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Also available:

Biology for the IB Diploma Second Edition 9781471828997

Provides clear guidance to the latest changes and ensures in-depth study
with accessible content, directly mapped to the syllabus and its approach to
learning.

This bestselling textbook contains all Standard Level and Higher Level
content, which is clearly identified throughout. Options are available free

online, along with appendices and data and statistics.

Integrate Theory of Knowledge into your lessons and provide
opportunities for cross-curriculum study

Self-Assessment Questions throughout the chapters help assist
comprehension and recall of learning

Stretch more able students with additional perspectives

The shift to a concept-based approach to learning, Nature of Science, is covered by providing a
framework for the course with points for discussion

Key skills and experiments included

Improve exam performance, with exam-style questions, including questions from past papers
Full digital package — offered in a variety of formats so that you can deliver the course just how
you like!
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Introduction

How to use this book

There are two aspects to the practical work in the IB Biology programme: general
practical work and a single individual investigation — the internal assessment project.

This book has been written for IB Biology students and is to be used throughout
your two years of study and to support your preparation for the internal assessment.

Practical activities and the IA form an essential part of the 2014 syllabus (first
assessment held in 2016), making up 40 hours of recommended teaching time for
SL and 60 hours for HL. This represents an average 25 % of the total teaching
time. The [A is worth 20 % of the final assessment.

General practical work includes experiments, ecological fieldwork studies,
spreadsheet or online simulations, demonstrations by your biology teacher and
class activities which will be of a formative nature. These are designed to help you
learn biology via practical work.

The ‘Applications and skills’ section of the syllabus lists specific lab skills,
techniques and experiments that you must experience at some point during
your study of the IB Biology course. Your school is likely to arrange additional
practical work covering other topics in the IB Biology programme. Please note it
is the skills and not the specific experiments that will be assessed in the written
examinations. Other recommended lab skills, techniques and experiments are
listed in the ‘aims’ section of the IB Biology syllabus pages.

Within the IB Biology syllabus, there is also a specific set of mandatory practicals
that you will carry out over the course and your knowledge and understanding of
these practicals will be assessed in your final examination papers.

This guide will ensure you can aim for your best grade by:

®  building practical and analytical skills for the mandatory and other common
practicals through a comprehensive range of strategies and detailed examiner
advice and expert tips

m offering concise, clear explanations of all the IB requirements, such as the
assessment objectives of each assessment criterion for the IA, including check
lists and rules on academic honesty

®m  demonstrating what is required to obtain the best IA grade for the Individual
Investigation with advice and tips, including common mistakes to avoid

W suggesting practicals that might, if modified, form the basis of an Individual
Investigation

®  making explicit reference to the IB learner profile and the associated
Approaches to Learning (ATL) that are central to the IB programme, with
their connections to practical work

®m providing infographics with every opening chapter which visually display
essential information

® including exemplars and worked answers and commentary throughout so you
can see the application of biological principles and concepts

W testing your comprehension of the skills covered with embedded activity
questions.

Use the space provided in the margins of the book to make your own notes and
record your own observations as you progress through the course.

Practical skills required for Option A and Option B are covered at the end of
the book. Skills needed for Option C (Ecology) and Option D (Physiology) are
contained in Chapters 4 and 5.



Features of this book v

Features of this book

Key definition Expert tip

The definitions of essential key terms are provided on the page where they These tips give practical advice that
appear. These are words that you are expected to know for exams and will help you boost your final grade.
practical work. A glossary of other essential terms, highlighted throughout

the text, is given at the end of the book. Common mistake

These identify typical mistakes that
candidates make and explain how
you can avoid them.

Examiner guidance

These tips give you advice that is likely to be in line with IB examiners.

Worked examples |

Some practical skills require you to carry out mathematical calculations, plot
graphs, and so on. These examples show you how.

B ACTIVITY

Suggested outline of possible practice activities with the command terms
highlighted.

Ideas for investigations

|deas for possible investigations.




Studying IB

IB Learner Profile .

The IB Biology course is linked to
the IB learner profile. Throughout v
the course, and while carrying out
your internal assessment, you will
have the opportunity to develop
each aspect of the learner profile:
Inquirers, Knowledgeable, Thinkers,
Communicators, Principled,
Open-minded, Caring, Risk-takers,
Balanced and Reflective.

Studying
|IB Biology

Practicals .

Carrying out practicals throughout
your IB Biology course will give you
the opportunity to practice carrying
out an investigation, and will give

you the scientific skills you need for
your internal assessment.
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‘ Approaches to Learning

The IB Biology course, and the internal
assessment in particular, give you the chance
to develop the approaches to learning skills:
e thinking skills when planning
Investigations, collecting data and
analyzing your results
social skills when working with your peers
communication skills when reporting and
presenting your findings
self-management skills when working
iIndependently
research skills to help plan your
Investigation, and to put it into context.

The internal assessment gives you the
opportunity to display the skills and
knowledge you have learned throughout
your course, while exploring an area of
Biology that interests you personally.



Studying IB Biology

Biology and the scientific method

Biology is both an observational and experimental science. Observations about
the natural world result in hypotheses, which can lead to investigations that
manipulate a variable in order to see its effect, which in turn result in an improved
understanding of biology. This scientific method can be seen as a cycle (Figure

1 and Table 1). Exploration of one idea can lead to further modification, through
reflection and evaluation, resulting in the investigation of further hypotheses.

Start your
Evaluate your inquiry here
result. Did you
demonstrate your
hypothesis? How could
you improve the
experiment? What else
could you measure
Analyse your or change? Brainstorm
results and present list of all th
our data in a way a listof all the
Y variables that may
that clearly demonstrates -
the effect that the . .
. . iIndependent variable
iIndependent variable © you have
4
has on the Q};S ’fro identified.
dependent S P
variable. ~ "3},
i
: < :
| Dlemgn an P ‘3(,? Discuss
investigation to see ° Q‘o your list with others,
how the independent Q?% and choose
variable affectf_t. the one variable that you
dependent variable. could easily measure (the
Which variables will dependent variable)
you need to keep the using the equipment
same (controlled How wiill the you have at
variables)? dependent variable school.

be affected by the
iIndependent variable?
Write a hypothesis about
how the dependent
variable will change.

What do you expect
to happen?

Figure 1 The investigation cycle

Key definitions
Investigation — a scientific
study consisting of a controlled
experiment in the laboratory
or field-based studies involving
sampling.

Scientific method - the use
of controlled observations

and measurements during an
experiment to test a hypothesis.

Stage of

cycle

Description

Key word definitions

1

Formulate your research question: which usually inquires
how one variable (the independent variable) affects
another (the dependent variable).

Variable — a factor that is changed, measured, or kept the
same in an investigation.

Independent variable —the variable that is changed in an
Investigation.

Dependent variable —the variable that is measured in an
Investigation.

Processed variable — a variable that can be produced
by transforming a measured variable through mathematical
manipulation (see Expert tip box on page x).




Biology and the scientific method  ix

Stage of |

cycle - Description - Key word definitions

2 The research question may lead you to formulate a Hypothesis — a tentative explanation of an observed
hypothesis. When making a hypothesis, the investigator | phenomenon or event that can be investigated using the
proposes how the independent variable may affect the scientific method.
dependent variable. Prediction/predict — give an expected result.

- A prediction may be made.

3 So that a correlation between the two variables Controlled variable —a variable that is kept the same in
(independent and dependent) can be established, other an investigation. In an experiment, at least three controlled
variables must be kept the same — these are called variables should be listed, and information about how they will
controlled variables. - be kept the same included.

4 Develop a method and outline it clearly. Control — an experiment where the independent variable
Materials should be listed. is either kept constant or removed. This can be used for

. L . comparison, to prove that any changes in the dependent
Sizes, volumes and other appropriate information should 'parts P y thang Pe .
. _ variable in experiments when the independent variable is

also be included, such as + measurement uncertainties (see : : .
manipulated must be due to the independent variable rather

page 129).
than other factors.

One variable should be manipulated and one measured; all

other variables should be controlled.

The method should be written in the passive voice and in

sufficient detail and clarity so that someone else can follow

 the instructions.

5 Carry out your investigation and gather data. Record your | Data — recorded products of observations and measurements.
data by measuring the dependent variable. Measuring/measure — obtain a value for a quantity.
Present your data with their appropriate units.

Process your data in some way, for example, mean values

calculated or a line of best fit drawn.

Plot a graph to present the results in a way that displays

them clearly and helps interpretation.

Qualitative data (observations) may also be recorded (see
- Expert tip box on page x).

6 Following an analysis, develop an explanation for the Analysis/analyse — break down in order to bring out the
results. What do the results show? Describe and explain the = essential elements or structure.
results. Do the results support the hypothesis, or not? Explanation/explain — give a detailed account including

- reasons or causes.

7  Evaluate the investigation and suggest improvements. ' Evaluated/evaluation — make an appraisal by weighing up
When commenting on limitations, consider the procedures, | the strengths and limitations.
the equipment, the use of equipment, the quality of the Accuracy —how close to the true value a result is.
data (for example, its accuracy and precision) and the Precision — describes the reproducibility of repeated
relevance of the data. To what extent may the limitations measurements of the same quantity and how close they are to
have affected the results? Propose realistic improvements | a5ch other. Note, measurements can be precise but not accurate
that address the limitations. (see Figure 2).

