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Artistic rendering of the amyloid structures formed by VEALYL peptides
after 22 hours of incubation, imaged with scanning transmission electron microscopy (STEM).
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Unraveling the mechanism of amyloid formation
using advanced vibrational spectroscopies and
multivariate curve resolution techniques

One-dimensional and two-dimensional IR spectroscopy (1D-IR/FTIR and 2D-IR), vibrational circular dichroism (VCD), and optical and electron microscopy (STEM) can each
be used to monitor the formation of amyloid ﬁbrils. Here, we present how combining these techniques provides insight into the aggregation of the hexapeptide VEALYL
(Val-Glu-Ala-Leu-Tyr-Leu), the B-chain residue 12–17 segment of insulin, that forms
amyloid ﬁbrils (intermolecularly hydrogen-bonded β-sheets) when the pH is lowered
below 4. Under these circumstances, the aggregation commences within an hour and
continues to develop over a period of weeks. Analysis of the spectra results indicates
several different species that are formed during the aggregation process. Multivariate curve resolution analyses of the 1D-IR data shows that there are intermediates that
exhibit an increasingly ﬁbrillar character, while they are less ordered than the ﬁnal
ﬁbrillar structure that is slowly formed from the intermediates. The VCD spectra, and
the STEM and optical microscope images show that the formation of mature ﬁbrils of
VEALYL correlates with the appearance of spherulites that are on the order of several
μm, which give rise to a ‘giant’ VCD effect.
7.1 Introduction
In this chapter we show how the mechanism of amyloid formation can be studied
in situ using a combination of microscopy and vibrational spectroscopy. We monitor
129

Unraveling the mechanism of amyloid formation using advanced vibrational
spectroscopies and multivariate curve resolution techniques
the formation of amyloid ﬁbrils by the hexapeptide VEALYL using Fourier transform
infrared spectroscopy, nonlinear 2D-IR spectroscopy and vibrational circular dichroism, and perform optical microscopy and scanning transmission electron microscopy
(STEM) to correlate the vibrational spectra with the morphology. The three vibrationalspectroscopy techniques complement each other because they are each sensitive to a
different length scale (see chapter 2). We focus on spectra of the amide-I band (16001700 cm-1 ) because it is sensitive to the conformation of proteins (see section 2.1.1).
VEALYL, the hexapeptide segment of insulin that has the highest propensity for
amyloid formation 404 , is believed to play an important role in the aggregation of insulin. This 51–residue protein is an important glucose-uptake mediating hormone,
which is widely used to treat diabetes. When insulin aggregates during the manufacturing, puriﬁcation, storage, or infusion, its activity is lost which renders it therapeutically ineffective, and injected protein aggregates can even trigger an immune
response 405 .
A recent ion-mobility spectrometry-mass spectrometry and gas-phase infrared spectroscopy study has provided insight into the structure of the early oligomers (up to 9
monomers), revealing the presence of β-sheet structure in oligomers composed of more
than 3 monomers, whereas smaller oligomers are composed of random-coil structure 406 .
The amyloid VEALYL aggregates formed after 3 weeks of incubation have been studied in their crystalline 97 and in situ (in the incubation solution) 407 form, revealing a
nearly complete β-sheet conformation, with little variation in the unit cell structure for
various macromolecular polymorphs. The vibrational-spectroscopy and microscopy
methods employed here allow for an in situ investigation of VEALYL aggregation, all
the way from separate monomers to mature ﬁbrils. By applying two multivariate-curve
resolution techniques (FACPACKand MCR-ALS) to the recorded spectroscopic data, new
structural characteristics of the intermediate species are revealed.
7.2 Results
7.2.1 General observations
As in previous studies of amyloid formation by VEALYL 97,404,407 , we trigger the aggregation by lowering the pH to 2.5, which protonates the sidechain of the glutamic-acid
residue (pKa = 4.15), thereby removing its negative charge. Lowering the pH greatly
enhances the amyloid ﬁbril formation by VEALYL 97,404 : at pH 2.5, β-sheet peaks are
typically observed after a lag phase (see section 1.4.2.1) of 30 minutes of incubation
at a VEALYL concentration of 11 mM, whereas at neutral pH the amide-I spectrum remains unchanged with respect to the monomeric random-coil spectrum, even after
3 months. We ﬁnd that increasing VEALYL concentration (with a minimum concentration of 2 mM), temperature and agitation decrease the aggregation lag time, in line
with observations of other amyloidogenic proteins 278,408–410 . The ﬁbrils formed at pH
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proﬁles (right singular vectors) of the four components with the largest singular values
all show signiﬁcant time and frequency dependencies, indicating that there are at least
four species that play a role in the aggregation process. The components with smaller
singular values contain experimental noise (see ﬁg. 7.A.3). Already in the 4th singular
vectors (depicted in cyan) one can notice a signiﬁcant noise contribution.
Determination of the rotational ambiguity with FACPACK
A problem for ‘multivariate curve resolution’ techniques (used to determine the concentration and spectral proﬁles of physical species that give rise to a time-dependent
spectral dataset) is that in general a continuum of possible factorizations exists that
describe the data equally well‡ , a phenomenon that is known as ‘rotational ambiguity’.
In other words, there are many combinations of species-associated spectra and associated time proﬁles that reproduce the experimental data equally well.To reconstruct
all possible concentration and spectral (absorption) proﬁles, C and A , respectively, of
the pure components, the ﬁrst s components of a truncated SVD are transformed such
that both C and A only contain non-negative entries 413 . Using the software package
FACPACK 414,415 the area of feasible solutions (AFS, see e.g. 416–421) is determined according to:

