1. Plagiarism and Good Scientific Practice

1.1. Good Scientific Practice
Scientific misconduct is ...

e Plagiarism

e Fabrication, falsification, and removal of data/theft of data

e Missing the approval from other authors for submission of a publication manuscript
e Applying or using an authorship of honor

e Impeding/obstructing scientific work of colleagues

These rules are defined in the memorandum Safeguarding Good Scientific Practice, published
by the Deutsche Forschungsgemeinschaft (DFG) in 1998. It was updated by the Guidelines
for Safeguarding Good Scientific Practice published by the DGF in 2019.

Good scientific practice is warranted by ...

e Correct study planning and design
¢ Adequate methodology

e Correct performance

e Correct data documentation

e Correct evaluation of data

e Correct publication.
Correct scientific practice ...

¢ Requires correct dealing with your own data

e Requires correct dealing with data of others

¢ Requires correct data documentation in a specified protocol book

e Requires correct data publication and a correct publication process (including
authorship regulations)

o Requires correct and fair interaction with colleagues (of the own group as well as of

competing groups).
1.2. Plagiarism

Plagiarism is the act of presenting another’s work, ideas or words as your own without proper
citation. It is a serious offence under the University’s regulations on cheating and will
consequently be penalized. In extreme cases it can result in de-registration of the specific

student.



Intentional plagiarism is ...

e Copying an essay or article from a journal, the internet, an online-source, or a database
without quoting or giving credit to these originals.

e Cutting and pasting from more than one source to create a paper without quoting or
giving credit.

¢ Borrowing words, sentences or ideas from other sources without giving credits.
Unintentional plagiarism is ...

e Paraphrasing poorly: changing a few words without changing the sentence structure of
the original or changing the sentence structure but not the words.

¢ Quoting poorly: putting quotation marks around part of a quotation but not around all of
it or putting quotation marjs around a passage that is partly paraphrased and partly
quoted.

¢ Citing poorly: omitting and occasional citation or citing inaccurately.

Common knowledge sentences — although they have once been described first — does not

need to be cited.

Prevention of plagiarism

e Develop a topic based on previously written material but write something new and
original in your own words,
¢ Rely on opinions of experts on a topic but improve upon those opinions.

¢ Follow a standard documentation method.

Plagiarism is a major problem in science and especially in the preparation of doctoral theses

in the humanities and life sciences.

1.3. Research misconduct

Worldwide research misconduct is defined as fabrication, falsification or plagiarism in

proposing, performing, or reviewing research results.

o Plagiarism: appropriation of another’s ideas, processes, results, or words without giving
proper credit

e Fabrication: making up results and recording or reporting them

o Falsification: manipulation of research materials, equipment, or processes, or changing

or omitting results such that the research is not accurately represented in the record.

There are several historical cases of research misconduct, whereas the greatest German case

was conducted by Hermann/Brach in cancer research in 1997.



1.4. Guidelines for keeping laboratory notebooks

How to keep a laboratory notebook

¢ Notebooks must be handbound and the pages must be numbered consecutively

e The laboratory notebook has to be kept chronologically

e Only permanent writing equipment may be used — pencils are not allowed.

e No pages shall be removed from the notebook

e To avoid documentation mistakes, documentation must be carried out promptly in the
course of the experiment and immediately upon its conclusion.

o Each laboratory notebook is maintained by one and the same person in their own
handwriting. This person is responsible for the proper keeping of notebook records.

e If more than one person is involved in the experiment, cross-references to the

respective laboratory notebooks of all participants are necessary.

List of essential information that must be documented in the laboratory notebook

¢ Name, address, affiliation

e Table of contents

e Data, project title

¢ Designation to the experiment, expectations, references to repetitions

e Description of equipment used

e Materials used: nature and origin; if relevant batch number and storage

o |If the experiments involve samples from patients this information must be included in
pseudonymized form (patient number, sample number) without any direct reference to
personal data

e The project coordinator/principal investigator is responsible for keeping an identification
list to trace the data/samples back to the respective patient

o Detailed description of the experimental procedure, measurement protocols

¢ Original raw data of the samples and controls

e Calculated data

e Discussion, interpretation, and conclusion of results

->To ensure that the investigations are transparent and comprehensible for others, it is vitally

important to provide detailed documentation that is both throughout and precise.

o If other data storage media is used, the laboratory notebook must contain precise
details of the location of the original data as well as summaries and conclusions from

the stored results.