The sensitivity of the equipment used must also be taken ' 5o pysitivity — the number of significant digits to which a value
Into account. can be reliably measured. For example, if a digital thermometer
can measure to two decimal places, this is the sensitivity of data

|  that can be recorded.

8 The improvements to the method can lead to further

" investigations, and so the cycle repeats itself.

Table 1 The scientific method cycle

Controls can be used in biology to prove that changes in the dependent variable

are due to manipulation of the independent variable, rather than other factors.
The results of the investigation are compared with the results of the control.
For example, control groups can be used in physiology experiments to provide
a baseline measure: members of this group are identical with all other subjects
being investigated but they do not receive the treatment or experimental

manipulation that the treatment group receives.

Key definition

Treatments — well-defined
conditions applied to the sample
units.




Introduction

Replicates can improve the reliability of an investigation and enable anomalies
to be identified.

Due to the complexities of biological systems, other variables besides the
independent variable may affect the dependent variable. These confounding
variables must be held constant if possible, or at least monitored so that their
effect on the results can be accounted for in the analysis.

In cases where confounding variables cannot easily be controlled, blocks of
experimental and control groups can be distributed so that the influence of
any confounding variable is likely to be the same across the experimental and
control groups.

¢

|
N
e

Not precise Precise Not precise Precise
Not accurate Not accurate Accurate Accurate

Figure 2 Accuracy versus precision

Data can be either quantitative or qualitative. Qualitative data are observations
not involving measurements, such as those recorded in an ecological study to
note conditions in a survey area (for example, climatic conditions; factors that
might make the collection site typical or atypical). Quantitative data are numerical
data from measurements, such as measurements taken when recording a
dependent variable (such as the rate of an enzyme reaction).

Quantitative data are numerical data (with associated units). An example of such
data might be measurements of the breadth of leaves from a species of plant
grown in shaded and exposed positions, or the pH values of top soil samples in
different positions within tropical primary rainforest.

Quantitative data can be discontinuous (discrete) or continuous. Examples of
discontinuous data are the number of petals present in a species of flower or the
number of fruit flies on an apple. Examples of continuous data might be the
masses of the individuals of a population, or the time taken for pea seeds to
germinate after treatment with different concentrations of sulfur dioxide gas.

Expert tip

Raw data are data collected without any processing. They are simply the values
of each variable collected. Raw data are often difficult to use for data analysis,
and usually need to be processed in some way.

Processed data are data that are ready for analysis. Processing can include
merging, sub-setting, or transforming data (carrying out a calculation).

A processed variable is a variable that is calculated from measured data (that is,
from the dependent variable). For example, in enzyme practicals the dependent
variable might be the volume of product formed per minute and the processed
variable calculated from this could be the rate of reaction.

During your two-year IB Biology course you will carry out a significant amount
of practical work. This work may be lab-based, or located in an environment
outside your school or college. This work will help you to understand some of the
biological concepts, teach you important practical and analytical skills, and give you
opportunities to extend your knowledge through your own investigations.

Key definitions
Replicate — a repeat of the entire
experiment run at the same time.

Confounding variables —
any other variable, besides the
independent variable, that also
has an effect on the dependent
variable.

Examiner guidance

Be aware that a strong correlation
does not necessarily mean
causation. In other words, you
cannot state definitely that X
causes the changes in Y (where X
is a dependent variable and Y is an
independent variable).

You may of course suggest in your
conclusion that X causes changes
in Y, or vice versa. However, you
should not draw definite cause
and effect conclusions based on
correlation.

There are several reasons why
you cannot make definite causal
statements:

You do not know the direction
of the cause — does X cause Y, or
does Y cause X?

A third variable Z might be

involved that is responsible
for the correlation between X

and Y.

The apparent relationship
might simply be due to chance.




Framework for Biology

Your B Biology syllabus is comprehensive and detailed. It helps to simplify the content
by using a ‘concept tree’ (Figure 3), which outlines the essential components of your
course and how they interrelate. The practical skills you will be learning during the
course can be framed in the context of this concept tree. Subsequent chapters will
cover essential skills, subdivided by the different levels of integration shown in Figure
3, that is, biochemistry, cell structure and function, physiology, and ecoloqgy.

Figure 3 can be used to help you decide the area of biology you want to address in
your IA project (Chapter 8).

Framework for Biology

Levels of
Key concepts Topics integration
(! & — evolution by natural selection
Genetics
\ J — Inheritance
( Surface area: ] — form and function of specialized structures
L e J — adaptations to the environment
— rates of reaction —
( ] — inhibition
L Enzymes J DNA replication respiration
— metabolic reactions [
digestion photosynthesis
Levr-fls o_f Jtoms ~— Biochemistry
{ organization #
} 1 molecules
[ Biology J — homeostasis *
subcellular organelles
— nutrition i
( Health and ] ‘ ~ | Cell structure
: disease & cells " and functi
L fitness J - | and function
immunity I 4
tissues |
organs \ Phvsiol
skeleton & * " ysiology
muscles
-—‘ organ systems
heart& | *
circulation organisms \
— ‘ J
| species
populations .. Ecology and
[ Species’ relationships | | evolution
L with their environment J »
communities
animal ecosystems
behaviour — —

Figure 3 Biology concept tree

IB Biology practicals

There are numerous practicals listed in the IB Biology Guide. This book focuses on
practical experiments that can help you not only with exam questions (Paper 3,
section A) but also in the selection and implementation of a suitable investigation
for your IA.

The practicals in the guide can be divided into four categories:

m Mandatory practicals: these are prescribed in the IB Biology Guide. You need
an understanding of these experiments as they may be examined in Paper 3.

Xi
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Introduction

in Paper 3.

®m  Further practical skills: skills associated with these practicals may be assessed

Suggested practicals: useful additional practicals suggested in the IB Biology

Guide, to be chosen at the discretion of your teacher. These will not
specifically be examined, but might provide useful ideas to help you select and
then implement your IA project.

m  Computer simulations: information communication technology (ICT) is

encouraged throughout all aspects of your course. Certain skills involving ICT
are specified in the IB Biology Guide: these use computers to model or draw
associations between complex data.

Mandatory practicals

Subtopic

Mandatory practical

1.1 Introduction
to cells

1.4 Membrane
transport

2.5 Enzymes

Practical 1 (page 42)
Use of a light microscope to investigate the structure of cells and tissues, with drawing of cells
Calculation of the magnification of drawings and the actual size of structures and ultrastructures shown in drawings

or micrographs

Practical 2 (page 46)

Estimation of osmolarity in tissues by bathing samples in hypotonic and hypertonic solutions

Practical 3 (page 17)
Experimental investigation of a factor affecting enzyme activity

2.9 Photosynthesis

4.1 Species,
communities and
ecosystems

6.4 Gas exchange

9.1 (AHL)
Transport in the
xylem of plants

Practical 4 (page 28)

Separation of photosynthetic pigments by chromatograph

Practical 5 (page 80)
Setting up sealed mesocosms to try to establish sustainability

Practical 6 (page 51)

Monitoring of ventilation in humans at rest and after mild and vigorous exercise

Practical 7 (page 53)
Measurement of transpiration rates using potometers

Table 2 List of mandatory practicals for Biology

Further practicals skills

The practicals in Table 3 are listed as ‘skills’ in the IB Biology Guide.

Subtopic

Practical skill

2.5 Enzymes

2.8 Cell respiration

2.9 Photosynthesis

Design of experiments to test the effect of temperature, pH and substrate concentration on the activity of enzymes

Analysis of results from experiments involving measurement of respiration rates in germinating seeds or invertebrates
using a respirometer

Design of experiments to investigate the effect of limiting factors on photosynthesis

3.5 Genetic
modification and
biotechnology

4.1 Species,
communities and
ecosystems

Design of an experiment to assess one factor affecting the rooting of stem-cuttings

Testing for association between two species using the chi-squared test with data obtained by quadrat sampling

Recognizing and interpreting statistical significance

8.1 Metabolism

9.1 Transport in the

xylem of plants

9.2 Transport in the
phloem of plants

Calculating and plotting rates of reaction from raw experimental results

Design of an experiment to test hypotheses about the effect of temperature or humidity on transpiration rates

Analysis of data from experiments measuring phloem transport rates using aphid stylets and radioactively labelled

carbon dioxide

9.4 Reproduction
in plants

Design of experiments to test hypotheses about factors affecting germination

Table 3 Practical skills



Suggested practicals

The following suggested practicals will help you enhance your understanding of
biology. Your teacher might select them to include in your Practical Scheme of

Work (PSOW). They are listed in the ‘guidance’ section of the syllabus and so will

not be examined.

Approaches to learning xiii

Subtopic Suggested practical

1.4 Membrane Dialysis tubing experiments can act as a model of membrane action

transport Experiments with potato, beetroot or single-celled algae can be used to investigate real membranes

2.4 Proteins Egg white or albumen solutions can be used in thermal denaturation experiments

2.5 Enzymes Lactase can be immobilized in alginate beads and experiments can then be carried out in which the lactose in milk is
hydrolyzed

8.1 Metabolism Experiments on enzyme inhibition

8.3 Photosynthesis | Hill's method demonstrating electron transfer in chloroplasts by observing DCPIP reduction

Immobilization of a culture of an alga such as Scenedesmus in alginate beads
Measurement of the rate of photosynthesis by monitoring the effect on hydrogencarbonate indicator

9.1 Transport in the | Measurement of stomatal apertures using leaf casts, including replicate measurements to enhance reliability

xylem of plants Measurement of the distribution of stomata using leaf casts, including replicate measurements to enhance reliability

Table 4 Suggested practicals

Computer simulations
Other practical skills involve the use of ICT (Table 5).

