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ABSTRACT: Glycine (Gly) is used as a model system to evaluate the ability of ultrafast 2D-IR spectroscopy to detect and quantify the low-molecular weight proteinaceous components of blood serum. Combining data acquisition schemes to suppress absorption bands of H2O that overlap with the protein amide I band with analysis of peak patterns appearing in the off-diagonal region of the 2D-IR spectrum allows separation of the Gly spectral signature from that of the dominant protein fraction of serum in a transmission-mode 2D-IR measurement without any sample manipulation, e.g. filtration or drying. 2D-IR spectra of blood serum samples supplemented with varying concentrations of Gly were obtained and a range of data analysis methods compared, leading to a detection limit of ~ 3 mg/mL for Gly. The reported methodology provides a platform for a critical assessment of the sensitivity of 2D-IR for measuring the concentrations of amino acids, peptides and low molecular weight proteins present in serum samples. We conclude that, in the case of several clinically relevant diagnostic molecules and their combinations, the potential exists for 2D-IR to complement IR absorption methods as the benefits of the second frequency dimension offered by 2D-IR spectroscopy outweigh the added technical complexity of the measurement. 
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Blood serum can be easily obtained and provides a means to acquire important biomedical information relating to health. By virtue of coming into contact with most of the major organs of the body, serum provides a molecular picture of metabolic processes. Analysis of the chemical composition of serum therefore gives access to a number of potentially-useful diagnostic markers, originating from the circulatory proteome and the low molecular weight peptidome as well as lipids, sugars and nucleic acids.1–3
Extracting the information content of serum is technically challenging. The total protein content of serum lies in the range of 60-80 mg/mL and comprises more than fifty individual proteins.4 The molecular weights and concentrations of individual proteins span a large range while the latter can also show considerable patient to patient variation.5 The large molecule fraction of serum includes dominant species such as serum albumin (66.5 kDa; 35-50 mg/mL), immunoglobulins such as IgG (160 kDa; 8-18 mg/mL) and transferrin (76 kDa; 1.5-4 mg/mL) as well as low concentration proteins like IgE (190 kDa; 6 x 10-4 mg/mL).6 The low molecular weight portion of serum is typically defined as containing molecules with masses < 25 kDa and includes cytokines (< 6-30 kDa), peptide hormones (< 30 kDa) and amino acids (75-204 Da).7 
Current analytical technologies employ antibody assays to measure protein levels in serum and rely on the availability of specific antibodies for proteins of interest. These methods require time for sample preparation and measurement that can hinder treatment. Furthermore, diseases can be heterogeneous, meaning that knowledge of changes in concentration of a broad range of molecules can be more useful diagnostically than that of a single marker protein or a small antibody panel. In this respect, infrared (IR) spectroscopy is potentially powerful in that a spectrum, in principle, provides a detailed molecular fingerprint of a sample. However, the water content of serum means that the informative amide I band of proteins is obscured using IR transmission absorption spectroscopy. Alternative measurement methods, such as attenuated total reflection (ATR), transflection or the use of Quantum Cascade lasers have been applied to overcome this problem.1,8–10 Similarly, measurements on dried serum droplets have been widely used.11,12 Although effective, for example in the identification of samples from patients diagnosed with cancer, clinical monitoring of the cancer severity or identifying the presence of metastatic disease,13–16 using quantitative IR approaches to measure protein levels has remained elusive. 
In addition to information relating to overall protein content, access to the low molecular weight (LMW) fraction of serum is desirable from a diagnostic perspective. As disease states progress, changes in LMW composition can occur. For example, significant changes in amino acid levels (75 – 204 Da) have been documented for patients with neurodegenerative diseases.17,18 The LMW peptide neuropeptide Y (4 kDa), is a sympathetic neurotransmitter that regulates processes relevant to tumour biology in neuroblastomas and has been identified as a serum biomarker, where high levels of the peptide (> 0.5 ng/mL) are associated with poor prognosis and survival rates.19,20 Analysis of the LMW proteinaceous fraction with IR spectroscopy is however hampered further by dominant signals from albumin and the globulins. Filtering samples to remove the larger species enables an increased sensitivity to LMW molecules using ATR-IR spectroscopy,21,22 but at the expense of time and the possible unintentional removal of some LMW components. In particular, the role of albumin as a transport protein means that its removal during filtration could also result in the coincidental removal of bound LMW species and subsequently the much needed diagnostic information.7,23 
It was demonstrated recently that ultrafast 2D-IR spectroscopy offers a route to circumventing the problem of water absorption in the amide I region of the IR spectrum.24 The non-linear nature of the 2D-IR signal amplifies the high molar extinction coefficient protein amide I band relative to the weaker (per molecule) water bending vibrational mode, while the 50 fs time resolution of 2D-IR spectroscopy enables separation of the protein and water signals based on their different vibrational relaxation timescales. Using this approach, 2D-IR was able to measure the albumin to globulin ratio of as-received serum samples and showed sensitivity to changes in concentration of individual large globulin proteins IgG, IgA and IgM.24 
Recent advances in laser and pulse control technology have significantly decreased both the experimental complexity and the time required to measure a 2D-IR spectrum to only a few seconds per spectrum.25–27 These innovations in instrumentation provide a route to high throughput screening applications, using low volume samples (20 µL), as recently demonstrated,28,29 making this technique worthy of investigating as a potential clinical tool. Despite the innovations described, 2D-IR is more expensive and technically more complex to implement than IR absorption spectroscopy and therefore the initial steps in the pathway to impact is a thorough understanding of the range of molecular targets in serum that 2D-IR might be used to measure. This requires an evaluation of the sensitivity limits of 2D-IR to a range of molecular species. Using the simplest amino acid, Gly, as a model of a low molecular weight protein, we have measured serum spiked with a range of Gly concentrations, showing that, using current 2D-IR technology, the detection limit is ~3 mg/mL in as received serum. Key to this measurement is the characteristic network of off-diagonal peaks in the Gly 2D-IR spectrum, which allows spectral separation of its amide I contribution. Physiologically, Gly is present in serum at much lower levels than are detected here (20 μg/mL), with current detection technologies (antibody assays and liquid chromatography tandem mass spectroscopy) allowing detection within the physiological range (100-390 mol/dm3).30,31 However this low molecular weight study shows how the off-diagonal region of the serum 2D-IR spectrum could be diagnostic of smaller protein species and provides a means to evaluate which protein molecules and peptide fractions in serum are accessible.32 Ultimately, we report here that 2D-IR does have the potential to complement IR absorption methods for specific biomedical problems in the clinical environment.