¢ All documentations should regularly be dated and signed by the experimenter (and

confirmed by a second person.
Where should the laboratory notebook be kept?

e They should not be publicity accessible.
e They belong to the institution in which the work was carried out. The institution is also

responsible for archiving the protocol books and data for a period of at least 10 years.
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2. Statistics

2.1. Terms in Statistics

Chemometrics = chemical discipline that uses mathematical, statistical, and other methods

employing formal logic

e To design or select optimal measurement procedures and experiments

e To provide maximum relevant chemical information by analyzing chemical data

Linking elements between chemistry, mathematics, and hardware and software are used in
sampling, quality control, experimental planning, to optimize and model processes and

experiments, etc.
Sorting data:

e Advantages: appearance of accumulations

¢ Disadvantages: loss of trends

Sorted tables can be displayed as histograms (number plotted against measured values).

Definitions

¢ Random variables = analytically measured quantities

e Population = infinite amount of possible random variables e.g. all young adults

e Sample = certain set of random variables e.g. 50 men and 50 women

e Distribution function = probability of occurrence of a random variable around the
expected value of a population

o Expected value = close to true value p
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Representation of a population always with an unbiased (representative) sample in order to
reduce data collection time and costs. The probability of appearance of random variables is

following a normal (gaussian) distribution.

Random variable

= numerical value out of measured value or result. The value can vary from trial to trial as the

experiment is repeated. A random variable can have:

¢ Discrete values (discrete random variable)



e.g. Dice, display of digital watch

e Continuous value (continuous random variable) - continuous variation within one or
more intervals

e Continuous fluctuating values around a certain value > probability of occurrence
decreases with increasing distance, but value 0 is theoretically never reached

e.g. Analogue measuring instrument

A result is obtained after finishing an analysis. This analysis includes the completion of all

measurements and all succeeding evaluation steps.

e Mean value (x) is used for characterization of discrete distributions
o Expected value is used for characterization of discrete and continuous distributions

e True value p does not need to be equal to measured value
Normal (Gaussian) Distribution

e Error between random value x; and mean value x: e, =x;— X
e Error between random value x; and true value u: g=x—p=¢+(—p
e Standard deviation sdv(x) = s(x) = o:

o One standard deviation away from mean counts 68.27 % of data

o Two standard deviations count 95.45 %

o Three standard deviations count 99.73 %

e Standard deviation of the mean sdv(x) = s(x)

Types of Errors

Results are distinguished from true value u by an error. In contrast to the error, the deviation

is the difference between a random variable and the mean within the same sample.
The range is defined as the difference between the largest and smallest value within a sample.
Two types of errors are important:

o Statistical error = random = precision (reproducibility) of an analytical process
o Nonavoidable and cannot be characterized
e Systematic errors = bias = accuracy of an analytical process

o Deviation of the results from the true value in the same sense



o Caused by e.g. defective instruments, wrong measurement methods and gross
errors
o Can be observed by interlaboratory tests, but not by repeated measurements

e Gross errors
o Should be avoided

Statistical: Small Large Large Small
Systematic: Large Small Large Small
Trueness: high low low high
Precision: low low low high
Accuracy: high

Trueness, Precision, and Accuracy
According to ISO 5725-1:

e Trueness and precision are used to describe the accuracy of a measurement
e Trueness refers to the closeness of the mean of the measurement result to the actual
(true) value

e Precision refers to the closeness of agreement within individual results

Probability calculation

Obtained data are listed in a data matrix.

e Frequency (absolute number of a certain occurrence) and relative frequency
(absolute number of a certain occurrence in relation to all occurrences) can be
calculated out of the data matrix

¢ Absolute frequency = number of data

o Requires stochastically independent measurement data

e Equiprobability = all occurrences have the same probability

e Probability density function = distribution curve = gives the
frequency of equal occurrences

o In case of discrete distribution also named probability

function
e Cumulative distribution function = gives relative frequency
o Symmetric (normal distribution) or skew

(unimodal/bimodal/multimodal)




Convolution = mathematical operation on two functions producing a third function.

Binominal or Bernoulli distribution

= giving the probability that a certain event occurs x-times within n independently conducted

experiments. Probability of a single event is p.

