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Abstract
To better interpret the Raman spectra from mammalian cells, it is often desirable to reduce their complexity by decomposing

them into the spectral contributions from individual macromolecules or types of macromolecules. Diverse methods exist for

demixing complex spectra, each with different benefits and drawbacks. However, some methods require a library of compo-

nent spectra that might not be available, while others are hampered by noise and peak congestion that includes many proximal

overlapping peaks. Through rapid fitting of individual peaks in every spectrum of a Raman hyperspectral data set, we have

obtained individual peak parameters from which we determined the trends for all the peak amplitudes. We then grouped

similar trends with k-means clustering. Then we used the peak parameters of all the peaks in a given cluster to reconstruct

a spectrum representative of that cluster. This method produced spectra that were less distorted by unrelated overlapping

peaks or noise, were less congested than those in the hyperspectral set, and thereby improved peak identification and mac-

romolecule recognition. We have demonstrated the application of the method with Raman spectra from a perchlorate–
polystyrene model system and extended it to complex spectra from methanol-fixed mammalian cells. We were able to

recover independent spectra of perchlorate and polystyrene in the model system and spectra pertaining to individual mac-

romolecular types (proteins, nucleic acids, lipids) from the mammalian cell data. We discuss how imperfections in spectral

preprocessing and peak fitting can adversely affect the results. In summary, we have provided a proof-of-concept for a

novel mixture resolution method with different attributes than extant ones.
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Introduction
In carrying out their functions within various tissues, mam-

malian cells employ intricate and dynamic metabolic pro-

cesses that can change their chemical makeup. Measuring

these transient or permanent changes in chemical composi-

tion provides a means to make inferences about many aspects

of the changing nature and condition of cells. This is particu-

larly important when there is a need to effectively and effi-

ciently manipulate cells and their biological processes to

manufacture reliably safe and efficacious biological therapeu-

tics.1–3 However, the rapid and accurate determination of the

chemical composition of cells is essential to integrate this

information into manufacturing process monitoring, control,

and validation.

Raman spectroscopy is an information-rich vibrational

spectroscopic method with unique attributes that make it

well-suited for use in biology and medicine. Importantly, it

can be nonperturbing and suitable for use with live cells in

a label-free manner, such that it requires little or no sample

preparation. It can be performed rapidly and remotely with

optical fibers or combined with microscopy.4–8 Despite

being based on a weak optical scattering process,4 major

laser and detector technological advances have enabled the

development of Raman techniques that permit the rapid

acquisition of high-quality spectra, that to a considerable

extent, can be quantitative.8 These advances also have been

enabled by improved spectral preprocessing and analysis

techniques, many of which are fully automated to produce

rapid results without introducing user bias.9,10

These attributes have resulted in Raman spectroscopy

already possessing a proven track record in biological and bio-

medical research. This includes assessments of the stages of the

normal cell cycle chromosomal duplication,11,12 radiation-

induced metabolic changes in cancer cells,13 distinguishing

types of cell death,14 the stages of cell differentiation to types

with increasingly specialized functions,5 the stimulation of cells

to secrete specific hormones,15 and the transformation of

immune cells from one type to another.16

Due to the complexity of spectra with a multitude of

overlapping bands coming from the many molecular species

present in cells, the quantitative and qualitative analyses of

spectra are challenging. Though inferences and analyses can

be based on one or a small subset of peaks that are indic-

ative of a given macromolecule, it is desirable to identify

complete17 or highly similar18 spectra of a given macromol-

ecule or macromolecular type.19 Several spectral multivar-

iate demixing methods can be deployed to attain such

aims such as principal component analysis (PCA),20 two-

dimensional correlation spectroscopy (2D-COS),21 non-

negative least squares using a library of known spectra,

or non-negative matrix factorization (NNMF).13,22 Each of

these has drawbacks that can render their use problematic.