−1
T
D =U
2 · Σ34· T 5 · T
2 ·34V 5
C

(7.3)

A

with U ∈ Rm×s , Σ ∈ Rs×s , and V ∈ Rn×s the truncated factors of the SVD, T ∈ Rs×s

the transformation matrix that completely represents all possible nonnegative conC ∈ Rm×s and A ∈ Rs×n , respectively), where D = C A
centration and spectral proﬁles (C

follows from the Lambert-Beer law§ . The AFS contains all possible decompositions

into species spectra and time dependencies that are compatible with the experimental data.
In the calculation, we assume that there are four components with different absorption spectra. The dataset might include contributions from more species, but due to
noise and linear dependencies between the components it is only possible to identify
four linear independent components. Hence, we compute decompositions of D with
C is an m × 4-matrix and A is an 4 × n-matrix). Furtherrespect to four components (C

more, we compute the AFS also with respect to four components. We have adapted
the FACPACK software package for the calculation, such that the ﬁrst and last compo‡
In this respect non-SVD compositions differ from an SVD decomposition: due to orthogonality of the singular values, an SVD decomposition gives only one, unique decomposition. Because SVD decompositions have
negative entries, they do not provide a ‘proper’ pure component decomposition.
§
For the AFS, only the ﬁrst row of T is analyzed and a special scaling with T (1, 1) = 1 is used. The AFS
reads:
s
T ∈ Rs×s with rank(D
D ) = s, T (1, :) = (1, xT ) and C , A ≥ 0}.
M = {x ∈ R : ∃T

If four physical components are assumed to describe the experimental data (s = 4), the AFS is a subset of R3 .
The AFS computation is explained in more detail in the appendix.
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Figure 7.3. Feasible spectra (top row) and associated concentration proﬁles for the intermediates
(unscaled, middle row), and the feasible concentration proﬁles of the monomeric (left) and ﬁbrillar
(right) species (bottom row).The spectra of the latter two species are ﬁxed in the calculation. The
proﬁles of the selected solution (see ﬁg. 7.4), are plotted in black.

nent spectra are ﬁxed to the ﬁrst and last spectra of the dataset. This is necessary in
order to compute meaningful results for this dataset, because for the reconstruction
of four components the inﬂuence of noise is signiﬁcant: only two singular values are
clearly separated from the singular vectors containing noise (see again ﬁg. 7.2) — the
noise in the 3rd and 4th component makes it necessary to increase the tolerance of
negative entries (ϵ in eq. 7.A.1 in the appendix), which leads to a strong increase in the
size of the AFS. By ﬁxing the ﬁrst and last spectrum, the size of the AFS segments is
reduced. These constraints are valid under the assumption that the sample only contains monomers by the time we measure the ﬁrst spectrum (5 minutes after lowering
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the pH), and that the sample only contains mature ﬁbrils at the end of the experiment
(at t = 5250 min). Fixing the last spectrum to a spectrum recorded at an earlier time (t
= 4100 min) does not qualitatively change the obtained results.
The selected solution
The resulting AFS is shown in ﬁgs. 7.3 and 7.A.4. Even with the applied constraints,
there are many feasible spectra and associated concentration proﬁles (time dependencies) that are all equally compatible with the experimental data. In order to obtain a physically and chemically meaningful solution, we apply an Ockham’s razor
approach and select the solution for which the different species appear in a consecutive order (ﬁg. 7.4). The spectral shapes of the intermediate species thus obtained
indicate that with time the amount of β-sheet increases, and the amount of randomcoil structure decreases. The sidechain νas (COO−) and ν(C=O) peaks show that the Glu
residues of the ﬁrst intermediate (green curves), that is mainly composed of randomcoil structure, are fully protonated, while the Glu sidechains of the second intermediate (blue curves), whose spectrum indicates a more advanced ﬁbrillization state, are
partly deprotonated. The presence of deprotonated Glu residues in the amyloid aggregates formed by VEALYL under these experimental conditions has been observed
before in NMR experiments 407 . This deprotonation might be due to a lower pKa of the
Glu sidechain in the ﬁbrillar structure: the formation of a hydrogen bond between deprotonated Glu sidechains and the NH+
3 (Val) terminus of the peptide stabilizes the