Subtopic Activity/simulation

2.3 Carbohydrates | Use of molecular visualization software to compare cellulose, starch and glycogen

and lipids

3.1 Genes Use of a database to determine differences in the base sequence of a gene in two species

3.2 Chromosomes | Use of databases to identify the locus of a human gene and its polypeptide product

7.1 DNA structure  Use of molecular visualization software to analyse the association between protein and DNA within a nucleosome

and replication

7.3 Translation Use of molecular visualization software to analyse the structure of eukaryotic ribosomes and a tRNA molecule

Table 5 Computer activities

Approaches to learning

Approaches to learning (ATLs) are deliberate strategies, skills and attitudes
that underlie all aspects of the IB Diploma Programme. These approaches are
intrinsically linked with the IB learner profile attributes (see below), and are
designed to enhance your learning and preparation for the Diploma Programme
assessment and beyond.

The aims of ATLs in the IB Diploma Programme are to:

® link prior knowledge to course-specific understandings, and make connections
between different subjects

® encourage you to develop a variety of skills that will equip you to continue to
be actively engaged in learning after you leave your school or college

® help you not only to obtain university admission through better grades but also
to prepare for success during tertiary education and beyond

®m  enhance the coherence and relevance of your IB Diploma Programme
experience.

The five approaches to learning develop the following skills:
® thinking skills

m social skills

ATLs encompass the key values
and principles that underpin an IB
education.
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® communication skills
®  self-management skills
® research skills.

Practical activities clearly allow you to interact directly with natural phenomena,
explore a topic and examine specific research questions. All practical skills
covered in this book can be viewed in the context of ATLs. They also give you
the opportunity to develop and use IB terminology:

m research skills to find out appropriate methods to investigate specific research
questions, and put your investigation in the context of the wider scientific
community

» thinking skills to design investigations, collect and analyse data, and then
evaluate your results

®m social skills in order to collaborate with peers
®  communication skills to effectively and concisely present your findings

m  self-management skills to make sure you successfully plan your time and meet
deadlines.

The IB learner profile
The IB Biology course is closely linked with the IB learner profile (Table 6). By

following the course, you will have engaged with all attributes of the IB learner
profile: the requirements of the IA provide opportunities for you to develop every
aspect of the profile.

Learner profile attribute Relevance to Biology syllabus

Inquirers Practical work and internal assessment

Knowledgeable Links to international-mindedness
Practical work and internal assessment

Thinkers Links to theory of knowledge
Practical work and internal assessment

Communicators External assessment (examinations)
Practical work and internal assessment

Principled Practical work and internal assessment
Ethical behaviour
Academic honesty

Open-minded Links to international-mindedness
Practical work and internal assessment
The group 4 project

Caring Practical work and internal assessment
The group 4 project
Ethical behaviour

Risk-takers Practical work and internal assessment
The group 4 project

Balanced Practical work and internal assessment
The group 4 project
Fieldwork

Reflective Practical work and internal assessment
The group 4 project

Table 6 Relevance of the IB learner profile to the IB Biology syllabus
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The internal assessment

The internal assessment forms 20 % of your final mark, with the external
examinations (Papers 1, 2 and 3) forming 80 % of your mark. The assessment and
the assessment criteria are the same for standard level and higher level.

Personal Total marks
Criterion engagement Exploration Analysis Evaluation = Communication available
Marks available 2 6 6 6 4 24

Table 7 Marking criteria for the biology internal assessment

Your internal assessment mark is based upon one scientific investigation known
as the Individual Investigation. This will involve 10 hours of work and you will
generate a word-processed report or write-up 6 to 12 pages long.

This will be marked out of a maximum of 24 marks based upon the five group 4
assessment criteria (Table 7). Your mark out of 24 will then be scaled to a mark out
of 20. Your Individual Investigation will be internally marked by your IB Biology
teacher but moderated externally (re-marked) by an experienced IB Biology
teacher appointed by the IBO.

There are separate chapters for each of the internal assessment criteria (Chapters
8—12). Checklists at the end of each criterion chapter will help you to ensure that
your report matches the requirements of the group 4 assessment criteria.

Grade boundaries for the internal assessment are as follows (using data from May

2016—May 2017 examinations):

Grade 1 2 3 4 5 6 7
Mark range 0-3 4-6 7-10 11-13 14-16 17-19 20-24

Table 8 Grade boundaries for the biology internal assessment

Planning an internal assessment

There are no IB requirements in terms of planning, a time line or documentation,
but your school might require you to complete a preliminary internal assessment
proposal. For this, you might need to suggest a research question and methodology,
carry out a risk assessment and complete a requisition for apparatus, biological
materials and biochemicals (for example, enzymes) for preliminary work.

B Setting up a schedule

It might be helpful to set up a timeline with start dates and deadlines for each part
of your Individual Investigation, if your school has not done so. A sample timeline
is shown in Table 9.

Stage in

investigation Start date Task Deadline date

Planning 1 Read Chapters 8 and 9 in this guide.

Planning 2 Decide on the research question, methodology (including controls and statistical
test, if appropriate) and outline data collection methods.

Planning 3 Prepare a risk assessment for these experiments and show your biology teacher the
completed Risk Assessment form.

Planning 4 Ensure that the apparatus, biological materials and chemicals you need will be
available in your school laboratory.

Practical Complete the experimental work and collect raw data in the time allocated. Allow
time for preliminary work, and to carry out duplicates, extending the range of
data collected. Document any alterations to your plan as soon as they occur and, if
necessary, make alterations to the supporting theory.

Report 1 Hand in the first draft and consult with your biology teacher.

Report 2 Submit the final draft after an online plagiarism check.

Table 9 An example internal assessment timeline
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Mathematical and

S| units

In the sciences, the metric system is used to represent physical units. Metric
measurement is used worldwide to improve communication and to ensure that
standard methods are employed. The metric system uses base units, such as metre
(for length) and gram (for mass), which can be modified using prefixes, such as
kilo- and milli- (see below), to reduce or enlarge the base units by factors of ten.

An international agreement was reached in 1960 that specified units for use in
scientific measurements. These units are called SI units (after the French Systéme
International d’Unités). Measurements in biology are usually recorded using

SI units. The SI system has specified base units from which all other units are
derived. The main units used in biology (quantity, unit, and SI unit symbol) are:

® length — metre (m)

mass — kilogram (kg)

time — second (s)

temperature — degrees Celsius (°C)”
force — newton (N)

pressure — pascal (Pa)

energy — joule (J)

volume — litre (1)*

amount of a substance — mole (mol).

* The kelvin (K) is the correct Sl unit for temperature, but is rarely used in biology,
where degrees Celsius is more common.

*Volume should, strictly speaking, be measured in cubic metres, m3, not litres
(11=1dm3), however litre is more useful in biology and so is widely used.

Derived S| units

The SI base units can be used to derive the units of other quantities. In each case,
an equation is used to define the derived quantity, substituting the appropriate
base units. For example, speed is calculated by dividing distance by time, and so
the SI unit for speed is the SI unit for distance (metres) divided by the SI unit for
time (seconds), that is, m s™! (metres per second). Other units of measurements
include:

® concentration — g I”! (or mol 1)

® rate of reaction — mol I"! s71, that is, change in concentration/per unit time (or

any other measure of progress/any unit of time). If gases are involved, cm?’ s~
or dm’ s7! may be used. If g min~! are measured (that is, change in mass over
time) this is not strictly speaking the rate of reaction, but is proportional to
the rate of reaction.

Some measurements, such as logarithmic functions and absorbance, have no
units. The pH scale, for example, is logarithmic. A logarithmic scale compresses
the range of values, giving more space to smaller values while reducing the space
available for larger values. Each cycle on the scale increases by a power of 10: for
example, in the first cycle, values would be 1, 2, 3, 4, etc., whereas in the second
cycle they would be 10, 20, 30, 40, etc., and in the third cycle 100, 200, 300, 400,
etc. See Chapter 10, page 128, for further information about logarithmic scales
and how they are plotted.

measurement skills

Here are some general rules when
applying SI units:

» Units are always spelled beginning
with a lower-case letter, for
example, metre. This is also the
case when they are named after a
scientist, for example, joule.

* Units are always expressed in
the singular not the plural, for
example, 2 min not 2 mins.
(NB: This is the case when using
the unit symbol, but not when
reading the quantity out loud, for
example, 5kqg is correct but this is
read as 5 kilograms).

* There should be a space between
the value and its symbol, for
example, 5.00kg not 5.00kag.

» Use the negative exponent (1)
when expressing units rather than
using a forward slash, for example,
m s~! not m/s.

Examinations usually use the unit cm?
rather than | (1cm?3 = 1ml).

Common mistake

When referring to units of
temperature, never use the term
‘centigrade’. The correct unit of
measurement is degrees Celsius.