Correlation-based methods such as PCA and 2D-COS

suffer from comingling of correlated and anticorrelated

changes that can misrepresent the correlated behavior of

overlapping peaks. Library-based methods require the use

of a suitable extant library and NNMF can be affected by

noise in the spectra and obtaining good starting values

for the factorization.23,24

We report here another method which exhibits different

advantages and drawbacks and so complements those in cur-

rent use. We have previously developed an algorithm to rap-

idly decompose all spectra in a Raman hyperspectral set by

fitting individual peaks to all the spectra in the set.25 Fitting

proper probability distributions to individual peaks in a spec-

trum resolves overlapping peaks into their components and

so establishes a better approximation to the true number

of peaks as well as their correlation structure in a Raman

hyperspectral set. We have also developed an algorithm to

perform k-means clustering on the intensity trends of the

peaks in hyperspectra.26 This method sorts the intensity

changes along the individual wavenumbers of a Raman hyper-

spectral set into separate groups. Changes within groups are

similar, and changes between groups are qualitatively different

even though possibly correlated. The approaches are here

combined into a method that proceeds by fitting peaks to

all the spectra in a set of hyperspectra, grouping together

all the intensities of the fitted peaks that change in a similarly

patterned manner, and reconstructing representative spectra

for each group from the fit parameters of all the peaks in that

group. We used a simple polystyrene–perchlorate model

system exhibiting clear and contrasting peak trends to dem-

onstrate the basic concept and then tested it with a

highly complex system consisting of spectra obtained from

methanol-fixed mammalian cells that exhibited more convo-

luted trends.

Experimental

Materials and Methods
Vector-Based Peak Fitting. The reader is referred to our previ-

ous work for complete details of the vector-based peak fitting

method using an alternating least squares procedure.25

Briefly, the first part of this two-part algorithm consists of

a moving window peak fitting procedure to provide an initial

estimate of the number of peaks present in the spectra and

their parameters. We use these estimated parameters in

part two in which we approximate Raman peaks with the

Gaussian distribution:

intensities = amplitudes

sigmas ×
���
2π

√
( )

e
−0.5 x−positions

sigmas

( )2
(1)

where x is a vector of spectral locations selected to simplify

Eq. 1, intensities and amplitudes are vectors of spectral

intensities and peak amplitudes, respectively, corresponding

to the locations in x, positions is a vector of band positions

and sigmas a vector of band standard deviations. We
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exploited features of this simplified equation to calculate

peak sigmas, amplitudes, and positions for all the spectra in

the dataset using the parameters estimated in the first part.

These parameters were calculated iteratively, and the results

of each iteration were then used in the next iteration until a

preset threshold for the maximum number of iterations was

reached. The parameters obtained for the minimum root

mean square error between the sum of the Gaussian distri-

butions and the spectrum being fitted were retained. For

this approach, we approximate Raman peaks with Gaussian

distributions instead of the more appropriate Voigt distribu-

tions due to the former being mathematically more tractable.

K-Means Clustering of Fitted Peak Amplitudes. K-means cluster-

ing is an unsupervised grouping procedure27–29 where the

number of clusters, k, must be specified at the outset. The

trend from the amplitudes of every peak, as obtained from

peak fitting, is then assigned to exactly one of k nonempty

clusters by an iterative procedure. Initial cluster centroids

are randomly assigned from the data set, and the distance

between every trend and every centroid is determined

using a chosen distance measure. Every trend is then assigned

to the cluster of its nearest centroid, and every centroid is

then modified to be the mean trend of all its cluster mem-

bers. Therefore, the distances between every trend and

every centroid might now be different and they are recalcu-

lated. Some trends might now also be closer to another cen-

troid, and they are reassigned to that cluster. The resultant

changes in cluster members produce further centroid modi-

fications with new mean trends. When no further cluster

changes occur or a specified iteration number is reached,

the process is terminated. Drawbacks include algorithm con-

vergence to a local minimum and the need for the user to

choose an appropriate number of clusters for a given task.

Model System. We used a model system, consisting of an aque-

ous 2.5 M sodium perchlorate (NaClO4) solution in a Petri dish

wherein was submerged a 12.5-mm diameter glass-encapsulated

goldmirror (ThorLabs, USA)with amonolayerof∼10 μmdiam-

eter polystyrene microspheres (Sigma-Aldrich, USA) deposited

on it, to test the combination of peak fitting and peak trends clus-

tering algorithms.

Cell Culture and Fixation. Approximately 2× 106 human

Jurkat T-cells (ATCC, TIB-152) were seeded into T-75 flasks

containing 15 mL Immunocult-XF medium (Stemcell

Technologies, Canada) supplemented with 1× antibiotic–anti-
mycotic cocktail (GIBCO, Grand Island, NY). They were then

incubated in a humidified incubator at 37 °C and 5% CO2 for

72 h. Exponentially growing cells were harvested and fixed

for Raman spectroscopy. Different volumes (12.5, 25, 37.5,

or 50 μL) of methanol, augmented with water to 50 μL,
were used to perform fixation in 25, 50, 75, or 100% meth-

anol on four groups of approximately 2× 106 collected and

centrifuged Jurkat cells. After removing the supernatant

and washing the cells once with saline, the cell pellets were

resuspended in one of the given percentages of methanol

and incubated at −20 °C for 20 min. Then the cell/methanol

suspensions were pipetted onto 12.5 mm diameter glass-

encapsulated gold mirrors (ThorLabs, USA), air-dried in a

biosafety cabinet, and thereafter stored at 4 °C for Raman

spectroscopy.

