
Ratiometric Raman Spectroscopy for Quantification of Protein
Oxidative Damage

Dongmao Zhang⋄, Dongping Jiang⋄, Michael Yanney⋄, Sige Zou⊥, and Andrzej Sygula⋄
⋄ Mississippi State University, Department of Chemistry, Mississippi State, MS 39762
⊥ National Institute on Aging, Laboratory of Experimental Gerontology, 251 Bayview Blvd, Baltimore,
MD21224

Abstract
A novel ratiometric Raman spectroscopic (RMRS) method has been developed for quantitative
determination of protein carbonyl levels. Oxidized bovine serum albumin (BSA) and oxidized
lysozyme were used as model proteins to demonstrate this method. The technique involves
conjugation of protein carbonyls with dinitrophenyl hydrazine (DNPH), followed by drop coating
deposition Raman spectral acquisition (DCDR). The RMRS method is easy to implement as it
requires only one conjugation reaction, a single spectral acquisition, and does not require sample
calibration. Characteristic peaks from both protein and DNPH moieties are obtained in a single
spectral acquisition, allowing the protein carbonyl level to be calculated from the peak intensity ratio.
Detection sensitivity for the RMRS method is ~0.33 pmol carbonyl/measurement. Fluorescence and/
or immunoassay based techniques only detect a signal from the labeling molecule and thus yield no
structural or quantitative information for the modified protein while the RMRS technique provides
for protein identification and protein carbonyl quantification in a single experiment.
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Introduction
Sensitive and accurate determination of protein post-translational modifications (PTM) such
as phosphorylation, glycosylation and oxidation is critically important since they are widely
associated with many physiological and pathological processes [1;2]. Current analytical
techniques for the detection of PTM are based mainly on mass spectrometry, fluorescence, and
immunoassay methods [1;3–7]. While these techniques offer excellent sensitivity, their
accuracy can be limited for applications where small changes in protein modification levels
may be biologically significant. Improving existing PTM detection methods or the
development of new PTM detection techniques continues to be an area of scientific interest
across several disciplines [8–10].

Protein oxidation has been associated with aging and a host of diseases [11–13]. Protein
carbonyl, ketone and aldehyde groups are acceptable as biomarkers for protein damage. Current
protein carbonyl detection methods include spectrophotometric, fluorescence [7], immunoblot
[14], ELISA[15], and more recently, mass-spectrometry[16–20]. While the spectrophotometric
technique remains the most accurate method, detection limits of 533 pmol carbonyl per
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measurement are too high for tissue extract studies. On the other hand, the immunoassay based
methods have significantly higher sensitivity (~0.3 pmol carbonyl/measurement with
immunoblotting), but they are semi-quantitative as they all involve highly variable antibody
binding and/or protein gel staining techniques [21;22]. Another limitation, shared by both
techniques, is the difficulty in obtaining protein structural information such as the identity of
the oxidized protein. Such information is clearly of critical biological importance as individual
proteins have different susceptibilities to protein oxidative damage.

Raman spectroscopy has become an increasingly popular technique for protein
characterization. The development of the Drop Coating Deposition Raman (DCDR) method
has made it possible to obtain high quality Raman spectra for protein solutions at sub μM
protein concentrations and/or for sub pmol quantities of protein [23;24]. To date, DCDR
spectroscopy has been used for detection of protein fibrillation, aggregation, protein
identification and protein phosphorylation [25–32]. However, Raman detection of protein
oxidation, particularly for quantitative determination of protein oxidative damage, has largely
remained an unexplored area.

In this paper, we describe a novel ratiometric Raman spectroscopic (RMRS) method for
quantitative determination of protein levels. The basics of this RMRS method are outlined in
Figure 1 where bovine serum albumin (BSA) is used to illustrate this technique. Protein
carbonyl is conjugated with dinitrophenyl hydrazine (DNPH), a label commonly used in
spectrophotometric and immunoassay-based methods. Spectroscopy on the labeled protein
detects characteristic peaks from both protein and DNPH moieties. Protein carbonyl levels i.e.
the number of carbonyl groups per protein molecule, are obtained from the resulting peak
intensity ratio.

