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interact electrostatically without losing the a-helix structure of native insulin
[5,6]. At a pH higher than the isoelectric point (pl 5.5), insulin is negatively
charged and these electrostatic interactions stabilise the solution and make the
assembly process energetically favourable. The associated forms can evolve
into spherical precipitates, which can be characterised by optical microscopy.
The optical image captured at the end of the process (Fig. 4a) indicates that the
insulin molecules are bound together, forming a grouped and globular dense
material. The results obtained are in agreement with those reported in the
literature [11,16,44]; therefore, these medium conditions favour the
association of insulin [15, 40-43]. This association may take place faster

depending on the other biochemical variables assessed in this study.
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Figure 3. Experiment 3: (a) spectral profiles, (b) concentration profiles and (c) feasible bands for
the concentration profiles. Experiment 5: (d) spectral profiles, (e) concentration profiles and (f)
feasible bands for the concentration profiles (solid line: first forms, dashed line: second forms,

dotted line: third forms and dashed/dotted line: fourth forms).
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The recovered spectra obtained for experiment 5 are shown in Figure 3d. The
first spectrum presents the same bands as in experiment 3 (Fig. 3c, a-helix
structures). The second spectrum is mainly composed of the spectral bands
representative of random-coils (1272 cm™) and B-turn structures (1715 cm™).
These considerations suggest that the second forms differ in some way from
those observed in experiment 3 (Fig. 3a). The spectra of the third and fourth
forms have the spectral features of B-sheet structures (1189 cm™, 1545 cm™
and 1660 cm™), although significant differences were present in the amide Il
region (1100 - 1330 cm™), which may indicate that the two forms present

different secondary structure compositions.

(a)

100 pm

Figure 4. Optical images at the end of the process of (a) experiment 3 and (b) experiment 5.

The evolution of the concentration profiles for the four forms at pH 3 is shown
in Figure 3e. The concentration of insulin in its native form decreases before
the transition time (35 minutes), while the concentration of the second forms
enriched with B-structures increases. After this time, these second forms are
totally consumed. The evolution of the concentrations of the other two forms
that appear after the transition point may be representative of a process in
which a transition takes place between two forms, more or less enriched with

B-structures. Globally speaking, these results may be representative of the
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insulin aggregation process. In that process, the initial forms of insulin slowly
lose their native structure over a period of 35 minutes during the unfolding
process. After a significant level of unfolding forms has been reached, the forms
in which random-coil and B-turn structures dominate (second forms at 35
minutes), they bind together forming nucleus forms (third forms), which grow
into ordered aggregates (fourth forms) [5-8,10]. A complementary
understanding of this process was obtained by optical imaging. The optical
image captured at the end of the process (Fig. 4b) shows thin and ordered
aggregates with smaller diameters. Aggregation under these conditions seems

to be sequential and ordered.

As there is rotational ambiguity in MCR-ALS solutions, the feasible band
boundaries related to each of the solutions were calculated using the MCR-
BANDS method. The values of f,”" and f,"* and the difference between them
are given for every component of each experiment in Table S-2 (supplementary
material). The extent of rotational ambiguity was assessed using the difference
value: the closer to zero the value is, the less rotational ambiguity the solution
will present. Overall, we can see that most of the difference values are in the
range of 0 to 0.20, which means that the rotational ambiguity cannot be
considered significant. In experiment 8 (pH 7, T= 45 eC and | = 1.5 mM), this
value is higher (0.67 and 0.74, respectively, for the second and third forms),
which means that the extent of rotation ambiguities was also high. A possible
explanation might be that these are the most favourable conditions for

electrostatic interactions.

As the spectral profiles of the different compounds do not differ significantly,
only the £, and f,"™ values of the concentration profiles are shown in Fig. 3c
(experiment 3, pH 7) and Fig. 3f (experiment 5). The evolution of the

concentration profiles at pH 7(Fig. 3c) indicates that three forms are present
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from the beginning. Our results are unclear basically in the first stage of the
process (before the transition point) and therefore this ambiguity does not
affect the conclusions drawn above. Although at pH 3 (Fig. 3f) nucleus forms
(third forms) are present before the transition time, they emerge near the
transition time, so they do not significantly affect our conclusions. Overall, the
uncertainty related to the results does not affect our final conclusions for either

process.

CONCLUSIONS

The conjunction of experimental design techniques and MCR-ALS has proved a
useful tool for the analysis of processes involving insulin. The influences of
temperature (T), pH and ionic strength (I) in insulin aggregation/association
cannot be analysed individually. T and pH were the most influential variables,

but they both interact with ionic strength in a significant way.

Analysis of infrared data using the MCR-ALS method has proved a powerful
technique to demonstrate the influence of medium conditions on these
processes. The concentration and spectral profiles recovered for experiments
at pH 7 allow us to postulate the existence of association process,
independently of T and I. Moreover, these profiles allow us to suggest that the
aggregation process took place in experiments at pH 3. All final forms were

characterised by optical imaging.

The extent of uncertainty in the solutions recovered by MCR-ALS was assessed
by means of the MCR-BANDS method to provide a more accurate

interpretation of our results.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Piessi tesqy [odledt

ACKNOWLEDGMENTS. We would like to thank Universitat Rovira i Virgili for providing Idoia

Marti-Aluja with a doctoral fellowship.

REFERENCES

[1] D-P. Hong, A. Ahmad, A. L. Fink, Biochemistry 45 (2006) 9342 — 9353.

[2] Y. Hong, L. Meng, S. Chen, C. W. T. Leung, L-T. Da, M. Faisal, D-A. Silvia, J.
Liu, J. W. Y. Lam, X. Huang, B. Z. Tang, J. Am. Chem. Soc. 134 (2012) 1680 —
1689.

[3] E. J. Nettleton, P. Tito, M. Sunde, M. Bouchard, C. M. Dobson, C.V. Robinson,
Biophys. J. 79 (2000) 1053 — 1065.

[4] ). S. Philo, T. Arakawa, Curr. Pharm. Biotech. 10 (2009) 348 — 351.

[5] J. Brange, L. Andersen, E. D. Laursen, G. Meyn, E. Rasmussen, J. Pharm. Sci.
86 (1997) 517 — 525.

[6] Q. Hua, M. A. Weiss, J. Biol. Chem. 279 (2004) 21449 — 21460.

[7] A. Ahmad, V. N. Uversky, D. Hong, A. L. Fink, J. Biol. Chem. 280 (2005) 42669
—42675.

[8] K. Giger, R. P. Vanam, E. Seyrek, P. L. Dublin, Biomacromolecules 9 (2008)
2338 —2344.