EXPERIMENTAL SECTION
Sample preparation: Pooled equine serum, Gly, bovine serum albumin (BSA) and γ-globulins were obtained from Sigma Aldrich and used without further purification. Individual samples of Gly, albumin and γ-globulin proteins were prepared in a Tris buffer, in H2O, at pH=7.5 to mimic the pH of the pooled serum samples. Serum samples containing Gly were prepared by adding Gly to pooled equine serum at a range of concentrations (Table 1). 
IR Spectroscopy: For all IR and 2D-IR spectroscopy measurements, samples were placed between two CaF2 windows in a standard transmission cell. To avoid saturation of the H-O-H bending (δH-O-H) mode of water near 1650 cm-1 the sample thickness was carefully controlled. No spacer was used between the windows, but the tightness of the sample holder was adjusted to obtain approximately consistent absorbance values of ~0.1 OD for the combination band of the δH-O-H and librational modes of water, located at 2130 cm-1.24 Based upon the measured molar extinction coefficient of water, this corresponded to a sample thickness of ~3 μm. IR absorption spectra were measured using a Thermo Scientific Nicolet iS10 Fourier Transform spectrometer. Spectra were the result of 20 co-added scans at a resolution of 1 cm-1 in the spectral region 400 - 4000 cm-1.
	Sample
	[Gly]
mg/mL
	[Gly]
mol/dm3

