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ABSTRACT
Resonance Raman offers a significant increase in Raman signal levels. We show how this can be used to select
a specific molecule within a complex biosystem to study, in our case to determine if hemoglobin survives in
ancient fossils. Key to this ability is the fact that the vibration must be on the same molecule as the absorption.
Further, we show that the Raman fingerprint, or changes to it, can provide further selectivity or identify changes
in that molecule based upon the particular sample. In our case, we find that the iron in the hemoglobin has
oxidized into FeOOH, but still attached to both its porphyrin-like heme group and the protein network that gives
the hemoglobin absorption. Very narrow Raman resonances are found in molecules with symmetry-forbidden,
phonon-allowed absorptions. We show several in biologically relevant materials including that methylated-DNA
(m-DNA) can be distinguished from non-methylated (n-DNA) with nano-bowtie- and resonance- enhanced Raman spectra. These effects are retained when plasmon resonances are used to enhance a local region of the
sample, but find that the overall signal from a uniformly distributed specimen is not increased significantly by
the enhancement of a small region, so is not recommended unless the sample can be concentrated into that
region.
Keywords: resonance Raman, plasmon resonance, selectivity, Raman fingerprint, biological imaging, ancient
soft tissue, hemoglobin, cytosine

1. INTRODUCTION
The last several decades have seen a drastic increase in molecular studies on living organisms. These data
inform every aspect of biology. However, there is a dearth of similar studies on very old fossils, because of the
prevailing wisdom that biomolecules will completely degrade before one million years (Ma).1–4 The discovery of
still soft, flexible microstructures consistent with blood vessels, cells and extracellular bone matrix in multiple
extinct organisms recovered from multi-million year old sediments5–12 has led to the reexamination of this
central hypothesis of degradation.10, 13, 14 Here, we present additional data supporting the endogeneity of these
microstructures, preserved via a proposed hemoglobin reaction.
Previous studies on these soft tissue materials have employed multiple high resolution techniques, including
immunological assays using specific antibodies;12, 15 various mass spectrometry methods;12, 16 vibrational mode
spectroscopy methods, including high resolution, solution-phase proton NMR, electron spin resonance; and
surface enhanced Raman spectroscopy. These were used to analyze a well preserved specimen of Tyrannosaurs
rex (MOR 555,17 ), supporting the persistence of a hemoglobin-like compound in bulk extracts of cortical bone.
Resonance Raman spectroscopy can simplify analyses of complex materials like fossil bone. Every Raman
active molecule has a characteristic Raman spectrum, which can then be compared to Raman spectra from a
wide range of literature.11, 18–25 Although Raman spectra can aid in identification of molecular components,
its spectral resolution in this case is limited, in part by low sample order12 typical of biological samples, as
compared to crystal samples.26–29 Resonance Raman overcomes some of these obstacles to obtaining high
resolution characterizations of complex samples.30 By tuning the excitation wavelength to the known absorbance
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of a molecule, the absorbing molecules Raman spectra greatly increases.12, 16, 26–28, 31–37 Although the vibrations
typically measured with Raman in the few hundreds to few thousands of wavenumbers generally correspond to
functional groups, the absorption spectra of a molecule typically involves larger structures acting in concert. This
is especially true in hemoglobin, where O2 binding to the heme moiety causes dramatic shifts in the quaternary
structure of the molecule and therefore the absorption.15 Because only the vibrations associated with that
particular absorptive feature are Raman-enhanced,17 resonance Raman provides double-selectivity in identifying
the molecule and the vibrations associated with it.38 We have produced evidence of resonance phenomena in
the intensity of the Raman returns from these samples.39 Here, we quantify the enhancement and show returns
consistent with hemoglobin in these samples. Thus, any alternative explanations must explain both the resonance
phenomenon and the Raman signal. This is a type of doubly-selective test.
It is important to note that, for a Raman spectra to be resonance Raman, there must be a feature of the
sample that is resonating. Here, we use an absorptive feature of the molecule to drive a resonance in the Raman
process. Surface-enanced Raman scattering (SERS) uses plasmonic modes in metallic dots to drive a plasma
resonance that increases the excitation strength, hence the Raman signal. If we do not see this enhancement,
we cannot claim that we see either plasmon-enhanced Raman, SERS, or resonance Raman. This is the basis of
one part of our doubly-selective test, and as such, we must take care to note when this condition is satisfied, and
by what, when comparing to other literature. Note also that a resonance Raman spectrum can contain different
relative peak heights and multiplets/overtones compared to a non-resonant Raman spectrum.
Previously, it was hypothesized that these vessels were preserved through interactions between heme-derived
iron and the endothelial cell membranes that form blood vessel walls in vertebrate organisms.40 One proposed
chemical pathway for vessel preservation involves iron available from hemoglobin catalyzing a redox cycle to
crosslink vessel collagen.40, 41 Resonance Raman is a good tool for studying the distribution of hemoglobin in
the sample, as it allows us to probe the distinctive bond energies of these molecules. We need to choose exciting
wavelengths that both coincide with hemoglobin molecular absorption and do not.40 Another important goal
was to discriminate endogenous heme from other molecules that might be present in the samples.42 Data from
reference samples and from modern analogues will provide a basis for comparison.43