[9] D. N. Brems, L. A. Alter, M.J. Beckage, R. E. Chance, R. D. DiMarchi, L. K.
Green, H. B. Long, A. H. Pekar, J. E. Shields, B. H. Frank, Protein Eng. 5 (1992)
527 — 533.

[10] J. Brange, L. Langkjoer, Pharm. Biotechnol. 5 (1993) 315 — 350.
[11] V. Smirnovas, R. Winter, Biophys. J. 94 (2008) 3241 — 3246.
[12] T.J. Gibson, R. M. Murphy, Protein Sci. 15 (2006) 1133 — 1141.

[13] M. I. Dyukov, M. P. Grudinin, A. K. Sirotkin, O. |. Kiselev, Biochemistry
Biophys. 419 (2008) 79 — 81.

[14] A. Gerhardt, K. Bonam, J. S. Bee, J. F. Carpenter, T. W. Randolph, J. Pharm.
Sci. 102 (2013) 429 - 440.

[15] A. K. Attri, C. Fernadez, A. P. Minton, Biophys. Chem. 148 (2010) 23 - 27.

[16] S. L. Shammas, T. P. J. Knowles, A. J. Baldwin, C. E. MacPhee, M. E.
Welland, C. M. Dobson, G. L. Devlin, Biophys. J. 100 (2011) 2783 — 2791.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013 .
Aggregation process | 153

[17] A. Ahmad, I. S. Millett, S. Doniach, V. N. Uversky, A. L. Fink, Biochemistry 39
(2003) 11404 - 11416.

[18] K. Huus, S. Havelund, H. B. Olsen, M. van de Weert, S. Frokjaer,
Biochemistry 44 (2005) 11171 —-11177.

[19] C. Chandler, C. M. Gryniewicz, T. Pringle, F. Cunningham, Am. J. Health.
Syst. Pharm. 10 (2008) 953 — 956.

[20] I. Marti-Aluja, J. Ferré, I. Ruisanchez, M. S. Larrechi, Chemom. Intell. Lab.
Syst. 118 (2012) 180-186.

[21] I. Marti-Aluja, I. Ruisanchez, M. S. Larrechi, Anal. Chim. Acta 760 (2013) 16
-24.

[22] G. Vedantham, H. G. Sparks, S. U. Sane, S. Tzannis, T, M. Przybycien, Anal.
Biochemistry 1 (2000) 33 —49.

[23] P. Kupser, K. Pagel, J. Oomens, N. Polfer, B. Koksch, G. Meijer, G. von
Helden, J. Am. Chem. Soc. 132 (2010) 2085 —2093.

[24] L. P. DeFlores, Z. Ganim, R. A. Nicodemus, A. Tokmakoff, J. Am. Chem. Soc.
131 (2009) 3385 —3391.

[25] S. Cai, B. R. Singh, Biophys. Chem. 80 (1999) 7 — 20.

[26] M. Carbonaro, A. Nucara, Amino Acids 3 (2010) 679 — 690.

[27] F. H. Carpenter, Am. J. Med. 40 (1966) 750 — 758.

[28] C. Ruckebusch, L. Blanchet, Anal. Chim. Acta 765 (2013) 28 — 36.
[29] R. Tauler, Chemom. Intell. Lab. Syst. 30 (1995) 133 — 146.

[30] J. Jaumot, R. Tauler, Chemom. Intell. Lab. Syst. 103 (2010) 96 — 107.
[31] X. Zhang, R. Tauler, Anal. Chim. Acta 762 (2013) 25 — 38.

[32] The Mathworks, MATLAB Version 7.0, Natick, MA, 2004.

[33] D. L. Massart, B. Vandeginste, L. Buydens, S. de Jong, P. Lewi, J. Smeyers-
Verbeke,  Handbook of Chemometrics and Qualimetrics: Part A, Elsevier,
Amsterdam, 1997.

[34] Statgraphics <http://www.statgraphics.com/>
[35] A. Elliot, E. J. Ambrose, Nature 165 (1950) 921 — 922.
[36] S. Krimm, J. Bandekar, Adv. Prot. Chem. 38 (1986) 181 — 364.

[37] M. Bouchard, J. Zurdo, E. J. Nettleton, C. M. Dobson, C. V. Robinson,
Protein Sci. 9 (2000) 1960 — 1967.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Pipssi gy oo

[38] K. Murayama, M. Tomida, Biochemistry 43 (2004) 11526 — 11532.
[39] N. M. Faber, Anal. Chim. Acta 439 (2001) 193 —201.

[40] P. D. Jeffrey, B. K. Milthorpe, L. W. Nichol, Biochemistry 15 (1976) 4660 —
4665.

[41] A. K. Attri, C. Fernandez, A. P. Minton, Biophys. Chem. 148 (2010) 28 — 33.
[42] M. E. M. Cromwell, E. Hilario, F. Jacobson, AAPS J. 8 (2006) E572 — E579.

[43] E. Y. Chi, S. Krishnan, T. W. Randolph, J. F. Carpenter, Pharm. Res. 20 (2003)
1325 -1336.

[44] E. van der Linden, P. Venema, Curr. Opin. Colloid In. 12 (2007) 158 —165.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013 .
Aggregation process | 155

Supplementary material

Table S-1. First six eigenvalues obtained on the individual SVD analysis of each experimental

matrix (D,-Dg)

Experiment number

Factor 1 2 3 4 5 6 7 8

1 2154 1058 1440 3618 1408 1801 1982  28.70
(96,5%)  (96,4%) (82.7%) (99.1%) (90,5%) (854%) (97.7%) (99,4%)

) 5,88 257 345 292 354 443 342 314
(99,6%)  (99.5%) (99,8%) (99,8%) (99.4%) (993%) (99,6%) (99,9%)

5 2,23 082 051 078 0902 151 032 046
(99.8%)  (99,8%) (99.9%) (99.9%) (99.8%) (997%) (99.9%) (99,9%)

. 0,58 035 013 024 032 033 016 023
(99.9%)  (99,9%) (99.9%) (99.9%) (99,9%) (99,8%) (99.9%) (100%)

5 0.23 042 008 014 01 024 007 012
(100%)  (99.9%) (99.9%) (99.9%) (99.9%) (99.9%) (99.9%) (100%)

. 0,16 008 002 012 006 018 003 004

(100%)  (100%) (100%) (100%) (99,9%) (99,9%) (99,9%) (100%)