Raman Spectroscopy of the Model System. We scanned across

the edge of a close-packed area of beads where a transition

from a bead-free to a bead-filled area occurred as shown in

Figure 1a. The scanning produced decreasing perchlorate

ion and increasing polystyrene peak intensities, thus produc-

ing opposite trends. The major perchlorate ion Raman band

at ∼935 cm–1 is distinct from the strong polystyrene Raman

bands as evident in Figure 1b. The Petri dish containing the

mirror with beads was placed under a confocal Raman micro-

scope (InVia, Renishaw, Gloucestershire, UK), and a water-

immersion 40× (0.80 NA, 3300 µm working distance, Leica

Microsystems, Germany) objective lens was used to collect

spectra from a laser beam focal spot of approximately

3 µm× 30 µm. Thirty-seven Raman spectra, one per ∼1 µm

step while stepping through the edge of the bead array,

were collected. Spectra were collected for 1 s each at

room temperature and with a 50 µm slit width, 785 nm

laser excitation, and ∼80 mW power at the sample.

Raman Spectroscopy of Fixed Cells. From 50 to 60, Raman

spectra were recorded in map acquisition mode from each

of the four groups of fixed cell samples in two biological rep-

licates for a total of 431 spectra. We used a Raman micro-

scope (Renishaw, inVia, UK) with a 785 nm diode laser and

a 50× long focal length objective lens (Leica Microsystems,

Germany). The acquisition time per spectrum was 10 s, and

each spectrum contained information from 10 to 15 cells.

These spectra are shown in Figure 1c. A variety of literature

sources were consulted for Raman band assignments.30,31

Data Generation and Processing. Matlab R2017b (The

MathWorks Inc., USA) was used for spectral processing

and data analyses. The Raman spectra were preprocessed

in a previously described integrated manner9,10 consisting

of an automated moving average-based baseline-flattening

method (15 iterations),32 a two-dimensional second differ-

ence cosmic ray-induced spike removal method33 and then

a contiguous single-channel Voigt distribution fitting method

for smoothing.34

Peak parameters were estimated from a “starting” spec-

trum by moving a seven-peak window across the mean spec-

trum of the constant-sum normalized spectra of a series and

fitting Gaussian distributions simultaneously to all the peaks

in the window as described previously.35 The peak parame-

ters of all the peaks in every spectrum were then rapidly

Schulze et al. 3



calculated with an iterative alternating least squares

method.25 Two separate momentum terms were used to

allow moderation of the size of the alternating least squares

adjustments, that is, one for the peak positions and the other

for the remaining peak parameters.

For the model system, estimating initial peak parameters

from the mean “starting spectrum”, peak positions were

allowed to shift by ∼15 wavenumbers to either side of the

initial position estimate, their maximum amplitudes allowed

to vary up to 100 times that of the maximum peak intensity

in the series of measured spectra, and a spectral resolution

(peak width at half maximum) of 8 cm−1 was used with

peak widths that could vary up to three times that much.

Subsequently, when calculating the peak parameters for

every spectrum in the series with the vector-based method,

we used 100 iterations, a 6 cm−1 spectral resolution, and a

momentum term of 0.001 for adjusting calculated parameters

on each iteration except for peak positions that were held

fixed.

When estimating peak parameters for the Jurkat cell spec-

tra, peak positions were allowed to shift only by one

wavenumber to either side of the estimated position because

the spectra contained many overlapping peaks. The maxi-

mum amplitudes were allowed to vary up to 100 times

that of the maximum peak intensity, and a spectral resolution

of

4 cm−1 was used with peak widths that could vary up to

three times that much. When thereafter calculating the

peak parameters for all the spectra in the series, we used

15 iterations, a 4 cm−1 spectral resolution, and a momentum

term of 0.001 for adjusting calculated parameters on each

iteration except for peak positions that were held fixed by

using a peak position momentum of 0.