2. METHODS
2.1 Sample Preparation
In addition to the samples below, we also took data on whole blood taken from an author, as a reference.
We used this to both provide an on-resonance spectral measurement for reference, and calculate the resonance
enhancement, as described in section Section 3.1 below.
2.1.1 Ancient Vessels
Our ancient samples were prepared in a laboratory dedicated to analyses of fossil tissues, exclusive of any extant
material. Cortical bone fragments from the B. canadensis femur were demineralized in 500 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0 for two weeks. We then isolated and collected the blood vessels from the
demineralized bone fragments. We washed blood vessels with E-pure water 10 times to completely remove the
EDTA, and then stored them in water to complete preparation for further Raman analysis.
2.1.2 Modern Vesels
Cortical bone fragments from ostrich femur were demineralized in 500 mM EDTA until all mineral was removed.
After demineralization, 1 mm thick slices were cut and then washed 10-20 times with e-pure water to remove
EDTA before collagenase digestion. Slices were then resuspended in 2 ml of 1mg/ml collagenase A (Roche) in
Dulbuccos phosphate buffered saline and allowed to digest overnight at 37◦ C. The remaining vessels were washed
with E-pure water 4 times to remove residual collagenase. To fully simulate ancient preservation, these modern

vessels were then immersed in different environments: deoxygenated Hb in 2 ml micro centrifuge tube under
deoxygenated environment, and oxygenated water under same condition as control. These hemoglobin solutions
are described below.
We separated 100 ml chicken whole blood-k3EDTA from Lampire bio lab cat#7208808 aliquot to 20 Tubes
and washed this blood with 0.9% NaCl isotonic saline. Afterwards, we centrifuged the solution for 15 min at
5000g to remove plasma, serum and WBC. We processed equivalent with 3.75 mM phosphate buffer for 1hr in
ice-water bath, centrifuge at 5000g for 15 min, and repeated 3 times. We filtered this solution through glass
wool, and then through 0.45um syringe membrane filter. Finally we ultra filtered the solution with 3 kD Amicon
ultra centrifugal filter and change buffer to e-pure water. The desalted solution was collected and referred as
hemoglobin solution total 8x12 ml. For the deoxygenated sample, the Chicken Hb solution was degassed by
ultra-sonic and the surface was purged with carbon dioxide (CO2 ) for several hrs. The processing chamber was
purged with CO2 then sealed for deoxygenated environment. The chamber continue purged with carbon dioxide
once a day.

2.2 Choice of Excitation Wavelengths for Resonance
2.2.1 Absorption Spectra of Single Chemicals
Generally, the absorptive features that drive resonance Raman are tens of nanometers wide in wavelength, as
they are symmetry allowed. This allows us to use fixed wavelength lasers, without fear of missing the resonance.
Fig. 1 compares the absorption spectra of hemoglobin and heme, two molecules that we would like to be able
to test for. We note a distinguishing feature near 550 nm for the hemoglobin. This feature is different in the
oxygenated and deoxygenated state of hemoglobin, due to the molecule shifting from a relaxed (R) state to a
tense (T) state.44 Since this corresponds to a well known shift in the quaternary structure of hemoglobin, this
peak is highly correlated to the structure of the whole molecule.