¢ Binomial distribution is most important discrete distribution
o For p = 0.5 symmetrical, otherwise skew
¢ Inevery experiments only two types of results are possible, total probability of all results

is equal to 1

n n = independent experiments
f(x) =( )'P" (1-p)"~ x = number of positive events
x p = probability (of a single event)

Poisson Distribution

e Can be applied to systems with a large number of possible occurrences (k > 100), each
of which has a small probability (p < 0.01)
e Product of possible events and probability should be constant
e Forlarge nand p = 0.5 normal distribution
e \is equal tot he expected value E(x) of the discrete random variable X
e’ A

pk,4)= "

Example: Customers in a store

e store is entered every 10 seconds by one customer >A = 6/min

e ps(n) is probability for n customers to enter in the next minute

>n=1:Pg(1) ==

"% —1.49 %

1
Derived statistics for a distribution

Estimator = any quantity calculated from the sample data which is used to give information

about an unknown quantity in the population.

e E.g. sample mean is estimator for population mean

e Estimators can be distinguished from the true value by “hat” symbol *
o © = true population standard deviation
o ¢ = estimated population standard deviation

¢ Point estimator: to calculate a single value (mean, variance)
Xxi

o Mean: 9?=u=f=n



o Variance: 0% = %Z(xi — )?

o Variance of a single value: var(x) = ﬁZ(xi —x)?
o Variance of the mean: var(x) = %(x)
o Standard deviation: sdv(x) = s(x) = Jvar(x)

o Standard deviation of the mean: sdv(x) = s(x) = Jvar(x)

sdv(x)

o Relative standard deviation: resdv(x) =

e Interval estimator: to calculate several values (confidence interval)
o Measurement uncertainly: u; = statistical error + systematic error
o Confidence interval of single value

o Confidence interval of mean

Propagation of uncertainty
= effect of variables uncertainties (or errors) on the uncertainty of a function based on them

e E.g. uncertainties due to measurement limitations
e Uncertainty in one variable: can be estimated by Taylor propagation
o In case of absolute errors approximation y(x + Ax) —y (x) = Ay
e Gaussian error propagation
o Covariance cov(x,y)
o Example: Covariance can be neglected, because errors of a and b are

independent from each other

W t oRQ. Of tve ALV K =00
o 0L Of TORCSUIANENS  OF =2




Robust statistics

= An estimation procedure or test procedure is called robust when it is not reacting sensitive

to outliers (numerically distant from rest of the data).
¢ Mean value is influenced by fluctuations in the data set and by outliers
Example of robust statistics: Median statistics

e Median is used primarily for skewed distributions (summarized differently than
arithmetic mean)
¢ Data presentation with Box plot possible
o Shows median, quartiles and symmetry of distribution
o Qi =Y of the data set, Qs = % of the data set
o Median = middle value of sorted data set
o Whiskers = 1.5 times the IQR to identify outliers

lower quartile upper quartile

Q, median Q;
min max

| whisker whisker |

>
rg

interquartile range

2.2. Significance Tests

Analytical methods should be free of systematic errors. In order to decide whether the
measured and standard values is significant or random, a significance test can be employed.

Thereby, the truth of hypothesis (Null hypothesis Ho) is tested.

e One-sided hypothesis: a=0.05useq=1-a
e Two-sided hypothesis: a=0.05useq=1-0a/2

Steps of testing

1. Write a null hypothesis Ho

2. Calculate the test by using the particular equation

3. Compare the calculated value with the tabulated value

4. Decision:

a. Calculated value < tabulated value »>accept Ho

b. Calculated value > tabulated value >reject Ho

Students t-Test

e Corrects the finite number of data values to a big number of the normal distribution

10



e Dependent on the degree of freedom
e Tabulated: degree of freedom against P
e Comparison of an experimental mean x with a known value p

error of the mean |X — ul

~ standard error of the mean  sdv(x)

Jn
F-Test

e For the comparison of standard deviations
e Number of degree of freedom is n-1
¢ Requirement: populations from which the samples are taken are normal distributed
F= z:_z (s1” > 52%)
e Testforms:
o Test whether method 1 is more precise than method 2 (one-sided test)
o Test whether method 1 and 2 differ in their precision (two-sided test)
e F-values are tabulated: Table for a = ... , whereas degrees of freedom of numerator
and denominator are plotted against each other
o Fcac > Fiab 2 Ho rejected
= Variances inhomogeneous
= No decision possible - Systematic error
= Probability of error different
= Population cannot be pooled
o  Fecac < Fiab 2 Ho accepted
= Variances only randomly differ from each other