	39 [Gly]
	0.78
	0.01

	78 [Gly]
	1.56
	0.02

	157[Gly]
	3.13
	0.04

	313[Gly]
	6.25
	0.08

	625[Gly]
	12.5
	0.17

	1250[Gly]
	25
	0.33

	2500[Gly]
	50
	0.67

	5000[Gly]
	100
	1.33


Table 1. Summary of Gly-spiked serum samples studied, showing [Gly] in both mg/mL and mol/dm-3. Notation x[Gly] uses x to denote the relative ratio of Gly in spiked sample to that of physiological Gly serum levels irrespective of concentration units. 
2D-IR spectra were recorded using the Ultra B laser spectrometer at the STFC Central Laser Facility using the Fourier Transform 2D-IR technique in which a sequence of three mid-IR laser pulses are arranged in the pseudo pump-probe geometry, which has been described previously.26,33–35 Mid-IR pulses with a temporal duration of <50 fs with a central frequency of 1650 cm-1 and a bandwidth of ~ 400 cm-1 were obtained.  A waiting time of 250 fs between pump and probe pulses using a parallel pump-probe polarisation was employed throughout, which has been shown to minimise the water signal relative to that from the protein content of the serum.24 All 2D-IR spectra were pre-processed and analysed using a custom made script written using the statistical analysis software programme, R.36 Each measurement was made in triplicate using identical sample conditions to those used for IR absorption measurements and a baseline subtraction was performed using a 2nd order polynomial function and all spectra were normalised to the albumin v=0-1 diagonal peak at 1656 cm-1.  

RESULTS & DISCUSSION
For ease of reference, each serum sample (Table 1) will be identified using the notation x[Gly], where x denotes the factor by which the Gly concentration exceeds that of typical serum (20 µg/mL),32 irrespective of units. In this manner, serum samples without additional Gly added are labelled 1[Gly]. 
[image: ][image: ]The IR absorption spectra of 1[Gly], 5000[Gly] and H2O in the wavenumber range 1300 – 1700 cm-1 are shown in Fig.1(a). The H2O spectrum (black) exhibits a broad band near 1650 cm-1 due to the δH-O-H mode. This band is also dominant in the spectrum of 1[Gly] (red), where it overlaps, but does not fully obscure, the amide I band of the protein. The protein amide II band (1551 cm-1) is also visible in the spectrum of 1[Gly]. The addition of Gly to serum (5000[Gly], blue) leads to the presence of additional bands due to the amino acid. Bands at 1330, 1415 and 1445 cm-1 are assigned to CH2 wagging, symmetric carboxylate stretching and CH2 scissor modes respectively.37 A band at 1515 cm-1 is assigned to the in-plane N-H bending mode while the shoulder visible on the low frequency side of the 1650 cm-1 peak is due to the carboxylate C=O stretching mode.
Figure 1. a) Infrared absorption spectra of H2O (black), serum (1[Gly], red) and serum spiked with 100 mg/mL of glycine (5000[Gly], blue). b) 2D-IR spectrum of serum (1[Gly]), black dashed boxes indicate peaks due to coupling/energy transfer between amide I and II modes of the protein component (the peak above the diagonal is not clearly visible at these contour levels). c) 2D-IR spectrum of serum spiked with 100 mg/mL of glycine (5000[Gly]). Blue dashed vertical lines identify peak positions relative to IR absorption measurements. Intersections of blue lines with horizontal grey dashed lines indicate positions of off-diagonal peaks linking diagonal peaks due to Gly (see text). 
