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interact electrostatically without losing the α-helix structure of native insulin 

[5,6]. At a pH higher than the isoelectric point (pI 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. 

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, α-helix 

structures). The second spectrum is mainly composed of the spectral bands 

representative of random-coils (1272 cm-1) and β-turn structures (1715 cm-1).  

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 β-sheet structures (1189 cm-1, 1545 cm-1 

and 1660 cm-1), although significant differences were present in the amide III 

region (1100 - 1330 cm-1), which may indicate that the two forms present 

different secondary structure compositions. 

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 β-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 

β-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 β-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 fn
min and fn

max 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 ºC and I = 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 fn
min and fn

max 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. 
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Supplementary material 

 

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

matrix (D1-D8) 

 

Table S-2. Values of fn
min

 and fn
max

 and the difference between for every component of each 

experiment. 
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5.2.2. Results 

 
Modelling insulin aggregation time using response surface 
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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: 35ºC and 45ºC 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 (I=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: 35ºC 

and 45ºC 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 N2. The FTIR spectra were recorded in situ 

every minute for 90 minutes in the spectral range 1100 - 2000 cm-1, every 0.964 

cm-1. The contribution of CO2 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 Di (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: 35ºC and 45ºC 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, tm).  
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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:  

tm = b0 + b1x1 + b2 x2 + b3 x3 + b12x1x2 + b13x1x3 + b23x2x3    (1) 

where tm is the response value, bi are the linear coefficients which describe the 

sensitivity of the response to the variations in the corresponding variables  (x1, 

x2 and x3 refer to codified temperature, pH and ionic strength, respectively), 

and bij 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 

(bi) which correspond to a 23 full factorial design. 

To validate this model, we evaluated the sum of squares for pure quadratic 

curvature (SSpure quadratic): 

������	���	��
�� =
�����
�,�������	�
�,��������

�

���	��
     (2) 

where ��,������  is the average of the eight  experiments in the experimental plan, 

��,������  the average of the experimental responses at the central point, nF the 

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

central point.  

The sum of squares for pure quadratic curvature (SSpure quadratic) was compared 

with the SSresidual 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 = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3 + b11x1
2 + b22x2

2 + b33x3
2    (3) 

where tm, b0, bi , bij, xi and xj have the same meaning as in the previous case and 

bii 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 23.  In the 

present work, two CCD (18 runs: 23 + 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. 

 

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 (tm,i,predicted,) were regressed against its measured 

(tm,i,measured) 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 (b0) and 

intercept (b1) 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 I 

region (from 1636 cm-1 to 1653 cm-1) that reflect the structural change from an 

α-helix structure to a β-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 (tm), 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 ( t ̅m,c,predicted= 32.63 and 39.88 for monomeric and 

hexameric insulin, respectively) and the average of the responses of the 

experiments in these conditions (tm̅,c,measured= 24.4 and 25.8 for monomeric and 

hexameric insulin, respectively) is higher. This observation was statistically 

assessed by an F-test, comparing SSpure quadratic
 and SSresidual (see Eq. (2)). The Fcal 

was 320.3 and 329.5 for monomeric and hexameric insulin and the Ftab 

(1,2,0.05,2tails)= 38.5. Therefore, SSpure quadratic and SSresidual 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. 
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A second-order model was established by using the tm of the eighteen complete 

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

Monomeric: tm = 25.75– 26.40 x1 – 6.80 x2 – 12.20 x3 + 12.40 x1
2 – 5.75 x1 x2 – 

7.25 x1 x3 – 3.65 x2
2 – 11.75 x2 x3 + 5.39 x3

2 

Hexameric:  tm = 25.92 – 14.60 x1 + 18.80 x2 + 11.80 x3 + 40.31 x1
2 – 5.75 x1 x2 – 

1.75 x1 x3 – 8.71 x2
2 – 0.25 x2 x3 – 3.71 x3

2 

where tm is the aggregation time and x1 x2 and x3 are the codified values for 

temperature, pH and ionic strength, respectively. 

In both cases, we can see that temperature (x1) 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 ̅ m,c,predicted= 24.25 and 22.36 for monomeric and hexameric insulin, 

respectively) falls into the interval of the experimental values (tm̅,c,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. 

 

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 

Monomeric Hexameric

T pH I tmeasured tpredicted T pH I tmeasured tpredicted

Sample 1 37 4 0.40 67 65 37 4 0.40 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 0.40 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 0.45 74 72

Sample 8 37 3 0.60 23 23 37 3 0.60 42 46

Slope (b1) 1.02 0.99

Intercept (bo) -1.38 -4.28

R2 0.98 0.99

Fcal 1.37 3.18

Ftab (1, 2, α=0.05) = 5.14
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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, Fcal was lower than Ftab. 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 ±4.96 for 

monomeric and hexameric insulin, respectively), so we can assume that the 

accuracy of the results is acceptable. 

Figure 2. Contour plot at T=36ºC for: (a) monomeric and (b) hexameric insulin. 

The contour map of aggregation time at human body temperature (T=36ºC) 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 (I=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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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 = 35-45ºC and I = 0.3-0.6mM), the relation between temperature (T), pH and 

ionic strength (I) 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=36ºC), low values of ionic strength (I=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:  

○ Infrared spectroscopy gives information about the structural changes 

during the aggregation process. 

○ 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. 

○ 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.  

○ 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. 

○ Response surface strategy allows establishing a model to evaluate the 

stability of insulin in function of the medium conditions. 
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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.  

○ 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. 

○ 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. 

○ Structural changes during the formation of insulin aggregates can be 

monitored in situ by infrared spectroscopy. 

○ 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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• Quantify the effect of three antiretroviral drugs on the kinetics 

of insulin aggregation 

○ 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 

tool to : 

• Obtain quantitative evidence of the effect of antiretroviral 

drugs on aggregation over time. 

• Extract additional information about the pathway along which 

the process occurs. 

○ 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: 

• Measure the influence of some biochemical variables (pH, 

temperature and ionic strength) on the aggregation time. 

• Quantify the interaction between the biochemical variables. 

• Model insulin aggregation time in function of temperature, pH 

and ionic strength of two types of insulin (monomeric and 

hexameric).  
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○ 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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