Quantities that represent ratios of two
values, such as absorbance, do not have
units. Both pH and absorbance are
unit-less since they are logarithmic
functions (pH = —log,, [H*(aq)];
absorbance = log,,(/,/), and logarithms
are always pure numbers which have

no units.

Expert tip

The fact that pH is logarithmic means
that pH 6.0 is 10 times more acidic
than pH 7.0; natural rainwater at

pH 5.5 is about 25 times more acidic
than distilled water at pH 7.0. Acid
rain is frequently more than 20 times
more acidic than natural rainwater.



Examiner guidance

For logarithms, retain in the mantissa (the number to the right of the
decimal point in the logarithm) the same number of significant figures

as there are in the number whose logarithm you are taking. For example:
log(12.8) = 1.107. The mantissa is .107 and has 3 significant figures because

12.8 has 3 significant figures.

Non-SI units

Some measurements in biology do not use SI units. Some of these have
already been explored (such as volume measurement in litres and temperature

measurement in degrees Celsius). Other non-SI units are shown in Table 1.1; some

of these units are used in the IB Biology course.

Physical Unit

quantity Non-Slunit | symbol Conversion factor/use

energy calorie cal 1 cal =4.184)

length Angstrom A 1A=10""1m

mass tonne t 1t=103kg

light lux X ix=1Imm> (one lumen per square

sedimentation  Svedbergunit | S
coefficient

metre)

Used, for example, to compare ribosomes
(prokaryotic ribosomes = 70 S,
eukaryotic = 80 S); an object’s mass,
density and shape determine its S value

heart rate beats per bpm Varies according to the body's physical
minute ' needs
genome size base pair bp  kilobase pair (kbp) = 1,000 bp

cells per sample  colony forming | cfu

Used to estimate the number of viable

unit bacteria or fungal cells in a sample
particles per plague-forming | pfu Used to estimate the number of particles
volume unit capable of forming plaques per unit

Table 1.1 Non-SI units

volume, for example, virus particles

Blood pressure and gas pressure may be expressed in millimetres of mercury
(mm Hg). This refers to the height of a column of mercury that can be supported
by the gas pressure being measured. Atmospheric pressure at 25°C = 760 mm Hg

= 101000 Pa = 101 kPa.

The energy content of dried foods or fuels is usually expressed in kilojoules or

kilocalories. A calorie (C) is the amount of heat energy required to heat one gram

of water through one degree Celsius. 1 calorie = 4.184 ].

B ACTIVITY

1 The length of the C—N bond in the peptide bond in proteins is 0.133 nm.
Express this in micrometres, picometres and Angstroms (A); 1 A=10""9m, a
non-SI unit which is commonly used to describe protein structures

(http://www.rcsb.org).

Numbers in science are often extremely large or extremely small. Consider the
mass of a tobacco mosaic virus and the mass of the Sun, for example. They can

be written as: 0.000 000000000 000000000 000068 kilograms and 1989100000
000000000 000000000000 kilograms, respectively.

However, this notation uses many zeros and so there is a possibility of making a
mistake when writing a value. Scientific notation is a way of expressing large and

Scientific notation

5
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small numbers while avoiding lots of zeros. It uses the form: N x 10", where N is
a number between 1 and 10 and n is the exponent or the power to which 10 is
raised. So in scientific notation, the mass of a tobacco mosaic virus can be written

as 6.8 x 10726 kg and the mass of the Sun as 1.9891 x 10°° kg.

As the definition implies and the following examples show, any number — not just
large or small numbers — can be expressed in scientific notation:

97400 =9.74 x 104
106.8 = 1.068 x 102

10 =1 x 101
0.0029=2.9 x 10-3
0.005810 = 5.810 x 103

Scientific notation is not merely a more convenient way of expressing numbers,
it makes it easier to track significant figures.

Standard prefixes can be used to record large or very small numbers:

For large numbers:

103 = kilo (k) — for example, kilometre (km)
10 = mega (M) — for example, megametre (Mm)
10° = giga (G) — for example, gigametre (Gm)
1012 = tera (T) — for example, teragram (Tg)

For small numbers:
10-3 = milli (m) — for example, millilitre (ml)
10-% = micro (u) - for example, micrometre (um)
10-2 = nano (n) — for example, nanometre (nm)
10-12 = pico (p) — for example, picometre (pm)

Figure 1.1 shows the importance of prefixes when referring to different levels of
scale.

Macroscale

Microscale

Prefixes increase or decrease by
factors of a thousand. This is known

as the ‘thousands rule’. By choosing
the correct prefix, all values will be
In the range 1-999. For example,
20 mm should be used instead of
0.02 m, and 3.72 MPa instead of
3720000 Pa.

Common mistake

When recording units of time,
never use ‘sec’ — the correct unit for
seconds is 's".

Common mistake

The prefixes ‘deci’ (d, 10-") and ‘centi’
(c, 1072) do not follow the ‘thousands
rule’ (see Expert tip box above) and
so cause confusion. They should be
avoided.

Nanoscale

1m 1x107'm 1x107%m 1x102m 1x10%m 1x10°m 1x10°%°m 1x107/m 1x10%m 1x107m 1x107"m 1x10""m 1x10"m
1 1 | | | | | 1 | | | | 1
Tm Tdm T0mm T mm 100pm  10pm Tum 100nm  10nm Tnm 100pm  10pm Tpm
T A & T A 2 ' b A T
[ Honey bee J [Frog egg} Animal and [Bacterial celi] [Hydrogen atom]
plant cells

Droplets in an oll Protein C—H bond
In water emulsion molecule length

[Penicillin moiecuie] [Copper atom]

Figure 1.1 Units of distance from large scale (macroscale) to very small scale (nanoscale)

B ACTIVITIES

2 Write the following numbers in scientific notation: 1002, 54, 6926300000,
—393, 0.00361 and —0.0038.

3 Write the following numbers in ordinary notation: 1.93 x 103, 3.052 x 10/,
-4.29 x 102, 6.261 x 10° and 9.513 x 108

4 What is the name given to the unit that equals (a) 10-2 gram; (b) 10-° second;
(€) 1073 metre?

5 (a) What decimal fraction of a second is a picosecond, ps? (b) Express the
measurement 4.0 x 103 m using a prefix to replace the power of ten.
(¢) Use standard exponential notation to express 4.56 mg in grams.

Where appropriate, units for time
can include seconds (s), minutes
(min), hours (h), days (d) and years
(y). For example, in ecological
iInvestigations, longer timescales
might be more appropriate than
seconds.



Orders of magnitude

Biologists have to be able to ascertain and record very large and very small
measurements. Biological objects vary from tens of nanometres, such as viruses
(for example, the Porcine circovirus type 1 has a diameter of 17 nm), to tens

or hundreds of metres. The largest mammal is the blue whale (Balaenoptera
musculus) which can measure up to 30 metres in length. The largest living
organism on Earth is believed to be a honey fungus (Armillaria ostoyae), found in
the Blue Mountains in Oregon, USA, measuring 3.8 km across.

The largest organisms are clonal colonies (made of many individual organisms)
which can spread over large areas. For example, a seagrass colony (Posidonia
oceanica) found in the Mediterranean sea may measure 8 kilometres across. The
largest biological structure is the Great Barrier Reef in Queensland, Australia,
which stretches 2000 km and is composed of many individual organisms.

Scientists describe the magnitude or size of numbers using ‘orders of magnitude’.
An order of magnitude can be thought of as the power of ten closest to a given
quantity. This allows scientists to quickly estimate the size of an object, or the
difference in measure between two biological objects, by expressing it as a power
of ten. Table 1.2 shows the orders of magnitude on the measurement of length.

Unit | Symbol Conversion to standard unit (m)
picometre pm 1pm= 1x10712m
| | .10pm= 1x10-"m
| 100 pm = 1x10%m
nanometre nm 1000 pm = 1nm= 1x102m
10 nm = 1x10-8m
100 nm = 1x107m
micrometre | um 1000 nm = Tyum= 1x10-%m
| 10 uym = 1x10>m
| .100|.IITI: 1x10-4m
millimetre mm 1000 ym = T mm= 1x103m
| | 10mm = 1x102m
| 100 mm = 1x10"m
metre m 1000 mm = Tm= 1x10%m
1M0m= 1x10'm
1100 m = 1% 102m
kilometre km 1000 m = 1km= 1x10°m
| 10 km = 1% 104m
100 km = 1x10°m
megametre Mm 1000 km = T Mm = 1x10%m
| 10 Mm = 1 %107 m
| 100 Mm = 1x108m
gigametre - Gm 1000 Mm = 1Gm= 1x10°m
| | 110 Gm = 1 x 1010 m
100 Gm = 1x 10" m
terametre m 1000 Gm = 1Tm= 1x 102 m

Table 1.2 Orders of magnitude and standard units

Orders of magnitude

Expert tip

* One order of magnitude represents
a ten-fold difference.

» Scientific notation is used to make
it easier to express extremely large
or extremely small numbers. This
notation is based on multiplying a
number by a power of ten (x10").

» Expressing numbers in scientific
notation makes it easier to perform
simple mathematical operations on
that number.