= Population can be pooled

Paired t-Test

o Itis tested whether the difference in the means is caused by random error
—~>Requirement: F-Test in advance

e Standard deviation of the difference of the means is calculated by propagation of
uncertainty

e If the differences |x, — x},| are random variables follow t-distribution

e To test whether n paired results are drawn from the same population, calculate the

statistical value £

11
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o teqe > trap ~>significant difference between the two means ->systematic error
¥?-Test

o Often used for the validation of crossbreed experiments
->Verification with a certain probability whether a result (which is deflected from the

ideal values) is corresponding with the theoretically expected experiments
Example:
¢ Mendel’s experiments on plant hybridization
Kolmogorov-Smirnov Test
= Test whether the data are following a normal distribution
Example:

e Concentration of a component A is determined

o Sorting values in ascending order

o Z-transformation to find the area under the standardized normal distribution

o Calculation of area distances >should be equal for normal distribution

o Difference between calculated are under the standardized normal distribution
and the ideal distances is calculated

o Comparison with the tabulated value:
calculated value > tabulated value ->significant difference from normal

distribution

2.3. Analysis of Variance (ANOVA)
= describes the possibility to compare different random samples

e Random samples: from different methods or measured at different times
e Basis is a set of data consisting of columns and rows

o Columns: results of different methods or times

o Rows: different measurements of the random samples
e Analysis of variance until now:

o t-Test: means are compared by variance analysis

o F-Test: variances are compares

12



Heartley’s test

e Ratio of largest and smallest variance

. largest variance
max =

~ smallest variance
o Parameters:
o Number of k groups
o Number of degrees of freedom (n-1) for different groups
e Calculated value > tabulated value ->Samples are not homogeneous

e Table shows degrees of freedom against number of groups

Cochran’s test

e Equality of several variances: Variances of groups are significantly larger than the

remaining

2
A Sm ax

G. =
max 512 + 522 + 532 + .-

One-Way ANOVA

e Several determining factors included, observations are investigated more
systematically
e Comparison of more than two means, while considering that events are not individual
and isolated > Total probabilities have to be considered
e Requirement: Normal distributed data
e Observed total variance is fragmented in parts, which are related to the same
roots/attributes:
o Random influence
o Influence which has to be investigated
e Variance analysis allows to identify:
o The influence of the single variation for each measure or method respectively

o The influence of the measurement series on the total variance
—>Good to consider which experimental conditions lead to optimal results.

¢ Instead of many t-tests for comparison of the means of several experimental series,
methods (M) or random samples (groups), just one F-Test between two variances is
needed
e Variances are
o Summation of the differences between the means of the several groups
(columns) and the toal mean

o Sum of squares of the single value from the mean of the group

13



o Squared sum of the deviation of the column mean (average over the row) from
the total mean divided by the sum over all deviations from the column mean

If groups originate from the same population, ratio will have nearly the same value
Calculated value F > Tabulated value of F-distribution F >Rejection of Ho
n = RM if random sample size is equal for all methods (n is total number of all values
of the overall M columns)

o Standard deviation of single values around means of groups

o Standard deviation of means of the groups around total mean
Random sample error = mean squares over all groups

Experimental error = Mean squares within a group

14
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3. Multivariate Data Analysis

3.1. Introduction and Basic Aspects

model based
Projection methods Linear algebra
PCA PCR
Principal component Principal components
analysis regression
PLS 5
g Partial least-squares [
E— regression Q
& =
N —
© . : [y
5| Preservation of Iterative learning =4
O| topology + context 5
SOM BPN
Selforganizing maps Back propagation
Clustering methods neural networks
CA
Cluster analysis
model free

Modelling
Hard modelling = number of variables or parameters is fixed

Soft modelling = number of variables or parameters not fixed, determined after running the

regression analysis

e Data evaluation is either univariate or multivariate, depending on the number of
variables
o “Multiple Regression” in context of classical algorithms
e Relationships can be solved either
o Classical with a direct solution y = f(x)

o With an inverse approach x = g(y)

Term: Variate

¢ Univariate = 1 independent, 1 dependent variable X,y o = Number of objects
Xl yl
>e.g. measurement of one wavelength at different R

points in time X, Y,



e Multivariate = 1 independent variable (component), %Y v = Number of variables

e. g. number of wavelengthes

multiple descendent variables 5 (2 Ye o on

X, Yu VY Iy

—>e.g. spectral measurement : T

. . Yoo Vo2 " Va

e Multiple multivariate = multiple independent
. . . XY k = Number of components

variables (components), multiple dependent variables , . .. . Y Ve v W
—>e.g. Spectral measurements Sl B R
Xor Xoz 7T Xk Yoo Yoo 7 Vo