(a)
(b)
Figure 1 (a)The normalized (to 300 nm value) absorption spectra of hemoglobin from45 and heme from46 are compared to the two laser wavelengths used so that resonance conditions can be evaluated. (b)Absorbance spectra of various minerals and a few organic compounds. FeOOH spectra after;47 Ferritin spectra after;48 Ferrocene spectra after;49
α-Fe2 O3 spectra after;50 Fe3 O4 spectra after;51 all others after.52 Note that no chemical is more absorptive near 532
nm than 473 nm, indicating any resonance activity near 532 nm is due to hemoglobin

To satisfy these constraints, we chose two lasers as our exciting wavelengths. One, providing excitation at
532 nm, is just to one side of the absorbing peak in hemoglobin, and thus, will display resonant behavior due
to hemoglobin regardless of oxidation state. The other is a 473 nm laser, which is closer to heme’s resonant
peak, and further from hemoglobin’s. Therefore, if we see a resonance at 532 nm excitation but not at 473
nm excitation, it is due to hemoglobin (or its constituent myoglobin). As such, we examine some common
iron oxides as well as ferrocene and ferritin. These chemicals have their absorption spectra graphed in Fig. 1.

We note that most of the minerals are not absorbent at wavelengths longer than 400 nm. Of those that are
significantly absorbent into the visible spectrum, they are more absorbent near 473 nm than near 532 nm, so
the same resonance source applies. As such, our measuring schema will show dramatic resonance behavior near
532 only if the absorptive hemoglobin feature is still intact.
2.2.2 Laser Wavelengths and Fluorescence
We used ready-made diode lasers from Laserglow as light sources, one at 473 nm and one at 532 nm. These were
powerful enough to burn the sample under magnification after several seconds. To prevent this, we introduced
a polarizer into the beam path and set the power to a lower, steady-state value that would not cause damage
over several hours. This was necessary, as our scans would routinely take from 2 to 6 hours in duration, due to
low signals characteristic of Raman spectra. These parameters were used so that all spectra were normalized for
exposure time, input power, and the quantum efficiency of the SBIG CCD.
Before we can compare the enhanced Raman spectra, there are two other factors that influence the data that
we need to discuss. The first is the excitation-frequency-to-the-fourth-power dependence of the Raman signal.
This needs to be normalized for before comparing Raman signal levels at different frequencies. The second factor
of importance is fluorescence. Generally, higher frequencies (energies) cause more fluorescence than lower ones;
so shorter wavelengths are more likely to have a larger fluorescence background under the Raman spectra than
longer wavelengths. In our case, it means that a background rising towards larger delta-wavenumbers is expected
for the 473 nm excitation, but not as significant for the 532 nm excitation.

3. RESULTS
3.1 Analysis of Enhancement
In both whole blood spectra, we see large peaks on resonance, and smaller peaks off resonance. Here we use a
simplified analysis to estimate the peak enhancement due to resonance Raman effects. To first order, we can
assume the background follows a straight line. For our whole blood spectra this is an acceptable condition, as
our peaks are relatively narrow. We can establish a background level by interpolating a background point at the
peak maximum using a linear equation. We can further correct for the well known λ14 dependency to extract a
wavelength-independant resonance enhancement ratio. This works for defining the enhancement ratio when we
can pick a defined peak out of both spectra. When we cannot find the off-resonance peak, we have to assume
that it is smaller than the local variance exhibited by the spectra. We can then take the local noise as a limit
on the peak height, so our calculations give us a lower limit on the resonance enhancement ratio.
We calculated the relative enhancements for our whole blood spectra, pictured in Fig. 2, and plotted the
results by graphing the enhancement ratio grouped by symmetry, and versus wavelength shift. These can be
found in Fig. 2. We note a fairly well established correlation by wavelength shift, indicating the lower energy,
lower change in wavenumber modes were in general less enhanced than the higher energy, higher change in
wavenumber modes. We also note that the specific symmetry groups did not show a definitive trend that could
not be explained by the above correlation. This indicates that our resonance enhancement spectra, like our
absorbance spectra, is mostly dominated by longer-range vibrational modes.