The 2D-IR spectra of 1[Gly] and 5000[Gly] are shown in Figs.1(b) and (c) respectively. In the 1[Gly] spectrum, negative peaks (red) are visible on the 2D-IR spectrum diagonal at wavenumber coordinates (pump, probe) (1650, 1650 cm-1) and (1550, 1550 cm-1). These are assigned to the v=0-1 transitions of the amide I and II bands of the protein content of the serum respectively. Positive (blue) peaks assigned to v=1-2 transitions of the same bands are shifted to lower probe frequencies by the respective vibrational anharmonicities of the two modes. Weak off-diagonal peaks are observed linking these two diagonal peaks (black boxes), consistent with vibrational coupling and energy transfer processes between the amide I and II modes.38 No contribution from water is observed in this spectrum, as reported previously.24,39
The 2D-IR spectrum of the 5000[Gly] sample (Fig.1(c)) contains a number of diagonal and off-diagonal peaks in addition to those already assigned to the serum proteins. Diagonal peaks corresponding to the vibrational modes of Gly observed in the IR absorption spectrum are located at (pump = probe) 1330, 1445 and 1515 cm-1. For convenience these are identified in Fig.1(c) by dashed vertical lines (blue) extending from the IR absorption spectrum to the 2D-IR diagonal. In addition, a network of off-diagonal peaks is observed linking these diagonal peaks, forming a characteristic 2D peak pattern for Gly (see grey horizontal guidelines in Fig.1(c)). Of particular note are several off-diagonal peaks linking the low frequency modes of Gly to the large diagonal peak at 1650 cm-1, which indicate a contribution from Gly to this peak and provide a route to quantifying the contribution of Gly to the ‘amide I band’ of the serum sample.
Figure 2. 2D-IR spectra of serum spiked with Gly after normalisation to the albumin signal at 1656 cm‑1. The figures show the average of 3 spectra for each Gly sample. All spectra are magnified by a factor indicated in bottom right hand corner, to enhance on and off diagonal peaks due to Gly.
In order to evaluate the detection limit for Gly using 2D-IR, spectra of a range of x[Gly] samples were measured (Fig.2). Qualitatively, it can be seen that the peaks identified with Gly (Fig.1(c)) reduce in magnitude as the [Gly] diminishes, as would be expected. To develop a quantitative analytical method, we assess three different approaches to correlate the Gly contribution to the spectrum with concentration. It is anticipated that, in each case, the result will show a linear correlation with [Gly] until the limit of detection is reached.
i) The first method correlated the magnitude of the 2D-IR diagonal peak assigned to Gly at (pump = probe) 1515 cm-1 (Fig.3(a), grey dashed line) with [Gly]. The variation in amplitude of the 1515 cm-1 peak with [Gly] is shown in Fig.3(b). Although peaks associated with v=0-1 transitions are negative in the 2D-IR plots shown, at low [Gly] a positive contribution at 1515 cm-1 is observed due to the v=1-2 transition of the amide II mode of serum proteins (Fig.3(a)). As [Gly] increased, the v=0-1 transition of the in-plane N-H bending mode of Gly increased progressively in amplitude, eventually dominating the spectrum in this region. Plotting the amplitude of the 1515 cm-1 diagonal peak produced a linear trend (Fig.3(b); R2 = 0.994) as expected.  
Other diagonal peaks arising from the Gly content of the samples also yielded similar linear correlations, however as the diagonal peak at 1515 cm-1 produced the largest change in amplitude, it provided the strongest correlation and was found to offer the best position along the 2D-IR diagonal for Gly detection.