Data Analysis

e Univariate Regression: All measured values are depending on one variable only

e Multivariate Regression: more complex relationships can be described
o Correlation of different kind of variables can be investigated simultaneously
o Data set can be evaluated at the same time

o Intention is to classify data set and to identify unknown properties

Requirement: Methods used are operating on the principle “soft modelling” (parameterized)

or even model free (non-parameterized).
Aim of multivariate data analysis is to reduce the data set >data reduction

¢ Objects = samples, chromatograms, operating conditions of a plant, ...
e Pattern = contains the whole range of measurement results for one object
—>Pattern is a set of features selected for the description of the objects

e Features = variables

Linear Methods

¢ Interpretation and inspection of analytical data

o Graphical representation

o Correlation and identification of significant variables
e Evaluation of analytical data

o Classification: Cluster analysis, PCA

o Regression: univariate, MLR, PCR

e A data matrix X, p) contains objects in the rows and features in the columns
Polar plots can give insight in complex data.

3.2. Cluster analysis
= Method which groups objects of a data set into homogeneous classes (clusters)

e Objects with similar variable patterns are grouped into the same classes

16



e Groups are unknown beforehand ->automatic/unsupervised classification
o Look for objects which are close to each other in the variable space
o Calculate distance dimensions in order to group the objects

o Develop a dendrogram
Hierarchical, agglomerative cluster analysis:

o Each element (measured value) is considered as a separate cluster

e Separate clusters are successively merged together to larger clusters beginning with

the closest clusters (non-reversible)
Example:

1. Plot objects in tha variable space
2. Look for groups/clusters between the objects
a. Every object is a cluster with size 1
b. Compare distances of the individual clusters with each other and look for
smallest distance (Euclidean distance)
Group two closest objects to a new cluster
Repeat step b. and c. until all objects are grouped in a cluster
3. Plot of successive objects in a dendogram

a. Vertical axis = relative distance between two objects (similarity)

uD o} D
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@

-

=
Relativer Abstand

Other distance dimensions, such as Minkowski distance, City Block/Manhattan distance,
Mahalanobis distance can also be used. —>Disadvantage: All distance dimensions are

depending on the used dimensional/measuring units.

17



3.3. Principal Component Analysis (PCA)

= Represents a 2D view on data, in which

Cyclohexanon

e The maximum of the variance is contained ' Propanol <y
S &
¢ While preserving the distances between the objects p ® N DE
= e o . {
. . . . N ) Y oo
 Often amount of one principal component is printed on ¢ & Aol
axis label Y
Toluene
e Principal components are sorted by their information I I R R
i PC1: 66.5%
content
Procedure:

e One dimensional mapping of values in two
independent graphs (x1 and x2)
e Two dimensional mapping of values against each PeA
other (x-y graph)
o New axis in direction of biggest variance
(PC1)

o Perpendicular to PC1 is PC2 axis

—~>Method to separate relevant information from the noise.

In PCA, a data matrix X is decomposed to:
X = USV" with S = diag(,/4;)

with U containing Eigenvectors of XX', V containing Eigenvectors of XX, and S as a diagonal

matrix containing the square roots of Eigenvalues A.

.56
S3.s4

A Loading Plot shows the influence of each feature onto the principal . <% )

+S1
S8

components. Features not contributing will be near the center. Features

PC2: 16.4%

with similar information content will be represented next to each other.

PC1: 66.5%

In a Biplot, scores and loadings are shown. By comparing the | feewar = 2™
directions of the loadings with the position of the objects it is possible % . i:‘ ._h;';\z/‘f“.:;%
to draw conclusions on the suitability of individual features. o “‘:-, Anisol

Toluene .

PC1: 66.5%
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The Scree plot shows the amount of information (variance)

represented by each principal components (bar). It is also possible
to show information content covered by the first x components
(line). Information content of a principal component is the size of its

Eigenvalue, scaled in a way that the sum of all Eigenvalues is 1.