3.2 Resonant vessels
In this section we show that resonance is observed in the Raman signal from ancient vessel fragments, which
strongly suggests that a significant portion of the hemoglobin molecule is still intact. The Raman spectral
features have changed, however, showing that the molecule has undergone some modification. Fig. 3 contains
Raman spectra of a particular region of what appears to be blood vessel remains of a brachylophosaurus. The
on-resonance spectrum is somewhat similar to that of Fig. 2, although clearly modified.

(a)
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Figure 2 The ratio of resonance-enhanced, 532 nm excitation raman peaks, to non-resonance enhanced, 473 excitation
peaks, plotted by (a) wavenumber shift and (b) symmetry group. We note that the ratios are well correlated by energy,
but not by symmetry.

In general, there is significantly few defined Raman peaks, but much greater intensity compared to whole
blood (Fig. 2). This can likely be attributed to far less pristine hemoglobin or hemoglobin derivatives than in
whole blood, as well as other optical signals. We see significant spectral features that indicate the presence of
a hemoglobin derivative. It also has much higher signal levels than the off-resonance spectrum with 473 nm
excitation, indicating that the parts of the hemoglobin molecule that are absorbing near 532 nm are still intact.
The 473 nm excitation spectra is far more driven by fluorescent background, perhaps due to collagen’s well
known fluorescent activity.53–56 We note that the wide variety of possible macromolecules in these vessels means
that other possibilities besides collagen may be responsible for the fluorescence and broad Raman peaks.

(a)
(b)
Figure 3 Micro-Raman spectra of a) ancient vessel fragments and b) modern vessel samples using excitation energies
of 473 nm (off-resonance) and 532 nm (on resonance for hemoglobin). The spectra have been corrected for power, but
the background has not been subtracted. Note the gains from the resonance are selectively applied to the hemoglobin
spectra.

Since we have calculated our enhancements from a reference sample, it is prudent to indicate how many of
our peaks would be expected to be visible above the noise in the 473 spectra. This, of course, assumes that the
enhancement ratio is constant across samples, as it should be for the same molecules. It also assumes that the
concentration of hemoglobin or hemoglobin derivatives is not significantly changing during the time we change
the excitation laser, as it should since we are operating below the damage threshold. For our calculations, we used
our deoxygenated modern samples, prepared as described in Section 2.1.2. We found that the estimated peak
heights for most peaks in the 473 nm, non-resonant, hemoglobin-related Raman spectra, calculated from whole
blood measurements, should not rise above the noise level measured in our spectra. However, the calculations
indicate that a few peaks may possibly break through the local noise. We see little evidence of these peaks in the
non-resonant spectra, suggesting that they were subsumed by the whole tissue Raman spectra or the fluorescent
background. This further emphasizes the need to use resonance measurements to help select the Raman signals
from the desired macromolecules. As we saw in the 532 nm excitation data, resonance Raman is enhanced over
background, showing both evidence for the existence of our target molecule, hemoglobin, in the sample, and also
allowing us to study the specific modes in this hemoglobin derivative.

4. CONCLUSION
We have shown that the use of resonance Raman in complex biological materials provides a double-selectivity
for the molecules of interest, which can simplify the analysis so that conclusions can be made about the presence
of certain absorbing structures in the system. This is made even more useful when the sample contains many
chemical species that are as of yet not positively identified. Comparison between on and off resonance spectra
is useful. In our case, we demonstrate that enough of the hemoglobin molecule remains in soft tissue recovered
from demineralized bone of ancient fossils that absorption still takes place and the enhanced Raman spectra

indicates some similar features, and some modifications to the molecule. The use of resonance Raman and the
evidence given for hemoglobin-like resonance gives yet more evidence for an ancient origin of these vessels, and
of the hemoglobin derived compounds within them. We look forward to applying this technique with other
biological markers, especially if we can use these biological markers to indicate different environmental factors.
Further analysis of the Raman spectral peaks and their meanings in scenarios described here will appear in a
later publication.
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