Table S-2. Values of £,”" and f,™™ and the difference between for every component of each

experiment.
f Form 1 Form 2 Form 3 Form 4
fmax 0,44 0,20 0,34 0,66
Exp. 1 fmin 0,39 0,15 0,25 0,63
fmax-fmin 0,06 0,04 0,08 0,04
fmax 0,77 0,50 0,08 0,50
Exp. 2 fmin 0,39 0,12 0,04 0,44
fmax-fmin 0,38 0,38 0,03 0,06
fmax 0,58 0,24 0,76 -
Exp. 3 fmin 0,44 0,16 0,72 -
fmax-fmin 0,14 0,08 0,04 -
fmax 0,13 0,31 0,87 -
Exp. 4 fmin 0,11 0,28 0,83 -
fmax-fmin 0,02 0,03 0,04 -
fmax 0,56 0,24 0,37 0,69
Exp. 5 fmin 0,36 0,11 0,15 0,58
fmax-fmin 0,20 0,14 0,22 0,10
fmax 0,40 0,27 0,41 0,61
Exp. 6 fmin 0,31 0,19 0,38 0,59
fmax-fmin 0,08 0,08 0,03 0,02
fmax 0,87 0,32 0,42 -
Exp. 7 fmin 0,72 0,08 0,32 -
fmax-fmin 0,16 0,25 0,10 -
fmax 0,25 0,81 0,92 -
Exp. 8 fmin 0,18 0,14 0,18 -

fmax-fmin 0,08 0,67 0,74 -
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5.2.2. Results

Modelling insulin aggregation time using response surface
methodology

Idoia Marti-Aluja and M. Soledad Larrechi

Submitted to Chemometrics and Intelligent Laboratory Systems
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Modelling insulin aggregation time using response
surface methodology

Abstract. Aggregation time of insulin was modelled in function of temperature, pH and ionic
strength of the solution. Monomeric and hexameric insulin solutions were considered. The
experiments were performed using a face centred central composite design. The experimental
domain was defined by the following individual ranges: 352C and 45°C for temperature, 3 and 7
for pH and a concentration of 0.3 and 0.6 mM sodium chloride, for ionic strength. The
experiments were monitored by infrared spectroscopy and the aggregation time used as a
response was obtained from the scores plot of the first principal component. The absence of bias
was evaluated by a joint confidence interval test from the regression line obtained from the
measured and predicted response (aggregation time). The standard deviation of the differences
between the measured and the predicted results were comparable to the standard deviation of
the experimental error. At human body temperature, aggregates take longer to form in the
monomeric insulin solution at low values of ionic strength (1=0.20-0.33 mM) and acid pH (from 3-
3.8). In the hexameric insulin solution they form more slowly at high pH (6.5-8) and at any ionic

strength. The morphology of the aggregates formed was shown by optical microscopy.

Keywords - Insulin; experimental design; insulin aggregation; infrared spectroscopy
(FTIR-ATR); response surface methodology; Chemometrics

INTRODUCTION

Insulin has been studied ever since it was first isolated in 1922 [1,2]. Insulin is a
small helical protein hormone consisting of two polypeptide residues linked by
two interchain disulphide bridges [3,4,5]. It can exist in solution as monomers,
dimers, tetramers, hexamers and higher associated states, depending on the

concentration, pH, metal ions, ionic strength, solvent composition, etc. [6,7,8].
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It is well known for its propensity to self-associate to form fibrils or aggregates
[2,9]. Several authors have proposed that insulin aggregation takes place
because oligomers (dimers, tetramers, hexamers, etc.) dissociate into
monomers, which then undergo a structural change [4,10,11,12,13,14].
Aggregated forms of insulin lose their activity and are not therapeutically
effective, so several studies have been made to analyse the effect of the factors
that promote or inhibit insulin aggregation. Studies on this process have shown
that acidic pH, high temperature, ionic strength or agitation promote the
formation of aggregates, and that the rate of aggregation depends on the type

of acid used [15,16,17].

Many spectroscopic and microscopic techniques have been used to study
aggregation processes, including fluorescence spectroscopy [18,19,20], circular
dichroism (CD) [21,22,23,24], Raman spectroscopy [25,26,27] and scanning
electron microscopy (SEM) [28,29]. In general, these studies focus on the
analysis of the structural changes involved in this process and in the
morphology of the aggregates. Information about the optimal conditions that
delay or inhibit the formation of aggregates is taken from the comparisons
made of the aggregation process carried out at different values of each

individual biochemical variable [7,30, 31,32].

The literature review indicates that of all the biochemical variables,
temperature is probably the most critical in the aggregation of insulin. A rise in
temperature increases the rate of aggregation because hydrophobic
interactions increase [30, 31,33, 34,35], which changes the relative composition
of secondary structures and alters the aggregation behaviour. The second
critical variable is the solution pH. The solution pH can strongly affect the rate
of insulin aggregation by changing the type and distribution of charges in insulin

[7, 11,15,33,35]. The ionic strength of the solution is another variable that has
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been widely studied [7, 11,24,36]. All these conclusions are drawn from an
individual analysis of the effect of the biochemical variables on the formation of
aggregates. As far as we know, only the work recently published by us
simultaneously analyses the effect of temperature, pH and ionic strength on

the kinetics of the formation of insulin aggregates [37].

From a pharmacological and clinical point of view, it is important to know the
relationship between temperature, pH and ionic strength with insulin
aggregation time. The objective of the present study is to establish a predictive
model to simultaneously determine the optimal conditions of these variables in
which the formation of aggregates in an insulin solution is less favoured. The
used strategy is based on experimental design techniques which enable us to

find this relationship using a small amount of experiments.

The formation of the aggregates was optimised for two different types of
insulin: hexameric (which contains Zn in the solution) and monomeric. The
interest in comparing two different types of insulin lies in the fact that the
hexameric form is the most stable whereas the active and reactive is the
monomeric. Each predictive model was found using response surface
methodology (RSM) [38]. Eighteen experiments were performed in the
experimental conditions defined by two face centred central composite design
(CCD), which were used to establish the model of aggregation time of insulin.
The experimental domain was defined by the following individual ranges: 359C
and 452C for temperature, 3 and 7 for pH and a concentration of 0.3 and 0.6

mM sodium chloride, for ionic strength.

All experiments were monitored by infrared spectroscopy (IR) and the

aggregation time provided by the scores plot for the first principal component
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obtained by means of principal components analysis (PCA) was used as a

response [37,39,40].