Scree plot helps to identify number of components, necessary to

explain data.
PCA can be used for:

e Fast inspections of the data (outliers, drift, main grouping)

e Unbiased representation of data

¢ Identification of feature structure (similarities, influence on objects)
¢ Reduction of dimensionality of the data

e Removing of noise

e Working with small datasets
Limitations:

¢ Unsupervised method > Does not take any knowledge into consideration

e PCA will not unveil desired information if high amount of noise

e PCA does not identify optimum feature composition for classification of regression
tasks

o PCA requires careful weighting of input variables

e PCA plots may be misleading when the dimensionality of problem is high

19
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4. Principle Component Analysis (PCR)

Regression: Basic Considerations

e Besides X information (data matrix) now also Y information (independent variable)
e Concept of independent test data: Data matrix to be split for model building (calibration)

and independent test of the model (validation)

Multivariate Linear Regression (MLR)

Basic concept:

e Prediction of target values y from x, using a multi-dimensional Least Squares Fit
e Quantitative relationship between X and Y

e Sum of squared prediction errors of the training set is minimized
Mathematics:

¢ Relation: Y=XB+E
With X: matrix with independent variables, Y: matrix with dependent variables for
objects, B: matrix with regression parameters, E: matrix with residuals (differences
between predicted and true data)

e To reduce prediction error with MLR, either increase of number of objects or decrease

of number of variables/features
Advantages and Limitations:

e Advantage: MLR is good for regression of data with no correlation within the X-variables
o Limitations: Correlation is practically always present in analytical data and especially

chemical sensor data

Principle Component Regression (PCR)

¢ Extends MLR by introducing a PCA to calculate a new set of variables (PC), which are
then used as input for a MLR
e Number of PCs is an important parameter

e If all PCs are used, the result is identical to MLR

—->Weighting of input variables is an issue since it affects the principal components

¢ With PCR choice to disregard PCs that provide only little or noisly information.
Advantages and Limitations:

e Use of PCR for regression on data, where



o Alimiting set of calibration data is available

o The desired information can be found (visually) in the scores plot
Limitations:

o Model building does not optimize for the desired information

o Nonlinear data may lead to problems

21
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5. Bioanalysis: Separation and Diagnosis

Bioanalysis comprises DNA/RNA, proteins and their modifications (phosphorylation,
glycosylation, ...), metabolites, lipids and interactions between these classes. Bioanalysis is
used for systems biology (cell culture, mouse models), genomics, proteomics, metabolomics,
quality control in biopharma, biomarker research and validation, clinical chemistry,
biotechnology, forensics, ... It includes preanalytical methods (study design, sample
preparation, extraction, centrifugation, purification), analytical techniques (chromatography,

electrophoresis, ...) and data evaluation (preprocessing, ...)

Separation Techniques and Principles

PHASES SEPARATION PRINCIPLE/EQUILIBRIUM  METHOD
GAS-LIQUID Solubility differences for gases in liquids Gas chromatography
GAS-SOLID Differences in absorption of gases on solids Gas chromatography
LIQUID-LIQUID | Differences in distribution Liquid chromatography

LIQUID-SOLID | Differences in absorption of dissolved Liquid chromatography

solutes onto solids

Differences in solubility in liquids

EXTERNAL SEPARATION PRINCIPLE METHOD
FIELD
ELECTRIC Different mobility in electric field Electrophoresis

5.1. Chromatography

Idea of Chromatography

e Repetitive equilibration at front and end of the analyte zone (“band”)
¢ Movement through column by fresh mobile phase
¢ Retention of analyte in/on stationary phase depending on interaction
e Detection at column end to obtain a chromatogram
e Elution time: identity
¢ Band height or area: quantity
e Two phases: mobile and stationary phase, which do not mix
o Sample is dissolved in mobile phase

o Analytes are transported over the stationary phase



o Equilibria between mobile and stationary phase:
= Distribution/partitioning
= Or adsorption onto solid stationary phase

o Repetitive equilibration along the chromatographic column
Types of equilibria:

e Adsorption (solid stationary phase) —>adsorption chromatography

e Distribution (concentration) —>normal/reverse phase liquid chromatography
o Complexation by e.g. cyclodextrins ->chiral chromatography

¢ Ligand binding (antibodies) —ligand exchange chromatography

¢ lonic interaction —>anion/cation exchange
Strong interactions — strong retention — late elution
Separation Process

o Not-retarded substance needs time t, to be transported

through column (“void volume”)
e tnis a measure of the mean velocity of the mobile phase «_3 t,
e all substances stay in mobile phase for time tm, % i ]
¢ Retention time t; for analyte: tome from injection to detection ° — <t—>
¢ Analyte is retained and thus stays on the stationary phase for - v,

time

the time ts
Phase equilibria — Retention factor
Distribution constant K; cannot be measured directly > retention time and factor are used
1) Phase equilibrium with retention factor k (dimensionless)

time spent in stationary phase amount of substance in volume of stationary phase

time spent in mobile phase ~~ amount of substance in volume of mobile phase

tr—tm U csVs

S

tm B nm Cm
2) Separation selectivity o

2 Substances with ki and k- are distributed between the two phases m and s
->Selectivity: a=-==2

->The highest a the easier is the separation of the two compounds.
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Separation in the column

Concentration distribution (Gaussian peak shape) flattens with increasing number of

equilibration steps.
Classification of different chromatography modes via phases.