carboxylate ion form of Glu 422,423 . Alternatively, the aforementioned pH increase due
to the slow acidic hydrolysis of peptide bonds could explain the deprotonation of the
Glu sidechains in the more mature intermediates.
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Figure 7.4. The proﬁles of the selected solution, with the pure component spectra scaled to have the
same integrated absorption. The integrals are approximated using the trapezoidal-rule and negative
values for the absorptions are set to zero. The concentration proﬁles are scaled with respect to the
pure component spectra.

MCR-ALS analysis
Similar solutions are found when a multivariate curve resolution with alternating least
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modes — which are abundant in amyloid ﬁbrils — give a stronger 2D-IR signal than
localized eigenmodes, the 2D-IR spectrum can provide additional structural insight
that cannot be deduced from the 1D-IR (FTIR) spectrum, cross peaks between eigenmodes give additional information on the ﬁbril structure, and the shape of the peaks
also gives additional information, about the heterogeneity of the ﬁbril structure 377 .
As expected, the transition from a broad distribution of random-coil modes centered
around 1645 cm-1 into two sharp amyloid β-sheet modes at ~1622 and 1682 in (mature)
ﬁbrils (ﬁg. 7.1) is also visible in the 2D-IR spectra (ﬁg. 7.5) . The anisotropy (see section 2.3.3.1) of the cross peak at (νprobe , ν pump ) = (1682,1622) cm-1 is R = -0.21±0.03 indicating that there is a 90±11◦ angle between the modes that the 1622 and the 1682 cm-1
peaks are composed of, which is consistent with the assignment of the modes to the
ν⊥ and ν∥ of an antiparallel β-sheet 136 . Interestingly, for this type of amyloid structure
(with an antiparallel orientation of the strands in the ﬁbril direction), the neighboring
stacks of intermolecularly hydrogen-bonded sheets do not inﬂuence the orientation of
the two strongest β-sheet modes (see chapter 5).
We did not determine the transition-dipole magnitudes here due to the known difﬁculty of reproducing these in heterogeneous amyloid samples 185¶ . The sample heterogeneity also affects time-dependent measurements of VEALYL aggregation with 2D-IR
spectroscopy. Because the overlap of the focused pump and probe beam is typically of
the order of 250 μm, there is a large chance that the beams are not focused at a nucleation site (see ﬁg. 7.8), as can be seen by comparing the lower two spectra in ﬁg. 7.5. A
potential solution for this problem is rotating the sample and recording (and averaging) several intertwined time series at several (x, y)-positions, but this would come at
the expense of having less time points or less signal to noise due to shorter acquisition
times.
The lineshape of the 2D-IR peaks shows that there is a large spectral inhomogeneity
(as indicated by the slope of the line through the zero crossings that is close to unity,
see section 2.3.3.1) when VEALYL is still in its monomeric state, while with increasing
aggregation the slope of this line becomes steeper, indicating a more homogeneous
structure, as can be expected for the amyloid crystals that are formed.
7.2.3 Advanced aggregation: STEM and optical microscopy and VCD spectroscopy reveal that the appearance of higher-order structures correlates with the presence
of mature ﬁbril structures
7.2.3.1 VCD spectroscopy
Vibrational circular dichroism (VCD) measures the difference in absorbance of leftand right-handed circularly-polarized light (see section 2.3.1.2). When applied to the
¶
Previous measurements in our lab of the transition-dipole moment of the low-frequency β-sheet mode of
α-synuclein resulted in a similarly large variation of values as reported (years later) in ref.185
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Figure 7.8 (following page). An overview of the data, analysis and interpretation of the vibrationalspectroscopy and imaging techniques used to study the amyloid formation of VEALYL. First row:
qualitative description of the aggregation phases. Second row: 1D-IR (FTIR) spectra. Third row: 2DIR spectra. Fourth row: VCD spectra. Fifth row: intensity proﬁles of the maxima at the β-sheet frequencies of the various techniques and concentration proﬁles of the four species from the FACPACK
analysis of the 1D-IR data, sixth row: light-microscope images, seventh row: STEM images, eighth