The models were validated by testing the aggregation time predicted in eight
new experiments with each one of the insulin samples. The joint confidence
interval test for the individual regression line obtained from the experimental
and predicted time aggregation was used to assess their trueness. The standard
deviation of the differences between the measured and the predicted results
(RMSEP) was 1.96 and 2.66 for the monomeric and the hexameric insulin,
respectively. Both values are comparable to the standard deviation

representative of the experimental error.

In addition, optical microscopy was used to study the morphology of the
aggregates formed and establish how these are affected by the biochemical

variables.

MATERIALS AND METHODS
Insulin samples and chemical reagents

Two different types of insulin were used: monomeric and hexameric. In the first
case, it was a Zn-free human insulin in a HEPES sodium salt buffer (pH=8.2) at a
concentration of 10 mg/ml (1.72mM) (Sigma-Aldrich) and, in the second, a Zn-

insulin (purchased in a commercial chemist).

Sodium chloride (NaCl) and acetic acid were purchased from Sigma-Aldrich and

used without further purification.
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Experimental procedure and FTIR acquisition

The experimental procedure involved mixing the necessary amounts of insulin,
acetic acid and NaCl for each experiment. Immediately after mixing, a drop of
the mixture was placed for measurement on a small diamond crystal in the ATR
cell of the spectrophotometer (FTIR 680 Plus JASCO and an RS232 Control),
which was continuously purged with N,. The FTIR spectra were recorded in situ
every minute for 90 minutes in the spectral range 1100 - 2000 cm™, every 0.964
cm™. The contribution of CO, was removed with the control software Spectra
Manager before the spectra were exported into Matlab for further treatment
[41]. The 90 infrared spectra from each experiment were arranged as rows in

matrices D; (90 x 934).

The data were processed under Matlab environment [41]. Calculations for the

experimental design were made using STATGRAPHICS Plus 5.0 [42].

Establishment of the predictive model

The dependence between the time that insulin takes to aggregate and the
values of temperature, pH and ionic strength is studied using experimental
design techniques. Insulin aggregation was studied in the experimental domain
defined by the following individual ranges: 352C and 459C for temperature, 3
and 7 for pH and a concentration of 0.3 and 0.6 mM sodium chloride, for ionic
strength. In terms of experimental design, the higher and lower values of each
biochemical variable are respectively codified as (+1) and (-1). The response
variable considered as representative of insulin aggregation was the time at

which the sample changes from a liquid to a solid state (aggregation time, t.,).
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Response surface methodology (RSM) was used to establish the model that
predicts the aggregation time of insulin from the values of the biochemical

variables.
First, a first-order model was established, according to:
tn = b + bixs + by Xy + by Xs+ bioXaXa + b13XiXs + bagxoXs (1)

where t,, is the response value, b; are the linear coefficients which describe the
sensitivity of the response to the variations in the corresponding variables (x;,
X, and x; refer to codified temperature, pH and ionic strength, respectively),
and b; are the crossproduct coefficients used to establish the first-order

response surface [38].

The first eight experiments in Table 1 were used to calculate the coefficients

(b;) which correspond to a 2° full factorial design.

To validate this model, we evaluated the sum of squares for pure quadratic
curvature (Sspure quadratic):
npnc(Emr —tmc)”
SSpure quadratic = T (2)
where t,,  is the average of the eight experiments in the experimental plan,
tmc the average of the experimental responses at the central point, ng the

number of points in the factorial design and ncthe number of replicates at the

central point.

The sum of squares for pure quadratic curvature (SSyure quadratic) Was compared
with the SSequal Obtained with the replicates of the central point by means of
an F-test. There is no quadratic curvature when both values are similar. In this

study, this test did not pass, so that a second-order model was postulated:
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tm=bg + bixy+ byX; + baXs + b1oXaXo + b1sXiXs + bysxoxs + b11)(12 + bzz)(z2 + |933X32 (3)

where t., by, b;, bj, x;and x; have the same meaning as in the previous case and
b; is a new coefficient that corresponds to the quadratic terms that describe

the curvature [38].

A common strategy for obtaining second-order response surfaces is to use face
centred central composite design (CCD). This design locates the axial points on
the centres of the faces of the cube from the full factorial design 2°. In the
present work, two CCD (18 runs: 2° + 4 centre points + 6 star points) were
performed to calculate the relation between the insulin aggregation time and
the values of the biochemical variables considered. The experimental
conditions that correspond to the star points of the CCD have been included at
the end of Table 1. The suitability of the experimental data to the second-order

model was checked by the analysis of the residual plot of the experiments.
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Table 1. Experimental plan and aggregation time for each experiment for monomeric and

hexameric insulin.

Aggregation time (min)
Experiment Temperature lonic strength . .
number (°C) PH (mM) Monomeric Hexameric
insulin insulin
1 35 3 0.30 67 30
2 45 3 0.30 35 13
3 35 7 0.30 43 46
4 45 7 0.30 14 41
5 35 3 0.60 38 35
6 45 3 0.60 12 38
7 35 7 0.60 29 74
8 45 7 0.60 23 42
PC1 40 5 0.45 23 29
PC2 40 5 0.45 24 25
PC3 40 5 0.45 25 24
PC4 40 5 0.45 25 26
CC1 32 5 0.45 53 57
CC2 48 5 0.45 14 35
CC3 40 2 0.45 21 18
CC4 40 8 0.45 30 25
CC5 40 5 0.20 32 24
CC6 40 5 0.70 28 24

The absence of bias in the models was assessed by performing a join statistical
test of the slope and intercept. Other eight experiments within the
experimental domain were performed for each type of insulin. The results
predicted for each model (t,,;predictes,) Were regressed against its measured
(tmimeasured) Values. If there are no significance differences between the two
values (measured and predicted), the theoretical point (0,1) falls within the
joint confidence interval of the ellipse defined around the slope (by) and

intercept (b;) of the straight regression line [43].

The accuracy in the aggregation time was estimated in terms of the value of the

root-mean-square error of prediction (RMSEP) of the new experiments.
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RESULTS AND DISCUSSION

To facilitate the discussion, Figure 1 shows only the spectra recorded during
aggregation in the experimental conditions of experiment 8 (see Table 1) for

monomeric insulin (Fig. 1a) and hexameric insulin (Fig. 1b).