Experimental Section
Chemicals and equipment

All chemicals and proteins were obtained from Sigma-Aldrich. Raman spectra were obtained
with a LabRam HR Raman microscopy system equipped with an 800 mm focal length
spectrograph (Jobin Yvon Horiba, Inc). The substrate used for DCDR spectral acquisition was
a mirror-polished stainless steel plate that provided a Raman and fluorescence free background.
Nanopure water (Thermal Fisher) was used for all experiments. UV-visible spectra were
acquired with an Evolution 300 UV-visible spectrophotometer (Fisher Scientific). Protein
dialysis was performed using Spectra/Pro dialysis membranes with a molecular weight cut-off
of 3,500 Daltons.

Protein oxidation
BSA and lysozyme oxidation was carried out according to Stadman and Oliver [33]. 9 mg of
protein was dissolved in 1 ml of 7.4 pH Hepes buffer (50 mM Hepes, 100 mM KCl, 10 mM
MgCl2). Protein solutions were subsequently exhaustively dialyzed against three changes of
Hepes buffer at 4°C. Protein oxidation was carried out by incubation of the protein solutions
with a freshly prepared, continuously shaken, equal volume mixture of neutral ascorbic acid
and FeCl3 for 24 hours at 37 °C. The solution’s final concentration was ~8 mg/mL protein, 25
mM ascorbic acid and 100 μM FeCl3. Oxidation was terminated by adding an equal volume
of 1 mM EDTA to the protein oxidation solution. The solution was then dialyzed against 10
mM phosphate buffered saline twice (400 mL and 6 hours each) before DNPH conjugation.
BSA and lysozyme control samples were prepared with the same procedures but without
oxidation reactants (ascorbic acid and FeCl3). Oxidized BSA and lysozyme will be referred to
as oxiBSA and oxiLys respectively, whereas the un-oxidized control proteins will be referred
to as BSA and Lys.
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DNPH conjugation
Each of the oxidized protein solutions was divided into two fractions: one for DNPH
conjugation and the other for label-free Raman detection. Conjugation of the protein with
DNPH was carried out according to Levine et al [34]. Briefly, 500 μL of 10 mM 2,4-DNPH
in 2 M HCl was added to 100 μL of oxidized BSA and lysozyme and their respective controls.
After incubation of the solutions at room temperature for 20 minutes with occasional vortexing,
the proteins were precipitated with 20% trichloroacetic acid. Excess DNPH was removed by
a combination of four cycles of ethanol:ethyl acetate (1:1 v/v) washing and centrifugation
[14]. The final protein pellet was dispersed in water and dialyzed against water three times
(400 mL each), for ~6 hours, in order to remove any ethanol:ethyl acetate mixture and possible
residue-free DNPH. DNPH conjugated, oxidized BSA and lysozyme will be referred to as
DNPH-oxiBSA and DNPH-oxiLys respectively, while the unoxidized BSA and lysozyme
samples, that also underwent DNPH conjugation reaction, will be termed DNPH-BSA and
DNPH-lys, respectively.

Preparation of BSA standard solutions
Ten BSA standard solutions that contain different levels of protein carbonyls were prepared
with by mixing BSA stock solution with the DNPH-oxiBSA stock solution that is with a
carbonyl level of 2.6 mol carbonyl/mol BSA. Prior to their mixing, BSA concentrations in both
stock solutions were adjusted with water to 0.5 μM so that the BSA concentration in all the
standard solutions is 0.5 μM. The volume fraction of the DNPH-oxiBSA in the standard
solutions varied from 0 to 100% with step value of 10%, so that the protein carbonyl level in
these standard solutions changed from 0 to 2.6 mol carbonyl/mol BSA with a step value of
0.26 mol carbonyl/mol BSA.

