain
orientations. In far-field Raman, where the sample is
randomly oriented and there are many rings probed, this
will result in an intense 1000 cm ™' peak (Fig. S4). However,
if there are a few rings probed that are in an orientation
favorable to one of the other groups, the modes of these

TABLE 2 Amino acid composition

Gly Pro Ala Arg Glu Ser Lys Asp Gln
328% 223% 109% 50% 4.6% 42% 3.6% 32% 29%
Leu Thr Val Phe Asn  Met Ile Tyr His
1.9% 1.9% 1.9% 13% 13% 08% 0.7% 0.5% 0.2%
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FIGURE 8 Proposed orientation of the phenylalanine residue with
respect to the metal surface. The coordinate system of the phenyl molecule
is shown.

groups will be observed at a greater intensity. With the
strength of the 1585 cm™' peak compared to the
1000 cm™' peak, it is probably that, on average, the rings
are upright to the metal surface with the edge of the ring
tilted toward the metal surface (Fig. 8).

Interestingly, the 1000 cm ™' peak was not observed in the
silver experiments. The absence of this peak was also
observed in a previous silver TERS experiment (36). In
addition to orientation, the number of rings close to the
surface will also affect the observed spectra. Each collagen
triple strand is 300 nm long and 1-2 nm in diameter. It
contains 3168 amino acids, 42 of which are phenylalanine
and 15 of which are tyrosine. The Raman intensity of
a mode decays exponentially from the surface with a decay
length of 2.8 nm (24). To be conservative, we assume that
only the top-half of the triple strand is enhanced enough
to be detected. That places a phenylalanine every 14 nm
along the strand and a tyrosine every 40 nm. The diameters
of probes used in these experiments were 30 and 45 nm
for silver SERS and 65 nm for gold SERS. With the
larger probes used in the gold experiments, it is likely that
more rings were in contact with the surface. Because the
1000 cm™' peaks observed in gold SERS were often
weak, it is likely that there were not enough rings in contact
with the silver nanoparticles for the 1000 cm ™' peak to be
observable. This weakening would also be exaggerated if
the rings had a higher affinity to gold than silver.

Amide | band

The Amide I band arises mainly from the C=O stretching
mode of the peptide bond with minor contributions from
the C-N stretching and N-H bending modes (34). Because
of this coupling between the C=0O and N-H modes, the
Amide I band is sensitive to the hydrogen-bonding pattern
within a polypeptide. In other words, changes in position
of the Amide I band indicate different secondary structures
such as a-helix or -sheet. Based on sequence analysis of
Collagen type-I chains, the most frequent secondary struc-
ture is the 3;g-helix, which has a characteristic Amide I
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peak at 1630 cm ™' (40). According to a secondary structure
prediction algorithm by Chou and Fasman (41), 18% of the
chain should in the a-helix conformation and 19% of the
chain should be in the (§-sheet conformation with peaks at
1650 (42) and 1672 cm ! (43), respectively.

Interestingly the far-field Raman spectra of Collagen I
fibrils shows an Amide I band centered at 1655 cmfl, char-
acteristic of an «-helix, with shoulders at ~1630 and
1675 cm™! characteristic of the 3;o-helix and B-sheets,
respectively. Deconvolution using Gaussian peaks yielded
peak positions at 1627, 1649, and 1675 cm™! (Fig. 7 A).
In comparison, enhanced Raman spectra showed narrow
Amide I bands with widths at ~20 cm™' and a wide range
of peak positions between 1620 and 1690 cm ™' (Fig. 7 B).
Furthermore, the distribution of peak positions had three
distinct clusters at ~1632, 1656, and 1675 cm”! (Fig. 7 B),
in good agreement with the far-field spectrum deconvolu-
tion (Fig. 7 A). The presence of narrow Amide I bands in
the enhanced Raman spectra indicates that we are observing
one type of secondary structure at a given location. This
allows us to assign secondary structures without the need
of any deconvolution. Our results also confirm the presence
of a-helix and (3-sheets structures at the surface of the fibril
as expected.

CONCLUSION

In this study, we have demonstrated the ability of nanoscale
Raman techniques to obtain spatially localized surface
spectra of collagen fibrils assembled in vitro. Both SERS
and TERS techniques can also be applied to samples har-
vested from tissues to investigate naturally occurring
changes in the structure and chemical composition of
collagen fibrils. The next step is to obtain Raman maps
along the fibril axis to reveal chemical motifs associated
with the 67-nm banding pattern. Our approach, potentially,
could be applied to other issues in the field of collagen
research such as the structural/mechanical relationship
(44) of various types of fibrils, the effect of heat on collagen
structure, and the impact of aging.

SUPPORTING MATERIAL

Additional materials and four figures are available at http://www.biophys;j.
org/biophysj/supplemental/S0006-3495(11)00244-X.
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