The particular ability of infrared spectroscopy to detect the structural changes
involved in the insulin aggregation process has been extensively discussed in
numerous studies [37, 39,40,44]. For this reason, the spectral discussion in this
study focusses on the kinetic evolution of the spectral bands in the amide |
region (from 1636 cm™ to 1653 cm™) that reflect the structural change from an
o-helix structure to a B-sheet indicative of the aggregate formation. The
evolution of this spectral band is similar in both figures, although the kinetic
variations are more pronounced for monomeric insulin (Fig. 1a). While the
monomeric insulin shows an abrupt change over time, a more progressive
evolution is detected in hexameric insulin. According to literature there is a lag
time, which marks the beginning of the growth of the aggregates. One possible
explanation for the behaviour observed in monomeric insulin may be that the
species formed before this time (Fig. 1a) evolve immediately to final
aggregates, which may explain the abrupt evolution. On the other hand, their
evolution in hexameric insulin is more progressive and the conversion is slower
(Fig. 1b) [7, 11,45]. Additionally, various mechanisms have been reported in the
literature to explain the formation of the aggregates, but they all describe an
alteration that occurs in the monomeric form [46,47,48,49]. Therefore, one
explanation of the kinetic behaviour shown in Figure 1 is that the hexamers of
hexameric insulin are first converted into monomers, which makes the process

slower (Fig. 1b).
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Figure 1. Infrared spectra acquired every minute of experiment 8 for (a) monomeric and (b)
hexameric insulin. Scores plot on the first principal component for (c) monomeric and (d)

hexameric insulin.

Although the evolution of the intensities of this spectral band provides
information about the kinetics of the process, it is difficult to find a systematic
pattern over time. The variations are complex because they are dependent on
the variations of other bands that undergo minor changes. In a previous study,
we demonstrated the advantages of subjecting the spectra recorded over time
to principal components analysis (PCA) [37,39,40]. PCA analysis is calculated
after the data have been mean-centred and the common part of the time-
series spectra removed, thus allowing us to focus on the spectral changes
around the average spectrum. Figure 1c and 1d shows the scores plot for the
first principal component calculated with experiment 8 for monomeric and

hexameric insulin, respectively. The profile of this plot is representative of the
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physical and chemical changes that occur during insulin aggregation. The
inflexion point marks the transition time between the liquid state of native
insulin and the solid state, representative of the aggregates. In all the
experiments, the transition time measured by the scores of the first PC was

assigned as the response value (see Table 1).

In an initial stage, the aggregation times (t,,), obtained from the scores plot of
the data of all the first eight experiments (Table 1), were linearly correlated
with the values of the biochemical variables according to the Eq. (1). The
coefficients of the model are shown in Table 2. The difference between the
aggregation times predicted by the model at the central points of the
experimental domain (tcpredices= 32.63 and 39.88 for monomeric and
hexameric insulin, respectively) and the average of the responses of the
experiments in these conditions (t,cmeasurea= 24.4 and 25.8 for monomeric and
hexameric insulin, respectively) is higher. This observation was statistically
assessed by an F-test, comparing SSyure quadratic 3Nd SSresiaval (S€€ EQ. (2)). The Fey
was 320.3 and 329.5 for monomeric and hexameric insulin and the F,
(1,2,005,2tails)= 38.5. Therefore, SSpyre quadratic aNd SSresiqual Were not comparable,
which means that a quadratic curvature is present and the model has to be

represented by a second-order equation.

Table 2. Coefficients of the first-order model for both types of insulin.

Monomeric Hexameric

bo:average 32.63 39.88
by T -23.25 -12.75
bz: pH -10.75 21.75
bs:l: -14.25 14.75
bi2: T x pH 5.75 -5.75
biz: Tx | 7.25 -1.75
bzs: pH x 1 11.75 -0.25
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A second-order model was established by using the t,, of the eighteen complete

experiments shown in Table 1, according to Eq. (3):

Monomeric: t,, = 25.75— 26.40 x; — 6.80 x,— 12.20 x5 + 12.40 X;° — 5.75 X; X; —
7.25 X1 X3 — 3.65 X,” — 11.75 X, X3 + 5.39 x5°

Hexameric: t,, =25.92 —14.60 x, + 18.80 x, + 11.80 x5 + 40.31 x12 =575 % %, —
1.75 X; X3 — 8.71 X;° — 0.25 X, X3 — 3.71 X3°

where t,, is the aggregation time and x; x, and x; are the codified values for

temperature, pH and ionic strength, respectively.

In both cases, we can see that temperature (x,) is the most influential variable,
because its coefficient is the highest. The second most influential variable
depends on the type of insulin. In monomeric insulin it is ionic strength, and,
although pH is less important, its interaction with ionic strength has the same
magnitude as the value of the coefficient of T. On the other hand, pH is the
most influential variable in hexameric insulin, but ionic strength is also
influential as its quadratic term is the same size as pH. Now, the aggregation
time predicted by the model at the central point of the experimental domain
(T mepredices= 24.25 and 22.36 for monomeric and hexameric insulin,
respectively) falls into the interval of the experimental values (t;, ¢ measured= 25.75
+ 3.10 and 25.92 + 4.96 for monomeric and hexameric insulin, respectively)
which indicates that the aggregation time of insulin in the range of these

biochemical variables can be modelled by a second-order model.
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Table 3. Experimental conditions measured and predicted aggregation time of the external

samples for both types of insulin. Regression parameters for both types of insulin.

Monomeric Hexameric
T p H I tmeasured tpredicted T p H I tmeasured tpredicted

Sample 1 37 4 0.40 67 65 37 4 040 30 30
Sample 2 37 5 0.50 31 28 37 5 0.50 13 15
Sample 3 38 6 0.35 43 43 33 5 040 46 49
Sample 4 40 4 0.55 14 16 40 4 0.55 41 44
Sample 5 42 6 0.60 38 36 36 7 0.60 35 38
Sample 6 43 5 0.30 12 13 43 5 0.30 38 43
Sample 7 44 3 0.45 33 36 44 3 045 74 72
Sample 8 37 3 0.60 23 23 37 3  0.60 42 46

Slope (b;) 1.02 0.99

Intercept (b,) -1.38 -4.28

R? 0.98 0.99

l:t:al 1.37 3.18

Fab (1,2, a=0.05) = 5.14

The suitability of the model proposed to the experimental data can be
evaluated by analysing the trend of the residuals. In neither case do the

residuals present any obvious pattern or trend (results not shown).

To assess the absence of bias in the models eight new experiments were
performed within the experimental domain (for the conditions, see Table 3).
The aggregation times obtained from their respective first scores plots (tm meas)

were regressed against the predicted values calculated with the model for
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monomeric and hexameric insulin. The regression parameters calculated using
the least squares method, are also shown in Table 3. The joint confidence
interval test of the slope and intercept proved that the method is free from bias
at a 99.95% level of significance. In both cases, F., was lower than F,. The
standard deviation (RMSEP) of the differences between the measured and the
predicted results (see Table 3) were 1.96 for the monomeric and 2.66 for the
hexameric insulin, respectively. Both values are comparable to the standard
deviations representative of the experimental error (+3.10 and 14.96 for
monomeric and hexameric insulin, respectively), so we can assume that the

accuracy of the results is acceptable.
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Figure 2. Contour plot at T=362C for: (a) monomeric and (b) hexameric insulin.