DCDR spectral acquisition
All BSA DCDR spectra were obtained by manual deposition of 3 μL of 0.5 μM protein solution
onto a stainless steel plate while the lysozyme spectra were acquired with samples with protein
concentration of ~ 2 μM. The deposited solutions were dried at ambient temperature under a
laminar flow chamber in order to avoid possible contamination. The spectra were obtained
with a 632.8 nm HeNe excitation laser. A 100 X objective (NA=0.9, MPlan, Olympus),
corresponding to a sampling area of ~2 μm in diameter on the protein ring, was used for all
experiments. Full laser power (13.6 mW before objective) was used for all DCDR spectral
acquisitions of protein samples that did not contain DNPH. A lower laser power of 1.36 mW
before objective was used for DCDR spectral acquisition in the DNPH-conjugated protein
experiments. The lower laser power was used in these experiments to avoid photodestruction
of the DNP Raman signal. Spectra integration times varied from 100 s to 150 s.

Result and Discussion
Determination of protein carbonyl content

Since the spectrophotometric method is generally expected to be the most accurate approach
for protein carbonyl quantification, it was used as the reference technique in this study. Figure
2 shows the UV-visible spectra of (a) DNPH-oxiBSA, (b) DNPH-oxiLys, (c) DNPH-BSA, and
(d) DNPH-Lys, all obtained after removal of excessive DNPH in their respective solutions. As
expected, UV-visible spectra of both oxidized protein samples showed a relatively intense
DNPH specific peak centered at the ~370 nm region, indicating successful protein carbonyl
generation and DNPH conjugation. The UV-vis spectra of the two DNPH reacted protein
controls, however, are somewhat surprising. While there is not a DNPH spectral feature in the
UV-vis spectrum of DNPH-Lys, indicating the effectiveness of our experimental procedure in
removing free DNPH, the small, but detectable DNPH peak in the DNPH-BSA spectrum
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unambiguously indicates the incorporation of DNPH in the native BSA sample. Similar results
were obtained with several repeated trials. Although the exact cause of the discrepancy
observed between lysozyme and BSA is out of the scope of current study, the DNPH retained
in the DNPH-BSA sample is likely due to so-called “nonhydrozone linkage” formed between
DNPH and native BSA. It has been reported that when the duration of the conjugation reaction
exceeds 15–30 mins, DNPH may form “nonhydrozone linkage”[34]. Our results suggest that
different proteins may differ in their susceptibility to form “nonhydrozone linked ” products.

Based on the UV-visible spectra shown in Figure 2, the protein carbonyl level in the DNPH-
oxiBSA, DNPH-oxiLys, and DNPH-BSA were estimated [34] to be 2.6 mol carbonyl/BSA,
0.5 mol carbonyl/mol lysozyme, and 0.10 mol carbonyl/mol BSA respectively. It should be
noted that in this estimation, the DNPH present in the protein samples was assumed to solely
originate from protein carbonyl. Although it is possible in the DNPH-oxiBSA, that there is
some DNPH from the “nonhydrozone linkage”, the DNPH amount is unlikely be more than
0.10 mol DNPH/mol BSA. In fact, the carbonylation level in our oxidized BSA is consistent
with the carbonylation of 3 mol carbonyl/protein reported for the metal catalyzed oxidation
(MCO) oxidized human serum albumin [19].

Label-free Raman spectroscopy of protein carbonylation
Figure 3 shows the DCDR spectra obtained with (a) oxiBSA, (b) BSA, (c) oxiLys and (d)
lysozyme. Evidently, for both proteins, there are no appreciable differences in their Raman
spectra obtained before and after the MCO reaction, indicating the difficulty of label-free
Raman detection of protein oxidization performed under our experimental conditions. Since
protein Raman spectra are dominated by spectral features of aromatic amino acids and the
protein skeletal modes[35], the absence of spectral modification in the oxidized protein
indicates that there are no significant structural modifications induced by the protein MCO
reaction in the protein aromatic amino residues or in protein secondary structure. This
observation is consistent with a previous report, which showed that lysine is the main target
in MCO oxidation[19], and that oxidative modifications of the few lysine residues in either
BSA or lysozyme is unlikely to induce any significant conformational change.