row: artist impressions of the structural interpretations. The 2D-IR spectra were recorded only up to
44 hr of the same spot due to experimental procedural reasons (see main text). The third and fourth
STEM images are recorded of the same sample with a VCD intensity that is 50% of the maximum,
and an amyloid β-sheet IR signal that is already at its maximum, as the different species (as shown
in the ﬁfth row) coexist when the intermediates and the mature ﬁbrils are formed. The intermediate
species found with the FACPACK (and MCR-ALS) analyses of the FTIR data reﬂect a relatively spectroscopically distinct (group of) intermediates or a (group of) relatively stable intermediates in the
continuum of incrementally growing aggregates.
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7.3 Conclusion and outlook
By combining three vibrational spectroscopy techniques with two microscopy techniques, the aggregation of VEALYL can be monitored all the way from solvated monomers to insoluble mature ﬁbrils. In ﬁg. 7.8 we give an overview of the different stages
of this process, as observed in our experiments. This ﬁgure clearly shows that each
technique is sensitive to a speciﬁc range of length scales.
It should be noted that the two intermediate species depicted in the ﬁfth row (and in
ﬁgs. 7.3 and 7.4) might reﬂect groups of species in a continuum of intermediate species
that share certain spectral features. MCR analyses like these have proven to be valuable tools to obtain chemical insight from data of several–both innovative and wellestablished–analytical technologies. We show here that also for 1D-IR amide-I spectra of amyloid proteins, the implementation of such techniques can provide insight
into the mechanism of molecular processes. In the case of the amyloid aggregation of
VEALYL two sequential intermediate species are revealed.
When vibrational spectra are complemented by spectral calculations 124,429 , e.g. on
molecular structures obtained with MD simulations, more detailed structural information can be derived. Also, the application of advanced analysis methods on the timedependent 2D-IR data (like PARAFAC or Tucker modeling techniques that have been
developed especially for 3D-data sets) could allow an even more detailed analysis of
amyloid systems 437 .
For amyloid systems whose aggregation cannot be triggered like that of VEALYL, a
large variation in the so-called lag phase might hinder connecting the results from the
different techniques straightforwardly. However, in that case an internal calibration
of the different spectroscopic measurements can be obtained by deriving the 1D-IR
spectrum from the 2D-IR and VCD spectra, as has been done in appendix ﬁg. 7.A.7 for
the data presented in this chapter.
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7.4.1 Sample preparation
VEALYL was bought in lyophilized form GL Biochem (Shanghai) Ltd., China. In order to exchange
the protons present in the amide groups of the backbone of the peptide and to remove remaining amounts of triﬂuoroacetic acid (TFA) that is used in solid-phase peptide synthesis, VEALYL
was dissolved at a concentration of 18.5 mM in D2 O after which 0.7 μL of 35 wt% DCl was added
for each mL of solution (equivalent to a 0.084 M solution of DCl). The samples were then vortexed at 1 400 rpm for 1 minute in order to properly dissolve the peptides, after which the peptide
solution was left to exchange 1 H for 2 H for 20 minutes. Subsequently the samples were rapidly
cooled to 77 K by immersion of the Eppendorfer tubes in liquid nitrogen. After this the samples
were lyophilized by placing them in vacuum and freeze-drying for 8 hours in a ScanVac Coolsafe
(Labogene), in which 1 mL of peptide solution was fully lyophilized*.
In order to minimize hydrogen exchange from the air with the sample, all subsequent steps
were performed inside a glove box that is continuously ﬂushed with N2 . The lyophilized VEALYL
powder was re-solvated in a 150 mM NaCl and 50 mM phosphate solution, leading to a pH of approximately 6. The aggregation was started according to the procedure described in ref. 97; by
lowering the pH to 2.5 with the addition of a few μLs of 1 M DCl. The solution was then vortexed
at 1 400 rpm for exactly 1 minute. Subsequently, the pH was measured with a Thermo Scientiﬁc
Orion 2-Star Plus pH-meter. Unless noted differently, a VEALYL concentration of 11 mM was used.