These parameters were determined based on the nature

of the spectra. For spectra with sparse peaks, more liberal

allowances in peak shifts can be made, but for spectra with

many overlapping peaks, shifts need to be constrained to pre-

vent convergence to inappropriate local minima. Similar con-

siderations applied to peak width selection and how much

the widths could reasonably vary given the spectra being pro-

cessed. A generous allowance was made for variations in

peak amplitudes because they were not considered to be

Figure 1. (a) Image of polystyrene-perchlorate model system showing the line scan performed from left to right. (b) Thirty-eight Raman

spectra from the model system; spectra were not normalized. (c) Mean of constant sum normalized Raman spectra from Jurkat cells fixed

with different percentages of methanol.
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of critical importance once peak positions, and peak widths

were established.

The Matlab kmeans function, with the correlation distance

measure, was used for k-means clustering of the standard

normal variate-normalized trends of every calculated peak

intensity. For the model system, we used two clusters to

represent perchlorate and polystyrene; for the Jurkat cell

spectra, we used five clusters to represent the major cellular

macromolecule types (proteins, nucleic acids, lipids, carbohy-

drates, and others). The peak parameters of all the peaks

within a given cluster were then used to reconstruct a

spectrum.

The Matlab code, which requires Matlab R2017b (but

does not work on later releases), is available from the

authors upon request.

Results and Discussion
The starting spectrum for obtaining initial peak parameters

for the hyperspectral data set from the model system,

along with the individual peaks generated from those param-

eters, is shown in Figure 2a. These estimates were used to

calculate peak parameters for every peak in a spectrum and

from these parameters, a Gaussian distribution for every

peak was generated. All distributions were then added to

provide an approximation of that spectrum. The average of

the approximated spectra is shown as a green trace in

Figure 2b that is superimposed on the black mean spectrum

of the series.

In Figure 2a, it can be seen that the slight asymmetry of

the major perchlorate and polystyrene bands resulted in

four overlapping peaks fitted to each of them. These

produced summations with near-perfect fits to the

original bands as can be determined from the

residual. Though the rapid fitting of the individual spectra

in the series produced deviations as shown in Figure 2b

residual, all the peaks pertaining to a given

component grouped together and their summations

resulted in the spectra of the pure components as

explained next.

Figure 2. (a) The individual fitted bands obtained from the mean of the constant sum-normalized spectra recorded from the model system

are shown in various colors. Their sum is shown in magenta superimposed on the black mean spectrum (both with positive offset for ease of

viewing); also shown, with negative offset, is the residual (red) between the mean spectrum and the sum of the fitted bands. Band

parameters determined from the fits to the mean spectrum peaks were used as initial values to calculate band parameters for all the peaks in

a given spectrum, and this procedure was repeated for all the spectra. (b) These latter band parameters were then used to calculate an

estimate or fit of that spectrum. Shown is the average of the fitted spectra (green) overlain on the mean spectrum (black) in the set along

with the residual difference between them (red). (c) Standard normal variate trends of the intensities obtained from the peak fits were

separated into two clusters with k-means clustering. From the individual peaks sorted into a given cluster, a spectrum was generated. These

cluster-based spectra are shown in (d) with a superimposed perchlorate spectrum. The superposition identifies the Cluster 1 spectrum to

be that of perchlorate and demonstrates the mixture resolution nature of this approach. The y-axis label of (a) also pertains to (b).
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Standard normal variate trends of the intensities obtained

from fits to every peak across all spectra were separated into

two clusters with k-means clustering. The trends are shown

in Figure 2c. From those individual fitted peaks in the starting

spectrum that were sorted into a given cluster, a single spec-

trum was generated. The cluster-based generated spectra are

shown in Figure 2d with a superimposed perchlorate spec-

trum scaled to equal maximum Cluster 1 peak height. The

excellent agreement between the superimposed perchlorate

spectrum and the generated Cluster 1 spectrum identifies

Cluster 1 spectrum as that of perchlorate and Cluster 2 as

that of polystyrene. It also demonstrates that mixture resolu-

tion can be affected with this approach. In principle, the num-

ber of mixture components that can be digitally demixed is

expected to depend on the number of components with dif-

ferential trends that are not compromised by noise.

The starting spectrum for obtaining initial peak parame-

ters for the hyperspectral data set from Jurkat cells fixed

with various percentages of methanol was the constant sum-

normalized mean spectrum of the set. Its resolution through

fitting 88 individual peaks is shown in Figure 3a with the dif-

ference between their sum and the starting mean spectrum,

offset for ease of viewing, attesting to an effective fitting. The

sum of the rapid fits of all individual spectra in the hyperspec-

tral set is shown as a green trace in Figure 3b. It is mostly

superimposed on the black starting spectrum that was the

mean of all the constant sum normalized hyperspectra.