Ratiometric determination of protein carbonyl level
DNPH conjugation dramatically improves the detectability of protein carbonylation. Figure 4
shows the Raman spectra of (a) DNPH-oxiBSA and (b) BSA, and (c) the difference between
(a) and (b), and (d) the Raman spectrum obtained for the protein-free DNPH solution.
Evidently, DNPH and BSA conjugation, produces a marked change in the DNPH Raman
spectra, mainly the red-shift of both the 1355 cm−1 peak (the dinitrophenyl-N bond stretch
[36]), and the 848 cm−1 peak (ring breathing mode [37]). The major protein Raman features
including the 1003 cm−1 phenylalanine peak and 1430 cm−1 methylene scissoring peak remains
largely unchanged before and after DNPH conjugation. Similar results have been observed
with lysozyme and in fact, the DNPH spectral profile extracted from both DNPH-oxiLys and
DNPH-oxiBSA are highly similar, and will therefore be referred to as SDNP hereafter. (See
supporting information).

Even though there are only 2.6 DNPH groups conjugated to each oxidized BSA molecule, the
DNPH characteristic peak at 1340 cm−1 is much more intense than the 1003 cm−1 protein peak.
This indicates a large Raman cross-section for DNPH, especially since the protein peak is from
the collective contribution of 30 phenylalanine residues in each BSA molecule. Based on the
DNPH and phenylalanine protein Raman peak intensity ratio, normalized by their respective
composition number of residues in each DNPH-oxiBSA molecule, it is estimated that the
Raman cross-section of DNPH at 1340 cm−1 is ~21.5 times that of phenylalanine peak at 1003
cm−1. A similar relative cross-section (22.8 times) has been found with Raman spectra of
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DNPH-oxiLys shown in Figure S1 (supporting information). Based on this observation,
Equation 1 can be derived for the RMRS determination of protein carbonyl levels using the
DCDR spectrum of DNPH conjugated proteins,

1

where IDNP is the peak height at the 1340 cm−1 region in the DNPH profile SDNP obtained by
subtracting the protein Raman feature from DCDR spectrum of the protein-DNPH conjugate,
IPhe is the peak intensity at 1003 cm−1 in the Raman spectra obtained with DNPH conjugated
protein sample, and NPhe the number of phenylalanine residues contained in each protein
molecule. The constant of 22 is the Raman cross-section ratio between the 1340 cm−1 peak of
the DNPH moiety and the 1003 cm−1 peak of the protein moiety, which was calculated by
averaging the results obtained with both oxidized BSA and lysozyme samples, and assumed
to be protein independent.

Quantification accuracy of the RMRS method is shown in Figure 5 where the correlation
between the actual protein carbonyl content in the BSA standard solutions and the RMRS
predicted values is plotted. The spectra in the inset shows that even for the samples with
carbonyl levels as low as 0.26 mol carbonyl/mol BSA, an identifiable DNPH feature at the
1340 cm−1 region can be extracted from the DCDR spectrum of the protein-DNPH conjugate.
This indicates that DNPH is an effective Raman tag for detection of protein oxidation detection.
The standard error of prediction (SEP) shown in the figure is calculated using equation 2,

2

where YPr e and Yact are the predicted and actual protein carbonyl content in the BSA standard
solutions. N is the total number of measurements and i is the measurement index.