7.4.2 1D- and 2D-IR, and VCD spectroscopy
A Bruker Vertex 70 FTIR spectrometer is used to measure the 1D-IR (FTIR) spectra of 5 μL drops
of sample liquid in between two CaF2 . A greased 50 μm spacer keeps the two CaF2 windows from
touching each other.** . The FTIR data presented in ﬁg. 7.1 is normalized on the integrated area of
the amide-I region (1600-1700 cm-1 ); without this normalization step the effect of the slow acidic
hydrolysis of the peptide bonds is even more pronounced.
The setup used to measure the 2D-IR spectra is described in section 2.4.4.
The VCD spectra are also measured with a Bruker Vertex 70 FTIR spectrometer, using the PMA
50 Polarization Modulation Accessory. The time trace in ﬁg. 7.8 is constructed by ﬁrst correcting
for an overall offset by subtracting the average intensity of the 1330-1365 cm-1 range, and subsequently taking the average of the absolute signal strengths at 1621 and 1636 cm-1 (the spectrum’s
maximum and minimum, respectively). The spectra were recorded by averaging for 10 minutes.

*Although a study on large proteins showed that the secondary structure changes only during the
lyophilization process due to the stresses exerted on it during the process and reverses fully after resolvation, 438 , we found that it is important to strictly adhere to a certain lyophilization protocol in order to
reproducibly produce the coarse white powder that results from a successful lyophilization. In principle, the
mass of the lyophilized peptide should equal the mass of the peptide before lyophilization, but as we sometimes
noticed deviation we always re-weighted the peptide before re-solvation.
**
Care must be taken when preparing the CaF2 windows as even a small amount of residual aggregated
peptide on a dirty window could act as an aggregation nucleus, thereby disrupt the measurements. Dust particles should also be thoroughly removed from the windows, though they did not seem to affect the process
of aggregation. The steps followed for the washing of CaF2 windows that had been in touch with aggregated
material were: wash with methanol, thoroughly clean off the grease with acetone, remove any acetone residue
with methanol, and ﬁnally to dry the windows with dry lens tissue paper. When acetone was used as the ﬁrst
solvent in these cleaning samples, VEALYL aggregates were found to adsorb very tightly onto the CaF2 .
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7.4.3 Optical microscopy
The optical micrographs of VEALYL are captured with the sample in between the IR-cell (CaF2 )
windows, using a Leica DM-IRB microscope and a Pixelink USB-camera. Phase contrasting is
used for the images and a 50x magniﬁcation.

7.4.4 Scanning transmission electron microscopy (STEM)
The STEM sample preparation was performed by adsorbing a 1.5 μL drop of VEALYL solution on a
carbon coated grid with a 300 μm mesh size (TED PELLA INC) for 5 minutes. Excess liquid was removed by pipetting once and is exchanged for 1.5 μL of pH 2.0 milliQ water. The grid was air-dried
at 37◦ C and then transferred under vacuum into the STEM setup. Before recording the bright-ﬁeld
STEM micrographs, condenser stigmators were adjusted to give a circular beam proﬁle, the beam
was carefully centered and spread to produce uniform illumination over the ﬁeld of view. The
micrographs were acquired using a FEI Verios 460 microscope operating at 20 kV electron beam
energy and 50 pA current.
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Computation of the feasible spectra and the feasible concentration proﬁles
For the analysis of the rotational ambiguity of the data sets we use the FACPACK-implementation
of the ray-casting method, introduced in ref. 439. Because of the structure of the data,
there are no clear cuts between the fourth and the ﬁfth singular values for the data set
(see ﬁg. 7.2), so we use additional information in order to compute meaningful results.
We thus assume that the spectra of the ﬁrst and last species are similar to the ﬁrst and
last spectra of the dataset, respectively. We then compute only the feasible solutions
for the two remaining components, and the AFS contains two locked points and two
volume-segments (see ﬁg. 7.A.4). Each AFS is computed using m = 15 000 rays. Because the data D includes perturbations, we used a control parameter ε ≥ 0 (like in

equation (6) of ref.418), in order to allow a certain degree of negativity. This would othC)
erwise pose a problem to the non-negativity constraint of both the concentration (C

A) proﬁles. For the AFS computation a certain factorization with C and
and spectral (A
A is accepted if:
A(i, :))
min(A
≥ −ε, i = 1, . . . , 4,
A(i, :)
max(A

as well as

C (:, j))
min(C
≥ −ε, j = 1, . . . , 4.
C (:, j)
max(C
(7.A.1)