Their difference is shown as a red trace. The standard normal

variate trends are shown in Figure 3c. From those individual

fitted peaks that were sorted into a given cluster, a spectrum

was generated. The cluster-based generated spectra are

shown in Figure 3d, where it can be seen that peaks belong-

ing to proteins, nucleic acids, and lipids were sorted into sep-

arate clusters.

In Figure 4, we show separately the cluster-based spectra

of Figure 3d with detailed band assignments based on pub-

lished libraries.30,31,36 From these detailed band assignments,

their macromolecular natures were confirmed. The spec-

trum reconstructed from Cluster 2 contained only protein

peaks, that from Cluster 5 only nucleic acids peaks and

Figure 3. (a) The individual fitted bands obtained from the mean of the constant sum-normalized spectra are shown in various colors.

Their sum is shown in magenta superimposed on the black mean spectrum (both with positive offset for clarity); also shown is the red

residual between mean and sum of fitted spectra (with negative offset). Band parameters determined from the fits to the mean spectrum’s
peaks were used as initial values to calculate band parameters for all the peaks in every spectrum of the set. (b) Band parameters determined

for all the peaks in a given spectrum were used to calculate a fit or estimate of that spectrum. Shown is the average of all the fitted spectra

overlain on the mean spectrum in the set along with the difference between them. (c) Standard normal variate trends of the peaks were

separated into five clusters with k-means clustering. From the individual peaks sorted into a given cluster, a spectrum was generated. The

cluster-based spectra are shown in (d) and show that protein-related peaks, nucleic acid–related peaks, and lipid-related peaks were sorted

into separate clusters. The y-axis label of (a) also pertains to (b) and the cluster legend pertains to both (c) and (d).
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that from Cluster 4 only lipid peaks. We did not observe any

noticeable evidence of carbohydrates in the remaining two

clusters. Instead, the peaks on Cluster 1 could also be

assigned to nucleic acids. The spectrum from Cluster 3 had

the weakest peaks of all the clusters and consistent assign-

ments could not be performed as the peaks appeared to

come from all three macromolecular types mentioned above.

Figure 4 demonstrates that, by using this methodology,

most of the biocomponent or macromolecular type spectra

can be reconstructed from Raman hyperspectra. An advan-

tage of this approach is that, in principle, the reconstructed

spectra from fitted peaks might produce the underlying spec-

tra of cell components as they exist in the sample. Clustering

also caused peaks to be partitioned into exclusive groups,

thus cluster-based spectra are less congested and have

fewer overlapping peaks as can be seen in a comparison of

Figure 3a with any of the panels in Figure 4. These effects

should ease peak identification by reducing the overlap

between peaks.

We did not scan the samples with a laser spot size small

enough to effect intracellular resolution. Instead, the laser

spot size tended to include three to four cells. Though this

might have caused some variation in the relative abundances

of macromolecules present within the laser spot when taking

a spectrum, it is likely that the methanol treatments would

have induced more substantial variations in the probed sam-

ples. If this were so, Figure 4d suggested that fixing with

methanol differentially affected proteins, nucleic acids, and

lipids because peaks from these macromolecules clustered

together. Differential methanol fixation effects might also

have occurred within the nucleic acid group because, besides

Cluster 5, a subset of nucleic acid peaks were assigned to

Cluster 1. Thus, a separate assignment might have occurred

based on fixative-induced changes to different nucleic acids

or different structural parts of the nucleic acids.37,38

Clustering might therefore facilitate the interpretation of

experimental effects. Another attribute of the methodology

is that cluster-based reconstruction uses peak parameters

obtained from peak fitting, thus such spectra are devoid of

noise.