The contour map of aggregation time at human body temperature (T=362C) is
shown in Figures 2a and 2b, for monomeric and hexameric insulin respectively.
The contour map for monomeric insulin (Fig. 2a) indicates that the optimal
values correspond to low values of ionic strength (1=0.20-0.33 mM) and acid pH
(from 2-4.5). Figure 3a and 3b shows the optical images of aggregates, which
can be considered to be representative of conditions in which aggregation time
is long (Fig. 3a) and short (Fig. 3b). Overall, it can be seen that at acid pH (Fig.
3a) the aggregates are more defined, compatible with a slower formation of

aggregates.
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(b)

(@)

Figure 3. Optical images at the end of the process of two different conditions for monomeric ((a)

and (b)) and hexameric insulin ((c) and (d)).

The contour map for hexameric insulin (Fig. 2b) shows that regardless of the
ionic strength, aggregation times can be longer at high pH (6.5-8), in agreement
with the literature [7,11]. Again, from the optical images representative of two
different conditions (high, Fig. 3c and low aggregation time, Fig. 3d), we can see
that the aggregates generated from the experimental conditions that delay

aggregation, are well-defined and broader.

CONCLUSIONS

The strategy used in the present work is an easy way of finding predictive
models among the values of the biochemical variables that affect the stability

of insulin and its aggregation. In the experimental ranges considered (pH = 3-7,
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T = 35-452C and | = 0.3-0.6mM), the relation between temperature (T), pH and
ionic strength (1) and the aggregation time for monomeric or hexameric insulin

solution follows a second-order model.

Temperature was the most influential variable in the aggregation process,

independently of the type of insulin studied.

The second most influential variable depends on the type of insulin. In
monomeric insulin it is ionic strength and pH is the most influential variable in
hexameric insulin. The aggregation time in the monomeric insulin is influenced
by the interaction between pH and ionic strength. For the hexameric insulin,

the most important interaction is T and pH.

At human body temperature (T=362C), low values of ionic strength (1=0.2-0.33
mM) and acid pH (from 3-3.8) delay the formation of aggregates in monomeric
insulin solution. This occurs at high pH (6.5-8) regardless of the ionic strength of

the hexameric insulin solution.

A well-defined morphology of the aggregates was observed in the experimental

conditions in which the aggregation time was the highest.
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5. 1. General conclusions

Analytical methodologies based on the chemometric analysis of infrared
spectra recorded during insulin aggregation are useful to analyse the evolution
of this process. The conclusions drawn throughout this chapter can be divided

into these points:

o Infrared spectroscopy gives information about the structural changes

during the aggregation process.

O Principal component analysis (PCA) of the infrared spectra collected
during the process has provided the time, detectable by infrared

spectroscopy, at which insulin starts to aggregate.

o Multivariate curve resolution alternating least squares (MCR-ALS) of
the infrared spectra have allowed obtaining information about the
mechanism that follows insulin in presence of different external

factors, such as antiretroviral drugs or different medium conditions.

o The conjunction of experimental design techniques and chemometric
treatment has proved a useful tool for the analysis of processes

involving insulin depending on the medium conditions.

O Response surface strategy allows establishing a model to evaluate the

stability of insulin in function of the medium conditions.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013 R
Aggregation process [179

5. 2. References

[1] R. E. Humbel, Proc. Natl. Acad. Sci. U S A. 53 (1965) 853 — 859.
[2] P.T. Grant, K. B. Reid, Biochem. J. 109 (1968) 31P — 32P.
[3] J. B. Field, Acta Diabetol. Lat. 5 (1968) 124 — 130.

[4] Y. Hong, L. Meng, S. Chen, C. W. T. Leung, L.-T. Da, M. Faisal, D-A. Silva, J.
Liu, J. W. Y. Lam, X. Huang, B. Z. Tang, J. Am. Chem. Soc. 134 (2012) 1680 —
1689.

[5] M. Manno, E.F. Craparo, A. Podesta, D. Bulone, R. Carrotta, V. Martorana,
G. Tiana, P.L. San Biagio, J. Mol. Biol. 366 (2007) 258 — 274.

[6] H. Levine, Protein Sci. 2 (1993) 404 — 410.

[7]1 C. Rodriguez-Rodriguez, A. Rimola, L. Rodriguez-Santiago, P. Ugliengo, A.
Alvarez-Larena, H. Gutiérrez-de-Terdn, M. Sodupe, P. Gonzélez-Duarte,
Chem. Commun. 46 (2010) 1156 — 1158.

[8] L. Nielsen, R. Khurana, A. Coats, S. Frokjaer, J. Brange, S. Vyas, V. N.
Uversky, A. L. Fink, Biochemistry 40 (2001) 6036 — 6046.

[9] P. P. Bose, U. Chatterjee, L. Xie, J. Johansson, E. Géthelid, P. | Arvidsson,
ACS Chem. Neurosci. 1 (2010) 315 — 324.

[10] Y. Xu, Y. Yan, D. Seeman, L. Sun, P. L. Dubin, Langmuir 28 (2012) 579- 586.

[11] D. N. Brems, P. L. Brown , L. A. Heckenlaible , B. H. Frank, Biochemistry 29
(1990) 9289 -9293.

[12] M. Muzaffar, A. Ahmad, PLOS One 6 (2011) 1- 10.

[13] K. Huus, S. Havelund, H. B. Olsen HB, M. van de Weert, S. Frokjaer,
Biochemistry 44 (2005) 11171 —11177.

[14] G. T. Webster, J. Dusting, S. Balabani, E. W. Blanch, J. Phys. Chem B 115
(2011) 2617 — 2626.

[15] C. Ortiz, D. Zhang, A. E. Ribbe, Y. Xie, D. Ben-Amotz, Biophys. Chem. 128
(2007) 150 — 155.

[16] C. Ortiz, D. Zhang, Y. Xie, V. Jo Davisson, D. Ben-Amotz, Anal. Biochem. 332
(2004) 245 - 252.

[17] D. Kurouski, T. Deckert-Gaudig, V. Deckert, I. K. Lednev, J. Am. Chem. Soc.
134 (2012) 13323 - 13329



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Pipssit vegh foiifr e

[18] N. Rubin, E. Perugia, M. Goldschmidt, M. Fridkin, L. J. Addadi, J. Am. Chem.
Soc. 130 (2008) 4602 — 4603.