In other words: the control parameter is a relative boundary for negative entries for
each proﬁle (see ref. 418 for more details on ε, which is set to 0.035 in this calculation).
The concentrational AFS segments are computed by using the complementarity/duality
principle 440–443 in combination with a brute-force grid-search AFS computation (see
ref. 444 for two-component systems). For the intermediates we apply this approach to
a line, since the two other pure component spectra are locked. For the monomers and
the mature ﬁbrils we use a brute-force approach for two planes, because only one pure
component is locked for each computation.
In order to select a solution in the Complementary & AFS (4 component systems) module
of FACPACK, one can monitor what the total concentration and spectral proﬁles of the
pure components look like as a function of the relative contributions. This can give
clues about the feasibility of a solution, as the spectral shape of one intermediate (see
ﬁg. 7.3) inﬂuences the spectral shape of the other intermediate as well as the associated
concentration proﬁles, which can both indicate the feasibility of a given solution (see
also the main text).
Sources of error
The computation of the AFS for four-component systems is a challenging problem, especially if the data includes perturbations (noise) or if the ﬁrst four singular values are
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Figure 7.A.3. The left- and right-singular vectors of component 5-8 of the SVD decomposition of
the time-dependent FTIR spectra of aggregating VEALYL, indicating that the components >#4 are
composed of noise.
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Figure 7.A.4. The AFS segments of the time-dependent FTIR spectra of aggregating VEALYL peptides. Since the ﬁrst spectrum and the last spectrum are locked as pure component spectra, the AFS
segments consists of two locked points reﬂecting the ﬁrst and last spectra (red and cyan, respectively) and two volume segments that show the AFS for the intermediates. Due to the complementarity/duality principle, the concentrational AFS segments consist of two plane segments and two
line segments. Herein T ∈ R4×4 is used for the transformation from the SVD to the original factors
as in eq. 7.3.

not clearly separated from the ones representing the perturbations. For this system, a
reasonable way to incorporate more information in the calculation is to lock the ﬁrst
and last spectra as pure component spectra, but this strict and rough procedure can
lead to deviations. Also measurement errors can lead to deviations in the feasible proﬁles. This potential source of error effects especially the computation of the feasible
concentration proﬁles by using the complementarity/duality principle.
MCR-ALS calculation and results
In a multiple curve resolution with alternating least square (MCR-ALS) analysis, a m×n
dataset D is ﬁtted as follows 426 :
D = CS T + E
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Figure 7.A.5. Two different solutions obtained with an MCR-ALS analysis with only non-negativity
constraints for both the spectra and time proﬁles, showing the dependency on the initial guess.
When the selected solution from the FACPACK analysis is chosen as an initial guess for the spectra,
the upper result is obtained, while for a ﬁt that has the spectra at t = 0, 250, 1000 and 5250 minutes
as the initial guess, the lower result is obtained. The solutions have a lack of ﬁt of 0.341 and 0.343 %,
respectively.

with C the m × s ‘score matrix’ (with s the number of physical components), S the
n × s ‘loading matrix’ and E the ‘residual error’ or ‘noise matrix’, while taking certain
constraints relating to the underlying physics into consideration. In an MCR-ALS procedure, E is minimized with alternating least-squares ﬁtting, meaning that the con-

centration and spectral proﬁles are ﬁtted in an alternating fashion†† .
Examples of commonly applied constraints for a time-dependent spectral dataset
are non-negativity of the spectral and time proﬁles, the ﬁxation of the ﬁrst and/or last
spectrum to the spectrum of the ﬁrst and/or last component, and ‘concentration closure’ (conservation of the total amount of molecules)‡‡ .
There are some variations resulting from different initial guesses for the spectra,
but these do not lead to differences in the qualitative interpretation (see ﬁg. 7.A.5). The
MCR-ALS method allows for an arbitrary number of species to be ﬁtted to the data (as
††
I.e. ﬁrst optimizing the time proﬁles assuming a certain initial guess for the spectral proﬁles, then optimizing the spectral proﬁles assuming the optimal values for the time proﬁles from the previous step, et cetera
— or vice versa, with respect to time and frequency space.
‡‡
The latter assumption only works for techniques that are linearly dependent on the concentration, like
1D-IR. The non-linear dependency of the spectral intensity on the concentration in nonlinear techniques like
2D-IR (in which case the degree of vibrational delocalization also inﬂuences the spectral intensity) makes it
impossible to apply this constraint in such cases.
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