Our current estimated detection limit, based on the results shown in Figure 5, is about 0.22 mol
carbonyl/mol BSA molecule, which is calculated by the summation of the blank response of
DNPH-free BSA sample with 3 standard derivations of the blank average. Taking into account
the total amount of BSA used for each Raman spectral acquisition, which is 1.5 pmol (3 μL ×
0.5 μM), our detection sensitivity in terms of the total protein carbonyl required per
measurement is ~0.35 pmol. This result represents more than 1000 times improvement over
the 533 pmol/measurement for the spectrophotometric method, and is similar to the detection
limit of 0.3 pmol/slot for the immunoblotting method, both reported using BSA as the model
protein[21;22].

Protein identification using the DCDR spectrum of DNPH-protein conjugate
In addition to its high detection sensitivity and accuracy, the RMRS technique allows rapid
protein identification by using the fingerprint-like information of the protein Raman spectrum.
Such a task is difficult to accomplish with other protein carbonyl detection methods such as
spectrophotometric, fluorescence and immunoblotting methods. Furthermore, these techniques
also rely on additional information such as molecular weight, extinction coefficient, etc. to
accurately determine protein carbonyl levels. Theoretical considerations of protein Raman
identification are outlined below.
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Assuming SDNP-Protein is the DCDR spectrum of a DNPH conjugated protein, mathematically,
it can be decomposed to SDNP and SProtein, the Raman spectra of the two constituent moieties
using Equation 3,

3

where CDNP, and CPro are the decomposition coefficients specifying the signal contribution of
SDNP and SProtein , respectively. It is important to emphasize that it is SDNP, the Raman spectral
profile of the DNP moiety, and not the Raman spectrum of the DNPH, that should be used in
Equation 3. However, since neither protein oxidization nor DNPH conjugation induced
significant spectral modification to any Raman features characteristic to the protein moiety,
the DCDR spectrum of native protein can be used for the spectral decomposition.

To identify an oxidized unknown protein, one can simply decompose the SDNP-Protein to a series
of spectral base sets, each composed of a protein library Raman spectrum and the DNP spectral
profile SDNP, the protein corresponding to the library spectrum that gives minimum
decomposition error is the protein of interest. Although theoretically, it is possible to use this
spectral decomposition technique for simultaneous protein identification and protein carbonyl
level quantification, such an approach is not practical as it would require a multivariate
calibration model constructed for every protein in the protein Raman library. In contrast, for
sequential protein identification and carbonyl quantification as we propose here, only one
DCDR spectrum is needed for the construction of a protein Raman library for the protein
identification application. Once the oxidized protein is identified, its phenylalanine content can
be easily obtained through public accessible protein databases. Such information will be
sufficient for the univariate protein carbonyl quantification based on Eq. 2.

To demonstrate the utility of the protein identification strategy outlined above, a protein Raman
library consisting of DCDR spectra of 15 different proteins was constructed, and a Matlab
program was developed for automatic spectral decomposition using the steps below.

Step 1: Obtain the Savistky-Golay second derivative spectra with the proper window-size for
all the protein Raman library spectra, DNP spectral profile SDNP and the Raman spectrum of
protein-DNPH conjugate. It has been shown that with second derivative spectra, the influence
of the possible fluorescence background interference on Raman discriminant analysis can be
greatly reduced[38].

Step 2: Normalize all the second derivative spectra so that their sum of square of the spectral
intensity is equal to 1.

Step 3: Least-square decompose the normalized protein-DNPH second derivative spectra to
all the possible combinations of [Si, SDNP] where Si is the ith normalized second derivative
Raman spectrum in the protein Raman library. For each decomposition, the magnitude of the
decomposition error is calculated, which is defined as the norm (sum of the square) of the
residue spectrum obtained with least square decomposition.

Step 4: Output the magnitude of the decomposition errors and the identity of the protein
associated with the library spectrum giving the minimum decomposition error.