There are also several issues that limit the utility of this

approach. We have opted to use here five clusters represent-

ing the major cellular macromolecule types (proteins, nucleic

acids, lipids, carbohydrates, and others) because of their

anticipated relative abundances and the potential utility of

such demixing. Literature reports indicate that these types

Figure 4. All the peaks in the Jurkat cell spectrum reconstructed from the fit parameters of the peaks sorted, based on their standard

normal variate trends, into (a) Cluster 2 were all exclusively related to proteins as is evident from the detailed assignments; (b) those in

Cluster 5 were exclusively related to nucleic acids as is evident from the detailed assignments and (c) the detailed assignments of those in

Cluster 4 were related to lipids. (d) No cluster consisting of carbohydrates was obtained. Instead, Cluster 1 spectrum peaks could also be

assigned to nucleic acids. Cluster 3 peaks could not consistently be assigned and seemed to belong to proteins, nucleic acids, and lipids. The

y-axis label of (a) also pertains to (b) and that of (c) to (d).
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of major macromolecules constitute up to 95% of cellular dry

mass.39–44 This also constituted a simplification of the task,

keeping it more tractable. A further simplification is affected

by keeping peak positions fixed during the fitting process,

thus negating peak shifts due to conformational changes or

the presence of numerous but weakly scattering small mole-

cules. Even though there is a catch-all “other” category in

recognition of the fact that Raman scattering does not all

come from macromolecules, there is no guarantee that it

would capture abundant small molecules, or less numerous

strongly scattering ones, nor possible interactions between

molecules. These effects might be too difficult to discern at

present (see also below) and, due to the simplifications,

they will be lumped into the most similar major groups.

The signal-to-noise ratio of measured spectra and inaccu-

racies of hyperspectral preprocessing might induce variations

in peak amplitudes that can cause them to be erroneously

grouped while inadequacies of hyperspectral preprocessing

might cause interferents to be retained in spectra thus

also hampering clustering. Smaller peaks might be especially

vulnerable to these considerations. This may explain the

separation of nucleic acid–related bands into Cluster 5

(mostly large peaks) and Cluster 1 (mostly small peaks),

and the clustering heterogeneity observed for Cluster 3

(mostly the smallest peaks) as evident in Figure 4d. One

might also deduce from this that using too many clusters

will result in many clusters with small and perhaps unrelated

peaks. In contrast, using too few clusters will result in the

grouping together of many large peaks belonging to different

macromolecules.

Furthermore, the experimental manipulations might be

insufficient to induce differential changes in the sample compo-

nents for effective clustering based on peak intensity trends.

Conversely, simultaneous large changes (e.g., induced due to

experimental manipulations or due to external conditions

such as sample heterogeneity) could be present in all sample

components such that the smaller changes that might permit

discrimination between components are overwhelmed.

Another limitation derives from the current need to find

suitable parameters for processing a specific data set. Some

general approaches can be found outlined in the Methods

section, as discussed here in Results and Discussion section

or in previous work25 while parameter values used here or

previously25 can serve to guide initial efforts. Though we

are interested in developing fully automated algorithms,9

this has not yet been achieved for the algorithms used here.

Regarding the utility of the method presented here, it is

supplementary to two-dimensional cluster member spectro-

scopy26 that also uses the clustering of trends as a separation

procedure. However, it is complementary in the sense that a

separate spectrum is generated from the fitted peaks within

each cluster as opposed to two-dimensionally presenting

the clustering of wavenumbers in a manner analogous to

2D-COS.21 It is also supplementary to non-negative least

squares and NNMF13,22 by producing non-negative demixed

results though using a very different approach. In the latter

sense, it complements PCA20 where the loadings of principal

components can have both positive and negative features that

make them difficult to interpret. Demixing with PCA is based

on an analysis of the extent of dispersion of the spectral

wavenumbers, whereas the current method is ultimately

based on the similarity of dispersion of the wavenumbers

arrived at through fitting. Finally, it is peak fitting that

makes it complementary to all these methods by establishing

peak parameters that can then be further analyzed individu-

ally, used for demixing through clustering, or used to create

high-resolution spectra.25

Conclusion
Rapid fitting of individual peaks in every spectrum of a Raman

hyperspectral data set combined with k-means clustering of

the peak amplitudes obtained from such fitting permits the

use of peak parameters from all the peaks within a given clus-

ter for the reconstruction of spectra representative of that

cluster. These spectra are not distorted by unrelated overlap-

ping peaks or noise, are less congested than those in the

hyperspectral set, and improve peak identification and,

potentially, individual macromolecule recognition. Such spec-

tra might also produce spectra of cell components as they

exist in the sample and the cluster centroids might contribute

to an improved analysis of sample composition changes due

to experimental effects. Though poor quality spectra and

imperfections in spectral preprocessing and peak fitting

can adversely affect the results, we have provided here a

proof-of-concept of a novel mixture resolution method

with different attributes than extant ones that thus can sup-

plement them. In principle, these methods could be extended

to the analysis of nonbiological complex materials with many

proximal overlapping peaks.
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