[19] E. Kachooei, A. A. Moosavi-Movahedi, F. Khodagholi, H. Ramshini, F.
Shaerzadeh F, N. Sheibaniet, PLoS ONE 7 (2012) e41344.

[20] D-P. Hong, A. Ahmad, A. L. Fink, Biochemistry 45 (2006) 9342 — 9353.

[21] J. Koolman, K-H. Réehm, Color atlas of biochemistry, Georg Thieme Verlag,
Ridigerstrasse, 2005.

[22] U. Derewenda, Z. Derewenda, G. G. Dodson, R. E. Hubbard, F. Korber, Brit.
Med. Bull. 45 (1989) 4 — 18.

[23] M. Federwisch, M. L. Dieken, P. De Meyts, Insulin & related protein -
Structure to function and pharmacology, Kluwer Academic Publishers,
Dordrecht, 2002.

[24] S. Nakazawa N. Hashii, A. Harazono, N. Kawasak, Anal. Biochem. 420
(2012) 61-67.

[25] J. D. Schmit, K. Ghosh, K. Dill, Biophys. J. 100 (2011) 450 — 458.
[26] A. B. Chausmer, J. Am. Coll. Nutr. 17 (1998) 109 — 115.

[27] M. Manno, E. F. Craparo, V. Martorana, D. Bulone, P. L. San Biagio,
Biophys. J. 90 (2006) 4585 — 1591.

[28] J. Brange, L. Andersen, E. D. Laursen, G. Meyb, E. Rasmussen, J. Pharm. Sci.
86 (1997) 517 — 525.

[29] X. Chang, A. M. M. Jgrgensen, P. Bardrum, J. J. Led, Biochemistry 36 (1997)
9409 —9422.

[30] E. J. Dodson, G. G. Dodson, D. C. Hodgkin, C. D. Reynolds, Can. J. Biochem.
Cell. B. 57 (1979) 469 — 479.

[31] E. J. Nettleton, P. Tito, M. Sunde, M. Bouchard, C. M. Dobson, C.V.
Robinson, Biophys. J. 79 (2000) 1053 — 1065.

[32] P. D. Jeffrey, B. K. Milthorpe, L. W. Nichol, Biochemistry 15 (1976) 4660 —
4665.

[33] A. K. Attri, C. Fernandez, A. P. Minton, Biophys. Chem. 148 (2010) 28 — 33.
[34] M. E. M. Cromwell, E. Hilario, F. Jacobson, AAPS J. 8 (2006) E572 — E579.

[35] E. Y. Chi, S. Krishnan, T. W. Randolph, J. F. Carpenter, Pharm. Res. 20
(2003) 1325 — 1336.

[36] A. K. Attri, C. Fernadez, A. P. Minton, Biophys. Chem. 148 (2010) 23 — 27.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013 R
Aggregation process |181

[37] W. Dzwolak, A. Loksztejn, V. Smirnovas, Biochemistry 45 (2006) 8143 —
8151.

[38] T. Arakawa, J. S. Philo, D. Ejima, K. Tsumoto, F. Arisaka, Bioprocess Int. 4
(2006) 42 — 43.

[39] M. L. Ilvanova, S. A. Sievers, M. R. Sawaya, J. S. Wall, D. Eisenberg, Proc.
Natl. Acad. Sci. USA 106 (2009) 18990 — 18995.

[40] V. Toledo-Rubio, E. Vazquez, G. Platas, J. Domingo-Espin, U. Unzueta, E.
Steinkamp, E. Garcia-Fruitds, N. Ferrer-Miralles, A. Villaverde, J. Biomol.
Screen. 15 (2010) 453 — 457.

[41] Q. Hua, M. A. Weiss, J. Biol. Chem. 279 (2004) 21449 — 21460.

[42] G. Zandomeneghi, M. R. H. Krebs, M. Mccammon, M. Fandrich, Prot. Sci.
13 (2004) 3314 —3321.

[43] V. N. Uversky, A. L. Fink, Biochim. Biophys. Acta 1698 (2004) 131 — 153.
[44] C. M. Dobson, Nature 18 (2003) 884 — 890.

[45] A. Ahmad, V. N. Uversky, D. Hong, A. L. Fink, J. Biol. Chem. 280 (2005)
42669 — 42675.

[46] K. Giger, R. P. Vanam, E. Seyrek, P. L. Dublin, Biomacromolecules 9 (2008)
2338 —2344.

[47] J. Brange, L. Langkjoer, Pharm. Biotechnol. 5 (1993) 315 — 350.
[48] V. Smirnovas, R. Winter, Biophys. J. 94 (2008) 3241 — 3246.

[49] V. Montessori, N. Press, M. Harris, L. Akagi, J. S. G. Montaner, Can. Med.
Assoc. J. 179 (2004) 229 — 238.

[50] C. Grunfeld, Clin. Infect. Dis. 47 (2008) 575 — 576.
[51] W. Ismail, J. A. King, T. S. Pillay, JEMDSA 14 (2009) 129 — 132.

[52] M. Aboud, A. Elgalib, R. Kulasegaram, B. Peters, Int. J. Clin. Pract. 61 (2007)
463 — 472.

[53] G. M. Reaven, Diabetes 37 (1988) 1595 — 1607.
[54] G. I. Shulman, J. Clin. Invest. 106 (2000) 171 — 176.
[55] G. Dodson, D. Steiner, Curr. Opin. Struct. Biol. 8 (1998) 189 — 194.



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Pipssit vegs foidfiry

[56] J. G. Menting, J. Whittaker, M. B. Margetts, L. J. Whittaker, GK-W. Kong, B.
J. Smith, C. J. Watson, L. Zdkova, E. Kletvikova, J. J. Chan, S. J. Steiner, D. F.
Dodson, G. G. Brzozowski, A. M. Weiss, C. W. Ward, M. C. Lawrence,
Nature 493 (2013) 241 — 245.

[57] Q. Hua, Protein Cell 1 (2010) 537 — 551.
[58] M. Kanzaki, Endocr. J. 53 (2006) 267 — 293.

[59] F. Kanai, K. Ito, M. Todaka, H. Hayashi, S. Kamohara, K. Ishii, T. Okada, O.
Hazeki, M. Ui, Y. Ebina, Biochem. Bioph. Res. Co. 195 (1993) 762 — 768.