7
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\ Worked example

The oceans of the world contain both very large and very small organisms.
Orders of magnitude can be used to compare organisms that vary hugely in size.
Take, for example, the masses of the following organisms:

* blue whale = 140000 kg
* single plankton = 0.5 mg

Expert tip

‘Weight' and ‘mass’ do not mean the same thing. The mass of an object is
the amount of matter an object is made up of, which does not change. The
weight of an object is due to the gravitational force acting on the object, and
so can vary depending on where the object is in the universe and the gravity
acting on it. The mass of an organism is measured in kg whereas its weight/
weight force is measured in newton (N). On the surface of the Earth an object
with a mass of 1 kg has a weight of about 10 N.

To calculate the order of magnitude difference between these two organisms,
the masses need to be expressed in the same unit (kilogram):

» blue whale = 140000 kg = 1.4 x 105 kg

» plankton = 0.0000005 kg =5 x 10~/ kg

To compare directly the weights of these two organisms, use the following
calculation:

5
1.4 x10° _ 928 % (105 x 107)
5x%x 10~/

=0.28 x 102 =2.8 x 10"

This means that the blue whale is approximately 10" times more massive than
the plankton (x 100000000000), that is, 11 orders of magnitude heavier.

Figure 1.2 shows the variation in scale in biology by comparing the size of different
biological objects to one of the smallest (a thinovirus).

i

i ai ™

Ty

o
s h%

Name Rhinovirus ~ Measles virus E. coli Pollen grain Paramecium Sesame seed

Length 20 nm 1200 nm 2 pm 20 pm 200 pm 2 mm
2x108m  2x107"m 2x10"°m 2x10>m 2 x107%m 2x103m

Order of 0 [ 1 2 3 4 5

magnitude

Woodlouse Meerkat Human Sperm whale ' Redwood tree | Seagrass colony ' Great Barrier Reef

20 mm 200 mm 2 m 20m 100 m 8 km 2000 km

2 x 1072 m 2x 10" m 2x10%m 2x10'm 1x102m 8 x10°m 2x10°m

6 7 '8 9 10 11 14

Figure 1.2 Sizes of different biological objects and differences in order of magnitude (bottom row) compared with

a rhinovirus



Concept of significant figures

B ACTIVITIES

6 How many orders of magnitude larger is 5.42 x 107 compared with 4.70 x 10-3?

7 How many times smaller is a ribosome (20 nm) compared with the length
of an Escherichia coli bacterium (2 um)? How many orders of magnitude
smaller is the ribosome?

The following videos and sites explore order of magnitude:

* https://www.youtube.com/watch?v=0fKBhvDjuyO
* https://www.youtube.com/watch?v=jfSNxVgprvim
* http:/learn.genetics.utah.edu/content/cells/scale/
* https://www.cellsalive.com/howbig_js.htm

Concept of significant figures

The number of significant figures (sf) in a numerical result is an indication of

the accepted error in a measurement. The result of a calculation that involves
measured values cannot be more certain than the least certain of the data that are
used. Therefore, the result should contain the same number of significant figures
as the measurement that has the smallest number of significant figures.

The following rules should be applied to establish the number of sf in a number:

m  Zeros between digits are significant. For example, 2006 g has four significant
figures.

m  Zeros to the left of the first non-zero digit are not significant (even when there is
a decimal point in the number). For example, 0.005 g has one significant figure.

m When a number with a decimal point ends in zeros to the right of the decimal
point, these zeros are significant. For example, 2.0050 g has five significant figures.

® When a number with no decimal point ends in several zeros, these zeros might m
or might not be significant. The number of significant figures should then be
stated. For example, 30000 g (to 3 sf) means that the mass has been measured Place holder zeros can be removed

to the nearest 100, while 30000 g (to 4 st) means that the mass has been by converting numbers to scientific
measured to the nearest 10. notation. For example, 2000 may
have anywhere from one to four

When significant figures are used as an implicit way of indicating uncertainty (see sf, but by writing the number in
Chapter 10, pages 129-31), the last digit is considered uncertain. For example, a scientific notation the number of sf is
result reported as 1.23 implies a minimum uncertainty of +0.01 (or a maximum made explicit; for example, by writing
uncertainty of £0.05) and a range of 1.22 to 1.24. Figure 1.3 shows the concept of the number as 2.00 x 10 it is made

uncertainty, which is explored in more detail later in this book (page 129). clear that it has 3 sf.

i—:—;__——_—__l"- i | { ! |

30-300 rule

This rule is used to determine how
accurately to measure a variable. The

number of significant digits should be
such that there are 30 to 300 units

Figure 1.3 A magnified thermometer scale showing a temperature of
18.7 °C: the last digit is uncertain

| sl (approximately) between the largest

8 State and explain the number of significant figures in the following and smallest measurement. For
measurements: example: when measuring sardine
14.44, 9000, 3000.0, 1.046, 0.26 and 6.02 x 1023. lengths that range between 4 and

8 cm, there are only 4 cm between
the largest and smallest values. The

Examiner guidanc:e degree of accuracy that 1 cm intervals
provide is not adequate. If the sardines

For multiple calculations, compute the number of significant digits to retain
are measured to the nearest 0.1 cm

in the same order as the operations: first logarithms and exponents, then between 4.0 and 8.0 cm. there are
multiplication and division, and finally addition and subtraction. When 40 units of 0.1 cm between the | argest
parentheses are used, do the operations inside the parentheses first. and smallest values.
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B Rounding off significant figures

Sometimes it is necessary to round off, to give the correct number of significant
figures.

m A digit of 5 or larger rounds up.

m A digit smaller than 5 rounds down.

The number 350.99 rounded to:
4 sfis 351.0

3 sfis 351
2 sfis 350
1sfis 400

Notice that when rounding you only look at the one figure beyond the number of
figures to which you are rounding, that is, to round to three significant figures you
only look at the fourth figure.

Rounding depends on the number of significant figures allowed by the accuracy of
the initial measurements.

B ACTIVITY

9 Report the following numbers to three significant figures:
654.389

65.4389
654,389
56.7688
0.03542210

Measurement: area, volume,
mass, density and temperature

Area

The metre (m) is the base unit of length. Units of area are squared units of
length (m?), and so area is a two-dimensional measurement.

Surface area is an important concept in biology.
m Total skin area of adult human = 1.8 m?

m Surface area of human lungs = 80 m?

Volume

Volume is the space occupied by an object. The volume of a cube is given by

its length cubed, that is, length’, and so is a three-dimensional measurement.
This means that the base SI unit of volume is the cubic metre (m?) — that is,

the volume of a cube that is 1 m on each edge. Smaller units, such as cubic
centimetres, cm’ (sometimes written as cc, although this should be discouraged),
are often used in biology. A litre (L) is equivalent to a cubic decimetre, dm’.

As discussed above, the litre is not a standard SI unit, but is frequently used in
biology.

m 1000 millilitres (ml) = 1 litre

m Each millilitre is the same volume as a cubic centimetre: 1 ml = 1 cm?.

Common mistake

A common mistake is to simply copy
down the final answer from the
display of a calculator. This often
has far more significant figures than
the measurements justify and you
will lose marks for this under the
Analysis and Communication criteria
of your IA.



Measurement: area, volume, mass, density and temperature 11

Various devices are available to move and deliver, or measure, a volume of liquid:
m A pipette can be used to extract and deliver volumes of liquid.

1 They are used to move small volumes, typically 25 ml or less.

1 A suction bulb draws fluid into the pipette.

1 The mouth should never be used to suck fluid into a pipette.

[

Graduated markings on a graduated pipette allow precise measurement of
the volume of a liquid.

m A graduated cylinder or measuring cylinder can be used to measure volumes.

1 They are used to measure larger volumes, or when the precision of the
measurement is less critical.

1 The measurement should always be taken from the bottom of the
meniscus (the interface between the water and air — it is curved because
of surface tension and the adhesion of water to the sides of the cylinder)
— see Figure 1.4. Parallax error occurs when there is a displacement
or difference in the apparent position of an object viewed along two
different lines of sight.

1 Care should be taken to remove as much of the liquid from the cylinder as
possible, although there will always be some remaining (a limitation of this
technique).

®  Burettes can also be used to measure volumes of a liquid.
71 They are similar to a graduated cylinder but have a stopcock at the bottom.
1 They can be used to transfer liquids but are mainly used in titrations.

1 The flow of liquid is controlled using the stopcock — it can be left
completely open to allow a continuous flow or set to release one drop at
a time.

Reading too low

>
e AT P Correct
3\ When measuring the liquid in a

cylinder such as a graduated cylinder,
the meniscus should be read with
eyes level with the meniscus. Read
the volume at the lowest level.

Reading too high

Figure 1.4 Parallax error with a measuring cylinder
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i P Expert tip

,./ Parallax error must also be considered
when using a ruler (see Figure 1.5).

Figure 1.5 Parallax error when reading a metre ruler
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B Measuring small volumes

Many biochemical measurements are made on a very small scale using automated
micropipettes (Figure 1.6), many of which are air displacement piston pipettes.
They are quick and convenient, but their accuracy is dependent on how they are
adjusted and used. They come in a range of sizes, but can measure volumes on the
microlitre scale.