[image: ][image: ]Figure 3. a) 2D-IR diagonal slices scaled to the amide I albumin peak at 1656 cm-1 (black dashed vertical line). b) The average amplitude at 1515 cm-1 (grey dashed vertical line in a)) plotted as a function of Gly concentration, error bars show 1σ variation from measurement in triplicate. The optimised linear regression fit is shown as black dashed line with R2=0.994. The inset shows the data for the range 1-313[Gly] expanded for clarity and dashed horizontal grey lines show noise levels for the spectra (see text). c) 2D-IR spectrum of serum (1[Gly]) plotted on same scale as in Figure 2, magnified by a factor of 5. The area identified by the black dashed box was used to calculate the RMS noise level shown in the inset of b).
From the linear correlation in Fig 3b, it is possible to estimate the [Gly] value at which its 2D-IR signature becomes detectable against the background of experimental noise. By taking an area of the 2D-IR spectrum of the 1[Gly] sample free from any peaks (dashed box, Fig.3(c)), the root mean square (RMS) noise level was found to be ±9.6 x 10-3 (the 2D-IR signal has both positive and negative components). Making the conservative assumption that only peaks exceeding twice this noise level will be visible consistently, leads to a detection limit for Gly of 150[Gly] (3 mg/mL) (Fig.3(c)). 
ii) The diagonal component of the 2D-IR spectrum does not utilise the additional spectral information from the off-diagonal peaks that were identified in Fig.1(c). Including this network of Gly-specific peaks may provide an improvement in the detection limit and this was tested by applying principal component analysis (PCA) to the set of 2D-IR spectra obtained as a function of [Gly], including the whole 2D spectral region studied. The results (Fig.4) showed that the variance in the data could be attributed mainly to the first two principal components, PC1 and PC2 (Fig.4), accounting for 87.25% and 7.5% of the variance, respectively. In the case of PC1, the relative loading was found to be largely invariant with [Gly] (Fig.4(e)), while the spectral information associated with this PC (Fig.4(a)) showed excellent agreement with the spectrum of neat serum (1[Gly]), Fig.4(c)). In contrast, the average PC2 scores showed a slightly superior linear correlation with [Gly] (R2=0.997, Fig.4(e)) than method i) while the spectrum associated with PC2 (Fig.4(b)) clearly identified the network of diagonal and off-diagonal peaks assigned to Gly (Fig.4(d)). 
As PCA is a dimension reduction technique it is often used as a noise removal method by actively removing principal components beyond the first one or two. This means that PCA can make small features more visible in the spectra of the major PCs. An example of this is present in PC1 where a very small peak appears on the diagonal at 1415 cm-1 (Fig.4(a)).
Figure 4. Comparison of separate serum (1[Gly]) and Gly 2D-IR spectra with results of PCA of Gly-spiked serum samples. a) PC1 loading plot. b) PC2 loading plot. c) Serum (1[Gly]) spectrum. d) Gly spectrum (100 mg/mL in H2O). e) Averaged score results for PC1 (red) and PC2 (multi-coloured). Error bars show 2σ variation. Best linear fit is shown as black dashed line, PC2 R2=0.997.
[image: ]Figure 5. a-c) 2D-IR spectra used in the linear combination analysis method iii): a) BSA in H2O, b) γ-globulins in H2O and c) Gly in H2O. Spectra  a) and b) were scaled to their amide I peak and c) was scaled to the largest peak at 1543 cm-1. All spectra are plotted on the same scale, see colour bar. d) Result of linear combination analysis, showing variation in the amount of each spectra required to recreate the 2D-IR spectrum of each x[Gly] sample. Both BSA (light blue) and y-globulins (blue) show almost constant contributions while Gly (red) increases with increasing Gly concentration. e) Expanded region of d) showing Gly coefficient only. Black circles are results of leave one out cross-validation tests (see text). Grey dashed line shows linear fit with R2=0.942. Error bars show 1σ variation from triplicate measurement.  
[bookmark: _Hlk56690416]Referring to the IR absorption spectrum (Fig.1(a)), the presence of a small peak near this frequency in the serum spectrum is present. Another possible explanation for this is a small contribution to PC1 from the nearby Gly band at 1415 cm-1. However, the absence of any other Gly contributions to the PC1 spectrum alongside the fact that the 1415 cm-1 diagonal peak (and corresponding cross peaks) is also present in the serum 2D-IR spectrum at very low amplitudes (ESI Fig.S1) suggests that it has been enhanced via the removal of noise by the PCA process. 
A series of leave-one-out cross validation tests were performed on the data. In this process each sample (of which there are 27, 3 for each concentration) was removed from the dataset and the remaining data used to re-calculate the PCA. Using the linear correlation of PC2 with [Gly], the concentration of the omitted sample was then predicted. This technique predicted all concentrations of Gly larger than 157[Gly] (inclusive) accurately to within an error of 1 from the original triplicate measurement, however lower concentrations of Gly were not predicted accurately. This reinforces the result from i) regarding the current detection 3 mg/mL limit for Gly using 2D-IR in this manner. 