Chromatographic separation mechanisms

Adsorption:

Solute adsorbed
on surface of

e Describable via adsorption isotherms stationary phase

¢ Mostly used for gas analysis in gas chromatography
Distribution/Partitioning:

¢ Liquid film or stationary phase bound onto solid support (mostly silica gel)

¢ Distribution/partitioning between two phases

e Normal phase NPLC: polar stationary phase, nonpolar
mobile phase (pentane, hexane) // — \\\ ('[“"‘“'

¢ Reverse phase RPLC: nonpolar stationary phase (silanol- { )

\ / in liquid phase
g . . . . bonded to the
groups of silica gel derivatized with dicholorsane and \i\ 9 arecod

~—— column

Solute dissolved

nonpolar alkyl chains) >mostly C4, C+s, polar mobile phase
(water, acetonitrile, methanol)
o Retention based on polarity: high retention for low polarity
o RPLC with C4s stationary phase for most applications today, e.g. proteomics,

metabolomics, environmental analysis

lon exchangelionic interaction:

Mobile anions
held near cations
— that are covalently
attached to
stationary phase

¢ High retention for ions of higher charge, decreased

hydrated radius and increased polarizability

Anion-exchange
resin; only
anions can be
attracted to it

5.2. Mass Spectrometry (MS)
MS is used to analyze atoms, molecules or their fragments.
Working principle:

e Gaseous compounds from liquid phase are ionized
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e lons are accelerated in electric field

e Separation according to mass to charge ratio m/z
—~>Mass spectrum shows number of detected ions for each m/z
Different ionization procedures can be applicated:

e Electron spray ionization (ESI): transfer of ionic species into gas phase
o Dispersal of fine spray of charge droplets
o Solvent evaporation
o lon ejection from highly charged droplets

e Quadrupole time-of-flight
Applications of LC-MS:

¢ Metabolite profiling of distinct drugs, e.g. buspirone

e Proteomics
5.3. Electrophoresis
= Movement of charged particles in an electric field

An ion of charge q experiences acceleration force qE in electric field E and friction force fv with
friction coefficient f:

qE _
cation q: ion charge
friction acceleration E: electric field strength
. . E
>Hiickel equation: V= ——=uE
6nnr

With u = electrophoretic mobility, r = radius, n = viscosity
Basic model:

e Small sample plug in homogeneous electrolyte solution and application of voltage
o After some time, full separation of cationic analytes

e Separation dependent on electrophoretic mobility p
Factors influencing the separation:

¢ Analyte properties
o Analyte charge
o Analyte size
o Shape

o Diffusion coefficient
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e External parameters
o pH of electrolyte
o Vviscosity
o applied voltage

o capillary length
—>Fast migration of highly charged, small ions.
Applications:

e Separation of aromatic amino acids —>separation according to charge, therefore
dependent on number of amine functional groups
e Separation of homologues of aliphatic fatty acids
o Fatty acids only differ in length of alkyl chain and thus in size, but not in charge

pH-dependence of mobility of molecules:

e Sulfonic acids have very low pKa and are always fully charged in aqueous solution,
therefore: electrophoretic mobility independent on pH-value
¢ Lactic and acidic acid: plot shows their titration curve
o Atlow pH protonated and not charged
o At pH = pKs charged by 50 %
o Fully deprotonated with charge number = 1 at high pH

© _ S
{ el separation at different pH

1: naphthalene sulfonic acid

+ | / ,"" /
g // / s
:g / / HO
g » / ) ‘ naphthalene sulfonic acid
° | 2/’ "i 3 | o,
o / A\
§ / Y—o0H : i
€ | / | 2: lactic acid
| / l i'on
10} ,/ lactic acid
;‘/ |
' g *\ 3: acetic acid
o
| S
250 300 360 400 460 600 650 6.00 650 7.00 7.50
PH Reijenga et al., J. Chromatogr. A 1996, 744, 147-153