[60] C. Lagathu, M. Kim, M. Maachi, C. Vigouroux, P. Cervera, J. Capeau, M.
Caron, J-P. Bastard, Biochimie 87 (2005) 65 — 71.

[61] M. Fasshauer, R. Paschke, Diabetologia 46 (2003) 1594 — 1603.
[62] P. A. Cane, J. Antimicrob. Chemother. 64 (2009) 37 — 40.

[63] A. Checa, R. Oliver, S. Hernandez-Cassou, J. Saurina, Anal. Chim. Acta 647
(2009) 1 - 13.

[64] M. Dybul, A. S. Fauci, J. G. Bartlett, J. E. Kaplan, A. K. Pau, Ann. Intern. Med.
137 (2002) 381 — 433.

[65] V.Jain, S. G. Deeks, Curr. HIV/AIDS Rep. 7 (2010) 60 — 68.

[66] A.Thorner, E. Rosenberg, Drugs 63 (2003) 1325 — 1337.

[67] M. A. Fischl, AIDS 13 (1999) S49 — S59.

[68] J.S. Philo, T. Arakawa, Curr. Pharm. Biotech. 10 (2009) 348 — 351.
[69] R.Jansen, W. Dzwolak, R. Winter, Biophys J. 88 (2005) 1344 — 1353.

[70] J. L. Whittingham, D. J. Scott, K. Chance, A. Wilson, J. Finch, J. Brange, G.
Dodson, Mol. Biol. 318 (2002) 479 — 490.

[71] J. Winter, L. Hauke, R. Rudolph, Anal. Biochem. 310 (2002) 148 — 155.

[72] A. Ahmad, I.S. Millett, S. Doniach, V. N. Uversky, A. L. Fink, Biochemistry 42
(2003) 11404 — 11416.

[73] D. F. Waugh, D. F. Wilhelmson, S. L. Commerford, M. L. Sackler, J. Am.
Chem. Soc. 75 (1953) 2592 — 2600.

[74] J. Haas, E. Vohringer-Martinez, A. Andreas Bogehold, D. Matthes, U.
Hensen, A. Pelah, B. Abel, H. Grubmiller, ChemBioChem. 10 (2009) 1816 —
1822.

[75] C. L. Heldt, M. Sorci, D. Posada, A. Hirsa, G. Belfort, Biotechnol. Bioeng.
108 (2011) 237 — 241.



UNIVERSITAT ROVIRA I VIRGILI

ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013 .
Aggregation process |183

[76] T.P.J. Knowles, W. Shu, G. L. Devlin, S. Meehan, S. Auer, C. M. Dobson, M.
E. Welland, Proc. Natl. Acad. Sci. USA 104 (2007) 10016 — 10021.



UNIVERSITAT ROVIRA I VIRGILI

ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013



UNIVERSITAT ROVIRA I VIRGILI

ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013

Chapter 6

General
conclusions



UNIVERSITAT ROVIRA I VIRGILI

ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF POLYMERISATION / AGGREGATION PROCESSES BY NIR CHEMICAL IMAGING AND FTIR SPECTROSCOPY
Idoia Marti Aluja

Diposit Legal: T. 1427-2013 .
General conclusions | 187

6. 1. Conclusions

This chapter summarises the main conclusions of the studies presented in this
doctoral thesis. More specific conclusions can be found at the end of each

research paper.

Infrared spectroscopic techniques combined with chemometric treatment is a
valuable alternative to more complex and expensive analytical techniques, as
they have proven to be useful for analysing a process of polymerisation and

aggregation of insulin.

O A polymerisation process can be monitored in situ by near-infrared
chemical imaging (NIR-CI), which detects the chemical changes of this

process in real time.

o0 Chemometric analysis of the NIR images recorded during the
polymerisation process gives useful information not only about the
chemical changes involved in the process but also about the spatial

distribution of the polymer chain during the polymerisation process.

O Structural changes during the formation of insulin aggregates can be

monitored in situ by infrared spectroscopy.

O Analytical methods based on principal component analysis (PCA) of the
infrared spectra collected during insulin aggregation made it possible

to:

¢ Show the dimer dissociation from the monomer forms.
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e Quantify the effect of three antiretroviral drugs on the kinetics

of insulin aggregation

O Analytical methods based on the multivariate curve resolution
alternating least squares (MCR-ALS) of the infrared spectra recorded
during insulin aggregation in the presence of antiretroviral drugs
(zidovudine, ritonavir and efavirenz) have been shown to be a powerful

toolto:

e Obtain quantitative evidence of the effect of antiretroviral

drugs on aggregation over time.

e Extract additional information about the pathway along which

the process occurs.

O Experimental design techniques reduce the number of experiments
required to simultaneously analyse the influence of the medium
conditions on insulin aggregation. These methods in conjunction with
the chemometric treatment of the infrared spectra collected made it

possible to:

e Measure the influence of some biochemical variables (pH,

temperature and ionic strength) on the aggregation time.
e Quantify the interaction between the biochemical variables.

e Model insulin aggregation time in function of temperature, pH
and ionic strength of two types of insulin (monomeric and

hexameric).
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O Multivariate curve resolution-alternating least squares analysis of the
infrared spectra collected during insulin aggregation in different
medium conditions has revealed that the medium conditions can affect

the mechanisms that occur in insulin.
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APPENDIX A: List of abbreviations

Abs Absorbance

AIDS Acquired Immune Deficiency Syndrome

ALS Alternating Least Squares

ANOVA Analysis of Variance

ATR Attenuated Total Reflection

AZT 3’-azido-3’-deoxythymidine

cD Circular Dicroism

Corrcoef Correlation coefficient

DDM Diaminodiphenyl methane

EFA Evolving Factor Analysis

ENO Enone-containing triglyceride

FPA Focal Plane Array

FSIW-EFA Fixed Size Image Window-Evolving Factor
Analysis

FSMW-EFA Fixed Size Moving Window-Evolving Factor
Analysis

FTIR-ATR Fourier Transform infrared spectroscopy-
attenuated total reflection

HAART Highly Active Antiretroviral Therapy

LOF Lack of Fit

MCR-BANDS Multivariate Curve Resolution-BANDS

MCR-ALS Multivariate Curve Resolution-Alternating Least
Squares

NIR-CI Near-Infrared Chemical Imaging

NMR Nuclear Magnetic Resonance

PCA Principal Components Analysis

PC Principal Components

SEM Scanning Electron Microscopy

SIMPLISMA SIMPLe-to-use Interactive Self-modeling
Mixture Analysis

SNV Standard Normal Variate

SVD Singular Value Decomposition

SV Singular Value

UV-Vis

Ultraviolet Visible
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