It is instructive to compare these PCA results with data ob-tained using IR absorption spectroscopy. A similar approach, applying PCA results to IR absorption spectra of the same samples (Fig.S2) showed that, although the PC2 yields a strong linear correlation (R2=0.996), the spectral components associated with PC1 and PC2 do not show the same agreement with the spectra of serum and Gly as was observed for the 2D-IR dataset. Thus, IR absorption spectroscopy is unable to differentiate PC1 and PC2 cleanly into serum and Gly contributions. The reason for this is likely to be related to the fact that IR absorption measurements still contain strong contributions from the water spectrum and lack the extra information arising from off-diagonal peaks.
[bookmark: _Hlk56689711]While the off-diagonal 2D-IR peak amplitudes are less intense than the diagonal peaks, their amplitudes displayed linear correlations with Gly concentration. In the case of some of the smaller peaks they become obscured by the noise at lower concentrations. However the results of PCA clearly identify a concentration dependence of the of the cross peaks (Fig 4(b,e) associated with the Gly contribution.
iii) The third analysis method applied a linear model to fit each measured x[Gly] spectrum to the sum of component 2D-IR spectra in an attempt to separate and quantify contributions to the spectra. In the first iteration, a linear combination of 2D-IR spectra of neat serum (1[Gly]) and the spectrum of Gly in buffer was used (Fig.S3), using the full spectral region. The results were similar to those from PCA, though a slightly improved R2 value of 0.998 was obtained. To determine the importance of the off-diagonal peaks in the analysis of serum spectra, the linear combination approach was repeated in a modified fashion to focus on the amide I region of the spectrum. The second iteration of the method employed fitting the x[Gly] spectra to the sum of 2D-IR spectra of BSA, γ-globulins and Gly, all measured in buffer solution in the spectral range 1550-1700 cm-1. 
The component spectra used in the linear combination are shown in Fig.5(a-c). The 2D-IR diagonal peak due to the amide I band of BSA appears at (pump = probe) 1656 cm-1, consistent with a secondary structure that is dominated by α-helixes. The amide I diagonal contribution from the γ-globulins appears at a slightly lower wavenumber (1639 cm-1) due to the predominance of β-sheet structures. The spectrum of Gly in the same region is distinct from those of the large proteins in that it features a diagonal peak at 1650 cm-1 and a prominent off diagonal peak to a weak diagonal peak near 1600 cm‑1, the latter is visible as a shoulder in the IR absorption spectrum of the 1[Gly] sample (Fig.1(a)).
Applying this linear combination to the x[Gly] spectra shows (Figs.5(d,e)) that the contributions of BSA (Fig.5(d), light blue) and the γ-globulins (Fig.5(d), dark blue) remain approximately constant across the range of x[Gly] samples studied, while that of Gly increased in a linear fashion (R2=0.942, Fig.5(d), red). It is clear that, although this approach was successful, based on the R2 value removing the 2D network of Gly peaks from the analysis lowers the quality of the quantitative analysis of the serum spectra. However, this does show that 2D-IR has the potential not only to identify a low molecular weight contributor to the serum spectrum, but also to deliver a more nuanced analysis of the protein content, based on the amide I region. 
The outcome of analysis methods i) and ii) above imply a detection limit for Gly of ~ 3 mg/mL using 2D-IR spectroscopy. This value is many orders of magnitude larger than the physiological levels of Gly itself. However, these initial results serve to provide a useful indicator of the capability 2D-IR has for biomedical applications. It is instructive to compare results from 2D-IR with those obtained using IR absorption methods. For example, the evaluation of detection limits using ATR-FTIR spectroscopy have been reported.22 Studies of Gly detection using wet and dry serum samples were carried out and compared with serum samples following depletion of the high molecular weight fraction by centrifugal filtration. Analysis of wet serum allowed linear regression models to be built, permitting prediction of a 0.5 mg/mL glycine sample in serum to within an accuracy of 10% (0.45 ± 0.16 mg/mL). Removal of the high molecular weight fraction allowed quantification of Gly levels higher than 0.01 mg/mL, 50 times lower than that of whole serum. This suggests that the 2D-IR detection limit is slightly higher than ATR methods though, in the absence of any sample filtration,  the two methods are comparable in terms of the order of magnitude of the detection limts and neither is capable of detecting Gly at physiological levels.22,40 ATR-FTIR was unable to discriminate between different components of the amide I band as 2D-IR has been shown to be able to do. 
Overall, our results provide a useful starting point from which the 2D-IR technique can improve further. Detection of single amide units in proteins and peptides have been demonstrated at concentrations slightly lower than we report for glycine in serum.41 These measurements have however employed deuterated solvents, isotopic labels or have probed other vibrational modes of the molecules in question, in contrast to the current measurements in a complex aqueous serum sample. This does indicate that, with further development there is potential for detection limits in serum to be improved. The 2D-IR instrument used for this work has seen significant improvements since the time of this data collection and it is possible that the introduction of a pulse shaper to generate the pump pulse pair as well as improved referencing will increase the 2D-IR spectrometer’s sensitivity. Specifically, the