Modes of electro-migrative separation techniques: Capillary electrophoresis, CE-SDS, DNA
sequencing, 2DE, electro-migrative separations, capillary isoelectric focusing, natice and SDS-
PAGE.
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Example: Ethyl sulfate as alcohol marker

o Ethyl sulfate is strong acid (pKa < -3), fully charged in aqueous buffers
e Separation at very low pH = 2.2
o Only ethyl sulfate and inorganic/small organic ions are still charged
¢ High selectivity as most matrix is positively charged or neutral
o Polarity: inlet negative, outlet positive, -10 kV applied voltage
o Ethyl sulfate without chromophore —>detection via indirect detection (replacement of

absorbing buffer component)

Isoelectric focusing

= Technique for separating different molecules by differences in their isoelectric point

pl(negative and positive charged balanced at isoelectric point)
General procedure:

sample injection

catholyte 7 [’ C9 E%CoaDy + RegE GA+F anolyte
N R

NaOH H’E o DfA zf‘ s 2C HyPO,
transient @ @

state
catholyte AA o 32& ?‘-‘H’ S anolyte

NaOH A A‘ BD. AC ﬁf FH:G H,PO,
stationary

state

thol & £ B L E
e e ERh sH Ve o

preconcentration and focusing

A,B,C,D,E,F,G: ampholytes ® ,A - analytes, markers
Sample and Buffers:

e Sample in ampholyte mixture filling the whole capillary
e Inlet: catholyte — strong base (mostly NaOH) — high pH
e Outlet: anolyte — strong acid (mostly HsPO4) — low pH

e Or: immobilized pl gradients
Transient state:
e Migration of OH and H" into/through capillary

e Acid-base reaction with ampholytes/analytes
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¢ Migration of all components until their pl is reached ->focusing
Stationary state:

e After ca. 20 min
e No further migration

e Self-sharpening of bands
Mobilization:
e Pressure of pH (exchange of catholyte NaOH by acetic acid)

OR whole column detection (with laser-induced fluorescence) or second dimension PAGE in
2DE.

Size sieving electrophoresis

¢ Can be compared to normal gel electrophoresis >addition of a sieving matrix for size-

based separation
Capillary size sieving electrophoresis (CSE):

e Applicable for separation of analytes with identical mass to charge ratio
e.g. DNA with every base being single phosphorylated or proteins being saturated with
charged surfactant SDS
e Used for
o Size-based separation of proteins (SDS-PAGE, CE-SDS)
o Size-based separation of DNA
o DNA sequencing
o Fields of application: forensics, clinical diagnostics, protein characterization, DNA

sequencing, identification of food

High performance CE — A primer, Agilent 2009

CGE

‘”%%m\", 7]

Polymer matrix

Sieving matrices:

e Gels:

o For slab gel format
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o Mostly cross-linked polyacrylamides

o Pore size via relative concentrations, e.g. 7 % gel with large pores, 12 % small

pores

e Physical “gels”: Polymer network, entangled polymers (“intertwined chaines”)

o Only for capillary format
o Made of hydrophilic polymers in buffer
o Forming a network from polymer molecules

o Concentration gives mash size of the sieve

Model of size sieving for DNA:

0
r Ogston - sieving
Free
solution
limit / )
' Reptation - without - stretching
Rg ==a \ /
3
Iog 'T- \
N
N\
\
\) Reptation - with - stretching
\ .
N
\.
\n
1 \
o — —-
e \'\ _ f Plateau
\. Minimum mobility

log(DNA length)

¢ Ogston model: average pore size is about the hydrodynamic radius

o Classical sieving effect: DNA migrates similar to spherical particles through

the pores

o Exponential dependence on molecular weight

o DNA has to stretch out and move snake-like through pores

o Mobility negatively correlated with molecular weight

Biased reptation regime

e Plateau mobility: Molecules orient in field direction, no more size-based separation

DNA color sequencing:

e Procedure:

o DNA splicing into two strands

- ip

Free migration: mobility is not size dependent but equal to free migration in solution

Reptation regime: analytes are larger than pores and cannot simply penetrate

<molecular weight
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o Attachment of small DNA primers

o Enzyme DNA polymerase synthesizes complementary strand using artificial
nucleotides

o Addition of fluorescence-labeled blocker nucleotides (dideoxy sugars)

o Analysis of new DNA strands

Example:

o Rhodamine colorants for blocker nucleotides with low spectral overlap ->color
code for sequencing

o Genomic sequencing analysis on chips allows analysis of large sample cohorts

o 2DE: IEF plus SDS-P
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