Figure 6 shows the decomposition errors when forty DNPH-oxiBSA spectra obtained with the
BSA standard solutions were decomposed into SDNP paired with each of the 15 protein Raman
spectra in a library built for this work. As expected, when the correct library spectrum is used,
the decomposition error reaches its minimum, indicating the effectiveness of this proposed
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scheme for protein identification. It should also be pointed out that in order to avoid a false
positive result, the SDNP spectrum was extracted from DNPH-oxiLys in this calculation.

For the proteins whose Raman spectra are not available in the protein Raman libary, protein
identification can be readily achieved with MALDI-TOF mass spectrometry techniques. Since
DCDR is a nondestructive technique, the same protein deposit on the stainless steel plate can
be directly used for mass spectrometric analysis after DCDR is completed[23]. On plate trypsin
digestion, followed by MALDI-TOF, protein identification has been demonstrated by Vitorino
et al [39].

Conclusion
The RMRS method is a new protein carbonyl detection technique that combines convenience,
sensitivity and accuracy. It involves only one chemical conjugation reaction and requires no
sample calibrations. The RMRS technique allows sequential protein identification and protein
carbonyl quantification using one spectral acquisition. This is in sharp contrast to fluorescence
or immunoassay based techniques that can only detect the signal from the labeling molecule
and yield no structural or quantitative information of the protein of interest. Current detection
limits with the RMRS technique for protein carbonyl level is 0.33 pmol carbonyl/measurement,
which is comparable to that obtained with the immunblotting method, but with much higher
quantification accuracy. Extension of the RMRS technique for quantification of other
biomolecule modification reactions such as protein glycosylation, protein phosphorylation,
and DNA abasic modification may also be possible. The existing chemical tags and/or tagging
chemistries developed for the fluorescence detection of the listed biomolecule modifications
may be directly applicable or may be easy adapted for the RMRS method. Additional
improvement of the sensitivity of the RMRS method could be achieved with the development
of more Raman active chemical tags and additional optimization of the data acquisition
conditions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of ratiometric Raman quantification of protein carbonylation levels. (a) DNPH
conjugation (b) BSA-DNPH deposition. Photograph shows 3 μL of 0.5 μM DNPH conjugated
BSA deposited on a stainless steel plate. (c) Raman spectral acquisition, (d) spectral
decomposition and (e) calculation of the protein carbonyl level using the the peak intensity
ratio between the 1340 cm−1 peak of DNPH and the protein peak at 1003 cm−1
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Figure 2.
UV-visible spectra of (a) DNPH-oxiBSA, (b) DNPH-oxiLys, (c) DNPH-BSA and (d) DNPH-
Lys All the spectra were acquired after removal of excess DNPH from the conjugation
solutions. Spectra were scaled for clarity.
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Figure 3.
DCDR spectra of (a) oxiBSA, (b) BSA control, (c) oxiLys and (d) lysozyme control. All spectra
were scaled and offset for clarity.
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Figure 4.
DCDR spectra of (a) DNPH-oxiBSA, (b) BSA, (c) BSA subtracted from DNPH-oxiBSA (d)
Raman spectrum obtained with saturated DNPH solution. All spectra were scaled and offset
for clarity. Solvent (water) contributions in the DNPH solution Raman spectrum were removed.
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Figure 5.
Correlation between the actual protein carbonyl levels in the BSA standard solutions with
RMRS predicted values calculated with Eq. 1. The error bar represents the standard deviation
of four repeated measurements with different protein deposits of the same solution. Inset: (a)
DCDR spectra of the 0.26 mol carbonyl/mol BSA sample (b) DCDR spectra of the BSA control
and (c): Raman spectrum of( a) - (b).
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Figure 6.
Relative decomposition errors of Raman spectra of DNPH-oxiBSA into series of protein library
spectrum paired with Raman spectrum of DNPH. Error bar represents one standard deviation
calculated with all the Raman spectra obtained with BSA standard solutions in which the
protein carbonyl level changes from 0.26 to 2.6 mol carbonyl/mol BSA. (See text for details)
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