study demonstrates that 2D-IR spectroscopy of serum can be employed to identify the presence of low molecular weight components in addition to the major protein constituents of the serum matrix. Furthermore, it is plausible that 2D-IR methods can be used to break down the total protein content into smaller contributions, taking the first steps along the road to producing a broad biomolecular fingerprint from a single optical measurement. Typically in disease states, associated changes in serum protein levels can involve more than one peptide/protein. With further investigation 2D-IR coupled with PCA has the potential to produce, in an ideal scenario, different PCs each corresponding to the peptide/protein causing changes from that of a normal/healthy serum sample. With PCA being an unsupervised method, the obtained principal component loading spectra would have to be cross referenced against a library of 2D-IR of peptide/protein spectra for identification, however for multi-peptide analysis the use of more sophisticated and supervised techniques may prove superior. The fact that 2D-IR spectra are acquired using as-received serum samples and that individual spectra can be obtained in similar amounts of time to an FTIR spectrum mean that there is potential for 2D-IR to act as a complementary spectral analysis tool.
The intention behind using Gly as a model low molecular weight peptide or protein system was that it provides a means of estimating concentrations of larger species which could be detected. Gly has a MW of 75 Da and 3 mg/mL corresponds to a concentration of ~ 40 mM. By inference, assuming a similar 2D-IR signal size per residue, a 200-residue protein would, based on the reported Gly results, be detectable at concentrations of ~ 200 µM. It should be noted however, that the magnitude of the amide I band of a protein in a 2D-IR spectrum is increased on a per residue basis by vibrational coupling within the protein secondary structure.42,43 This effect does not apply to IR absorption spectroscopy, meaning that the 200 µM estimate is an upper sensitivity limit, based on a single amino acid with no secondary structure amplification of the 2D-IR signal, meaning that the actual detection level may well be lower. This can be substantiated further by comparison with the 2D-IR spectrum of BSA (Fig.5(a)), which indicates a detection limit, based on the spectral noise of ~ 1 mg/mL, indicating that intramolecular coupling can be expected to play a significant role in determining the detection limits for proteins using 2D-IR methods. 
Assuming a detection range of 1-3 mg/mL in this way enables a survey of likely problems to which 2D-IR may be applied by considering proteinaceous components of serum that either are found at levels greater than 1-3 mg/mL or which show fluctuations at this level in response to a medical condition. Examples include the presence of nephrosis (albumin, α-macroglobulin, transferrin, β-lipoprotein); neoplasms (α1-acid glycoprotein, transferrin); liver disease (haptoglobin, α-macroglobulin, IgG, α-lipoprotein) and the presence of inflammatory conditions (α1-acid glycoprotein, α1-antitrypsin, haptoglobin).4
A key finding of this work is that the off-diagonal region of the 2D-IR spectrum has a significant role to play in differentiating protein species. Although the Gly content could be observed using just the amide I region (as in iii, above) the sensitivity and specificity was improved significantly when the off-diagonal spectral signature of the molecule was taken into the analysis. It is interesting to note that the 2D-IR spectrum of neat serum (Fig.3(c)) shows considerable off-diagonal structure that has so far not been fully characterised. This offers the scope for a library of 2D spectra of significant proteins, such as those identified above, alongside linear combination fitting, to be used to create a 2D-IR-based protein analysis panel for a serum sample. This will require further development of the 2D-IR methodology, including sample handling and measurement protocols39 in order to produce methods capable of determining absolute, rather than relative concentrations, but on the basis of this model protein study, the potential for 2D-IR to contribute in a meaningful way seems realistic.

CONCLUSION
Using Gly as a model system, we have evaluated the ability of ultrafast 2D-IR spectroscopy to detect and quantify the low-molecular weight proteinaceous components of blood serum. The characteristic network of peaks appearing in the off-diagonal region of the 2D-IR spectrum of Gly allowed spectroscopic separation from that of the dominant protein fraction in a transmission-mode 2D-IR measurement without prior filtration or sample drying. 2D-IR spectra of blood serum samples supplemented with a range of concentrations of Gly were obtained and analysed using three different approaches including the magnitude of diagonal peaks, PCA and spectral fitting to a linear combination of component spectra. The results indicated a detection limit of ~ 3 mg/mL for Gly. Using this result as the basis for a critical assessment of the sensitivity of 2D-IR for measuring the concentrations of amino acids, peptides and proteins present in serum samples showed that, in the case of several clinically relevant diagnostic molecules and their combinations, the potential exists for 2D-IR to complement IR absorption methods because the benefits of the second frequency dimension offered by 2D-IR spectroscopy outweigh the added technical complexity of the measurement.
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