Plunger

Tip ejector button

Volume control knob

Volume window

Tip ejector

Disposable
pipette tip

Figure 1.6 Automated micropipette

Examiner guidance

To maximize accuracy when making dilutions, always pipette the larger
volume into your tube or flask first. Then pipette the smaller volume into the
larger volume. When adding a small volume to a larger volume, never add
the sample onto the side of the tube or flask. Put the end of the pipette tip
into and under the solution before releasing the smaller volume.

B Magnetic stirrers

Magnetic stirrers are used for the mixing of large volumes (Figure 1.7) of solutions.

Magnetic stirrers contain an electric motor that rotates a strong permanent
magnet. The spin speed of the motor can be adjusted. The glassware containing
the liquid to be mixed is placed on top of the stirrer. Some stirrers are equipped
with a heater (hot plate) to warm up the solution. A stirring bar (a strong bar
magnet with plastic coating) is dropped into the liquid.

Accurate measurement of liquids

High viscosity liquids, such as concentrated sucrose solution, are difficult to
transfer; allow time for all the liquid to transfer.

Organic solvents or hot liquids may evaporate quickly, making measurements
inaccurate; transfer these liquids quickly and cover containers with lids or parafilm.

Liquids likely to froth, for example, yeast or protein solutions, are difficult to
measure; transfer slowly.

Suspensions, for example, yeast or cell cultures, may sediment; mix well before
transferring.

Use measuring cylinders on a level surface so the scale is horizontal and parallax
error is avoided (see above); fill to below the desired mark, then add liquid or
solution slowly, for example, by pipette, to reach the desired level.

Make sure there are no air bubbles in syringes when measuring volumes. Expel
liquids slowly and touch the end of the syringe on the vessel to remove any liquid
or solution stuck to the end.

Expert tip

When measuring pure water, the Sl
system offers an easy and common
conversion from volume (litre) to
mass (gram): Tml=1cm3 = 1q.
‘Approximately equal’ (=) signs are
used because the density of water
varies with temperature — it has
maximum density of 1gcm~3 at 4°C.

Expert tip

The volume of a solid object can be
measured by water displacement.
Water Is put into a beaker, measuring
cylinder or other glassware with a
graduated measuring scale. The initial
volume of water is recorded. The
object is submerged in the water —
the volume of the contents rises. The
level of the meniscus of the water is
read and the volume recorded. The
volume of the object is calculated by
subtracting the original volume from
the final volume.

Never turn the pipette upside down
or lie it on its side with liquid in the
tip. This can result in liquid or solution
entering the barrel and/or piston,
which could contaminate subsequent
samples.

Magnetic -
stirrer

"

% ~ Hot plate

v o

Figure 1.7 A hot plate with
magnetic stirrer
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B ACTIVITY

10 Identify or correct the mistakes in the following: 5.0secs, 51.2 cms,
20.0 x 40.0cm, speed is 0.01 ms~!, weight of the beetle is 4.25g.

Mass

The kilogram (kg) is the basic unit of mass. Electronic balances are usually used to
record the mass of an object.

m Before making any measurements, clean the weighing pan.
Zero the balance, so it indicates ‘O g’ (zero grams).
Measure the mass of an object by placing it in the centre of the weighing pan.

Take care to ensure the balance is zeroed between each measurement.

Some balances have doors that need to be shut, to ensure air movement does
not affect measurements.

Density

Density is mass per unit volume (that is, mass/volume). The average density
of an object equals its total mass divided by its total volume. The SI unit for
density is kgm™.

[f solid objects sink when placed in water, they have a density greater than water

(1000 kem™ = 1gml™).

If several liquids that do not mix (that is, they are immiscible) are placed in the
same vessel, the densest one will sink to the bottom and the least dense will rise
to the top.

Temperature

Temperature is a measure of the average kinetic energy of molecules in a system.
Biologists measure temperature using a thermometer calibrated in degrees
Celsius (°C). The Celsius scale is based on water freezing at 0 °C and boiling at
100°C at 1 atm pressure. Digital thermometers are the most accurate, and safest,
way of recording temperature (Figure 1.8).

‘Heat’ and ‘temperature’ are often
used interchangeably, but they are
actually different, although closely
related, concepts. Temperature is a
measure of the average energy of
molecular motion in a substance
whereas heat is the total energy of
molecular motion in a substance.
Temperature is measured in degrees
Celsius; heat is measured in joules.

Degrees Celsius (°C) and degrees
Fahrenheit (°F) can be interconverted
using the formula:

°F = 9°C 4+ 32
c -+

Figure 1.8 A digital thermometer being used to record soil temperature



Biochemistry practical skills

Note: Before you embark on a practical biochemistry investigation, you must carry
out a full risk assessment and gain approval from your teacher (see pages 37-9).
Consult the manufacturer’s operating instructions for instruments and equipment
or published papers with protocols.

Food tests

Chemical tests can be carried out that identify biological molecules such as
starch, disaccharides and monosaccharides. Lab-made solutions of the chemical
compounds can be tested as well as samples from actual food. Reagents can be
used to test for different food groups.

m  Starch can be tested for using iodine: the polysaccharide forms a blue-black
starch—polyiodide complex.

® Monosaccharides and disaccharides can be tested for using the Benedict’s
test. Benedict’s reagent is an aqueous solution of copper(Il) sulfate (copper(Il)
ions), sodium carbonate and sodium citrate. All monosaccharides and most
disaccharides (except sucrose) will reduce copper(Il) sulfate, producing
an orange/red precipitate of copper(l) oxide on heating, so they are called
reducing sugars. The colour and density of the precipitate give an indication of
the amount of reducing sugar present, so this is a semi-quantitative test.

®m  Because sucrose does not reduce copper(Il) sulfate (copper(II) ions) on heating,
it is called a non-reducing sugar. If a non-reducing sugar is broken down into
its constituent monosaccharide sugar molecules (glucose and fructose), via
hydrolysis, then these sugars can be tested for using the Benedict’s test, giving
a positive test.

Equipment

W test tubes heatproof mat

test tube rack test tube holder

[]
® dropping pipette eye protection
[]

lab-made solutions: starch, glucose iodine solution

(or another monosaccharide) in

0.1 %, 1% and 10 % solution, and

SUcCrose

Benedict’s reagent

distilled water

® Bunsen burner (or water bath) dilute hydrochloric acid.

» tripod and gauze

Safety
®m  Ensure eye protection is worn.
m  Take care using hydrochloric acid.

®  Procedure uses hot water bath — take care when adding and removing tubes.

W Testing for starch

1 Add two drops of iodine solution to 2 cm? of test solution.
2 A blue-black colour indicates the presence of starch.

3 Starch is only slightly soluble in water but the test works well in a suspension
or as a solid.



Testing for reducing sugars
1 Add 5 cm’ of Benedict’s reagent to 5 cm’ of the solution to be tested

(0.1 % glucose, 1 % glucose, 10 % glucose and 10 % sucrose).

Food tests

2  Add 5 cm’ of Benedict’s reagent to 5 cm? of distilled water (control experiment).

Put the five test tubes in a water bath at about 95 °C for five minutes.

4 Transfer the test tubes to a rack and compare the colours. The original pale
blue colour means no reducing sugar; a green precipitate means relatively

little sugar; a brown or red precipitate means progressively more sugar is

present.

5 0.1 % glucose should show little colour change; 1.0 % glucose should show

some colour change (green/orange); and 10 % glucose should show the largest
colour change (orange/red). There should be no colour change with sucrose or

distilled water.

6 Keep the test tubes so that they can be compared with the test for non-

reducing sugars.

Testing for non-reducing sugars

1 Boil 5 cm? of the test solution with 2 cm? dilute hydrochloric acid (a source of
hydrogen ions, H*(aq)) for a few minutes: this process hydrolyzes the glycosidic

bond.

2 Slowly add small amounts of solid sodium hydrogencarbonate to the solution,
until it stops fizzing: this neutralizes the solution.

Carry out the test for reducing sugars.

4 Compare the amount of precipitate formed with the results from the reducing

sugar tests — the quantity of precipitate produced indicates the amount of
monosaccharides present (and so, indirectly, the quantity of non-reducing

sugar in the solution).

Testing food samples

In these tests, a piece of food is taken and ground with a pestle and mortar to
break up the cells and release the cell contents. Many of these compounds are

insoluble, but the tests work just as well on a fine suspension.

Equipment

test tubes

test tube rack
glass rod
dropping pipette
spatula

pestle and mortar

small beaker

Bunsen burner (or water bath)

tripod and gauze
heatproof mat
test tube holder
eye protection
iodine solution
Benedict’s reagent
distilled water

dilute hydrochloric acid

Figure 2.1 Equipment needed to test foods
for chemical compounds

15
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Safety
® Ensure eye protection is worn.
m Take care using hydrochloric acid.

®  Procedure uses hot water bath — take care when adding and removing
tubes.

Figure 2.2 Preparing a food sample to test

1 Make an extract by removing a small amount of the food sample and
then grinding it using a pestle and mortar to produce (if possible) a fine
powder.

2 Put the ground-up food sample into a test tube to a depth of about 2cm. Add a
similar amount of distilled water and stir with a glass rod. Allow to stand for a
few minutes.

3 Draw up about 2cm? of the clear liquid into a pipette. If testing for reducing
sugars, add the food solution to a test tube containing 2 cm’ of Benedict’s
solution. Carry out steps 4 and 5.

4  Put the test tube into a beaker of boiling water and leave for a few minutes so
that the mixture is thoroughly heated.

5 Remove the tube using a test tube holder. A change in colour from blue
to yellow-red indicates the presence of reducing sugar (see Figure 2.3

below).

6 If testing for non-reducing sugars, test a sample for reducing sugars,
to see if there are any present. Boil the test solution with dilute

)ll'l
y
/
)IIII
)
L/
)l.'l

hydrochloric acid for a few minutes to hydrolyze the disaccharide sugar. - — D Gy
Neutralize the solution by carefully adding small amounts of solid sodium
hydrogencarbonate until a neutral pH is achieved. Test as before for ) =

reducing sugars.

7 If testing for starch, take 2 cm’ of the food solution and add a few drops of iodine
solution — a change to blue-black colour indicates the presence of starch.

. . . p: j - N A 4 >
Ideas for investigations None Low High

The sugar content of foods such as fruit is affected by the conditions in which
it is kept, and the age of the fruit. The concentrations of reducing sugars,
under these different conditions, can be determined semi-quantitatively using
Benedict’s reagent and a range of standard glucose solutions.

Figure 2.3 Colour changes using
Benedict’s test indicate the
approximate quantity of
monosaccharides present
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Practical 3: Experimental investigation
of a factor affecting enzyme activity

The aim of these experiments is to:

m  Carry out an investigation into how one factor affects enzyme activity.
Factors can include temperature, pH or substrate concentration. Key definitions

Enzyme — usually a protein (a very

few are RNA) that functions as a

biological catalyst.

m  Make sure that accurate, quantitative measurements are taken by using
replicates to ensure reliability.

Experiment 1: The effects of temperature on Substrate —a molecule that is the

starting reactant for a biochemical

hyd roly5|s of starch by amylase reaction and that forms a complex
When starch is hydrolyzed by water in the presence of the enzyme amylase, the with the active site of a specific
product is maltose, a disaccharide. Starch gives a blue-black colour when mixed enzyme.
with iodine solution (iodine in potassium iodide solution) but maltose gives a
red colour.
Equipment
® amylase 0.1 % w  dropper
m starch 1% m stop clock
®  iodine W test tubes

m  white spotting tiles
Procedure
Carry out the experiment as shown in Figure 2.4.

1 Bring samples of the enzyme and the substrate (the starch solution) to the
temperature of the water bath before mixing them: this is called
pre-incubation.

2 Follow the progress of the hydrolysis reaction by taking samples at halt-minute
intervals. For each sample, take a drop of the mixture on the end of the glass
rod and transfer it to a white spotting tile. Test each sample with iodine
solution.

3 Initially, a strong blue-black colour is seen, confirming the presence of starch.
Later, as maltose accumulates, a red colour predominates.

4  The endpoint of the reaction is when all the starch colour has disappeared
from the test spot.

5 Using a fresh reaction mixture each time, repeat the investigation at a series of
different temperatures, for example, at 10 °C, 20 °C, 30 °C, 40 °C, 50 °C and
60 °C. Record the time taken for complete hydrolysis at each temperature and
plot the rate of hydrolysis per unit time on a graph.
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v

The sequence of colour | Red = maltose
changes observed is: {

Glass rod

-

5 cm3 amylase
solution

~ Mixed

5 ¢m?3 starch

: Water bath ——
solution

at selected
temperature

—— Water -

Al

\

i

The experiment is repeated at a range of
temperatures, such as at 10°C, 20°C, 30°C,40°C,
50°C and 60°C.

k"

A control tube of 5 cm3 of starch solution + 5 cm3
of distilled water (in place of the enzyme) should be
included and tested for the presence/absence of
starch at each temperature.

The glass rod is rinsed
before it is returned to the
reaction mixture to remove
any traces of iodine solution.

Figure 2.4 The effects of temperature on the hydrolysis of starch by amylase

Results

Examine the results of the effect of temperature on the hydrolysis of starch by the

enzyme amylase, shown in Figure 2.5 below.

Up to about 40°C the rate increases
a ten-degree rise in temperature is
accompanied by an approximate
doubling of the rate of reaction.

— || Other variables — such as the
concentration of the enzyme
and substrate solutions — were
kept constant.

High rate — /

Rate of enzyme—catalyzed reaction
(amount of substrate used up or
amount of product formed per unit
time, eg per second) in arbitrary units

Low rate

Now the enzyme-catalyzed
reaction rate decreases,
owing to the denaturation
of the enzyme and
destruction of active sites.

I [ I I I

1
Temperature at which the
r_ate was measured/°C

O 20 30 40 50 60

¥ el TR

r 1
Enzyme in = Denatured enzyme —
active state substrate molecules no

“ longer fit the active site

Actiuve Site

Figure 2.5 Temperature and the rate of an enzyme-catalyzed reaction

; Blue-black = starch

Yellow-brown = all carbohydrate is

present as
monosaccharide

lodine solution

White spotting tile

To obtain a quantity proportional to
the rate, take the reciprocal of the
reaction time.
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The results show a characteristic curve, although the optimum temperature varies
from reaction to reaction and with different enzymes.

Analysis

® As temperature is increased, molecules have increased kinetic energy, and
reactions between them go faster.

® The molecules are moving more rapidly and are more likely to collide and
react. Q,,, or temperature coefficient, is a measure of the rate of change of a
reaction when the temperature is increased by 10°C. Many enzymes have a
Qo of about 2, which means that in many chemical reactions the rate of the
reaction approximately doubles for every 10 °C rise in temperature.

m  However, in enzyme-catalyzed reactions the effect of temperature is more
complex, as proteins are denatured by heat. The rate of denaturation Key definition
increases at higher temperatures. So, as the temperature rises the amount of
active enzyme progressively decreases, and the rate is slowed. As a result of
these two effects of temperature on enzyme-catalyzed reactions, there is an
apparent optimum temperature for an enzyme. Humans have enzymes with
optima at or about normal body temperature.

Denaturation — a conformational
change in a protein that results in
a loss (usually permanent) of its
biological properties.

Worked example ‘

The following results were obtained in an investigation of the effects of pre- In studies of the effect of
incubation of starch and amylase solutions at different temperatures on the temperature on enzyme-catalyzed
subsequent hydrolysis of the starch to maltose. reactions, the enzyme and substrate

solutions are pre-incubated to a

o100 200 300 350 40.0 450 50.0 55.0 60.0 particular temperature before they
solution/°C = 0.1°C | | | | | are mixed, to avoid one solution

Time/s = 15 100 58 30 21 15 11 19 46 100 cooling the other.

If you were asked to plot a graph of these results and analyse the trend shown,
you would draw a graph like the one shown in Figure 2.6.

An investigation of the effects of the Make graph
Title at the top = pre-incubation of starch and amylase appropriately
solutions at different temperatures on the large
Each axis should

have a scale with

equa”y spaced 100 | i IIZ%IZ ?:I :: 1 :. i :: IZ:IZ?:?ZIZZIZIZ; [ ?:é:::::: :: ] EI.:Z -
mark on the axis | - | |

beside them 30 -

This is the y-axis = =

Each axis H 60 +

should be | —» <

labelled: £

what is = 40"

being |

measured/ HHHHEEH SEmmsEEmEE T FiuanEmnn
the UHItS 20 H : 11 ' Z.'Zfé ZZ%'.Z.'Z'.:'II | ZZZLZE I 'I.'C."Z'.Z.'%ZE':LZ'..' ! _ EEEEN
Use the y-axis for T e e
the dependent 0 1[ R '1”i
variable (the 0 10 20 30 40 50 60
variable being Temperature of solution/°C (x 0.1°C)
measured)

Use the x-axis for the independent | | This is the x-axis
variable (the variable altered by
the experiment)

Figure 2.6 Graph showing the relationship between temperature and the
time taken to hydrolyze starch to maltose

Expert tip

If the reciprocal of time was plotted on the y-axis an inverted U-shape would
be obtained.
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Between 10.0 and 45.0°C, the time taken to hydrolyze the starch decreased.
This is because the kinetic energy of the molecules increased, leading to
increased collisions between the enzyme and substrate (per unit time), and
more enzyme-substrate complexes formed. The graph shows that the optimum
temperature for the enzyme is 45.0°C. Between 50.0 and 60.0°C, the time
taken to hydrolyze the starch increased, as the amylase started to denature and
fewer enzyme—substrate complexes formed (per unit time).

Experiment 2: The effects of pH on enzyme activity

Changes in pH can have a dramatic effect on the rate of an enzyme-catalyzed
reaction:

Each enzyme has a range of pH in which it functions efficiently.

pH affects enzymes because the structure of a protein (and, therefore, the
shape of the active site) is maintained by various bonds within its three-
dimensional structure.

A change in pH from the optimum alters the bonding patterns, progressively
changing the shape of the molecule:

1 Acidity is due to the presence of hydrogen ions (H*), and alkalinity can be
due to the presence of hydroxide ions (OH™). H and OH™ ions are charged
and therefore interfere with the hydrogen and ionic bonds that hold an
enzyme together and determine its tertiary structure, since the ions will be
attracted or repelled by the charges created by the bonds.

1 The active site may quickly be rendered inactive and unable to bind to the
substrate.

1 Unlike temperature changes, the effects of pH on the active site are
normally reversible — provided the change in surrounding acidity or
alkalinity is not too extreme; as the pH reverts to the optimum for the
enzyme, the active site may reform.

Some of the digestive enzymes of the gut have different optimum pH values
from the majority of other enzymes. For example, those adapted to operate in
the stomach, where there is a high concentration of hydrochloric acid during
digestion, have an optimum pH which is close to pH 2.0 (Figure 2.8).

Equipment

amylase 1% (or 0.5 %)
starch 1 % (or 0.5 %)

buffer solutions covering a range of pH (for example, 2-9), each with a labelled
syringe/plastic pipette

two 5 cm? syringes (one for starch, one for amylase)

iodine solution in a dropper bottle

test tubes (one for each pH to be tested) and a test tube rack
spotting tile

teat pipette

stop clock

marker pen

Procedure

1

= W N

Place a single drop of iodine solution in each dimple of the spotting tile.
Label a test tube with the pH to be tested.
Use a syringe to place 2cm? of amylase into the test tube.

Using a different syringe, add 1 cm? of buffer solution to the test tube.

Key definition
Active site — region of enzyme

molecule where the substrate
molecule binds and catalysis occurs.
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Strucjture of protein changes when a change of pH
alters the ionic charge on —COO™ (acidic) and —-NH3™ (basic)
groups In the peptide chain, so the shape of the active site is lost

Figure 2.7 Effect of pH on enzyme shape and activity

Optimum pH of
5 Optimum pH [‘\ most enzymes
of pepsin iIn human cells
a (active in
acidic
stomach) Optimum pH of trypsin
(active in neutral/alkaline
= duodenum and small

intestine)

Rate of reaction

2 4 6 8 10

Figure 2.8 The optimum pH of different human enzymes

5 Use another syringe to add 2 cm? of starch to the amylase/buffer solution. Start
the stop clock.

6 After 10 seconds, use the plastic pipette to place one drop of the mixture into
the first dimple containing iodine. The iodine solution should turn blue-
black. Put the remaining solution back into the amylase/buffer/starch solution,
leaving the pipette empty.

7  Wait another 10 seconds, and then remove a second drop of the mixture to
add to the next dimple containing iodine.

8 Repeat until the iodine solution and the amylase/buffer/starch mixture remain
orange. (You could prepare a control drop for comparison with the test drops. What
should this contain?)

9 Count how many iodine dimples you have used up to the point at which the
iodine remained orange: each one equals 10 seconds of reaction time.

10 Plot a graph of your results.
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Analysis
m  What is the optimum pH for the amylase? How do you know?
m  What happened at pH values above and below this optimum?

m  Use your knowledge of enzyme theory to fully explain your results.

Experiment 3: The effect of catalase concentration
on the breakdown of hydrogen peroxide

The effect of different concentrations of substrate on the rate of an enzyme-
catalyzed reaction can be shown using an enzyme called catalase. This enzyme
catalyzes the breakdown of hydrogen peroxide:

2H,0,(aq) — 2H,0(1) + O,(g)

The function of catalase is to protect the biochemical machinery of cells. Hydrogen
peroxide is a common by-product of reactions of metabolism: it is a very powerful
oxidizing agent and therefore potentially a very toxic substance within cells.
Catalase inactivates hydrogen peroxide as it forms, before damage can occur.

The effect of substrate concentration on enzyme activity can be measured in one
of two ways:

1 Measure the amount of substrate that has been converted from a reaction
mixture in a specific amount of time.

2 Measure the amount of product that has accumulated in a unit of time.

The reaction between catalase and hydrogen peroxide produces oxygen, so in this
experiment it is convenient to measure the rate at which oxygen accumulates. The
volume of oxygen that has accumulated at 30-second intervals can be recorded as
shown in Figure 2.9. The concentration of hydrogen peroxide used is 3 %, which is
equivalent to 0.88 mol dm™ by mass.

The graph in Figure 2.9 shows the following:

m  Over a period of time, the initial rate of reaction is not maintained but falls off
quite sharply. This is typical of enzyme actions studied outside their location
in the cell.

®  The decrease can be due to a number of reasons but most commonly it is because
the concentration of the substrate in the reaction mixture has decreased.

Because the rate of reaction decreases, the initial rate of reaction is measured in
such experiments: this is the slope of the tangent to the curve in the initial stage
of the reaction.

Equipment

® measuring cylinder

W test tubes

delivery tube

hydrogen peroxide (3 % is the most widely available)

catalase (if pure enzyme is not available, use a potato cut into small cubes)

glass trough (to submerge the inverted measuring cylinder in — see Figure 2.9)

stop clock
Safety

Hydrogen peroxide is a toxic substance (although in this experiment it is heavily

diluted):
W it is a strong oxidizing agent
W contact with other material may cause a fire

W eye contact may result in permanent eye damage



corrosive

Procedure
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causes eye and skin irritation and possible burns

may cause severe respiratory tract irritation with possible burns

may cause severe digestive tract irritation with possible burns.

To investigate the effects of substrate concentration on the rate of an enzyme-
catalyzed reaction, the experiment shown in Figure 2.9 is repeated at different
concentrations of substrate, and the initial rate of reaction is plotted in each case.
Other variables such as temperature and enzyme concentration are kept constant.

The test tube is tipped up to mix the enzyme solution with the substrate.

Catalase
solution

3% hydrogen
peroxide
solution

(10 volume)

Delivery tube

Stop
clock

30

il

-,

The rate of an enzyme reaction is greatest at the start, the initial rate.

30 —

Volume of oxygen
produced/cm?3

-
|

un

From the

Initial rate

Instantaneous rate

Results
plotted

~

graph [ | |

I I
0 180
Time/s

| ]
240 300

The initial rate of reaction, ie the volume of
o oxygen produced per second (cm3s-1), can be calculated.

Figure 2.9 Measuring the rate of reaction using catalase

Oxygen produced, collected
by downward displacement
of water in an inverted
measuring cylinder

Recorded
\
Total volume of
oxygen gas
Time/s | collected/cm3
(£1s) | (£0.5cm3)
30 6.0
60 12.0
90 16.0
120 19.0
150 22.0
180 23.0
210 24.0
240 25.0
270 255
300 26.0

1 Prepare six concentrations of hydrogen peroxide as indicated in Figure 2.10.

1.5cm?

; "“ 1.5cm®  1.5cm®  1.5cm®  1.5cm?® 1.5cm’

II “ x“x ff-#--_ﬁ...&x‘x f____..-’"'__q'“'nh f’ﬁ-—-_-m..\‘x fa""'fd- __ﬂ..'"‘x Illa""f.----hh‘x

I \Ef *Lf ‘*_‘f \\_,.-f \_II HH‘
Gy G O G e Sk
4 N 4 AL 4 W W

3 ] 150% 075% 038% 0.19% 0.10%
3% hydrogen peroxide A ! ! 4

serial dilution

1.5 cm? distilled water
Figure 2.10 Preparing different concentrations of hydrogen peroxide using
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2 Add hydrogen peroxide to the apparatus shown in Figure 2.9 (start with either
the highest or lowest concentration).

3 Mix the catalase with the hydrogen peroxide and measure the volume of
oxygen produced in a fixed amount of time.

4 Record the results and repeat the experiment with fresh glassware, using the
next hydrogen peroxide concentration.

5 Ensure that you repeat five times for each substrate concentration.
Experimental method

Accurate measurements are needed in scientific experiments. Accuracy relates
to how close your results are to the true value. Accuracy can be improved by
carefully measuring time and volume in this experiment and averaging precise
volumes. Limitations in your equipment and method will reduce the accuracy
of the results. For example, solutions of hydrogen peroxide must be carefully
prepared — if too much or too little water is mixed with the hydrogen peroxide
then the concentration will be incorrect. Using a burette, rather than a pipette,
to transfer the distilled water into the substrate solution will improve accuracy,
because the water molecules will not stick to the sides of a burette as they might
In a pipette.

Record your results in a table. The example below shows you how to arrange
your table:

Volume of oxygen produced per unit time/cm3 (x 0.5 cm?3)

Hydrogen peroxide
concentration (%) Repeat 1 Repeat 2 Repeat 3 Repeat 4 Repeat 5 Mean

0.10
0.19
0.38

0.75
1.50

3.00

Table 2.1 A table to use when recording results of an experiment
investigating the effects of hydrogen peroxide concentration on volume
of oxygen produced per unit time

Calculate the rate of reaction for each substrate concentration using the technique
shown in Figure 2.9. Plot a graph of your results (see Figure 2.11).

Analysis

When the initial rates of reaction are plotted against the substrate concentration,
the hyperbolic curve shows two phases:

At lower concentrations, the rate increases in direct proportion to the
substrate concentration.

® At higher substrate concentrations, the increase in the rate of reaction slowly
decreases until it shows virtually no increase.

® An increasing substrate concentration causes a diminishing increase in the
rate of reaction.
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Figure 2.11 The effect of substrate concentration

Catalase works by forming a short-lived enzyme—substrate complex. At low
concentration of substrate, all molecules can quickly diffuse and find an active
site. Effectively, there is an excess of enzyme present. Here the rate of reaction
is set by how much substrate is present — as more substrate is made available,
the rate of reaction increases.

At higher substrate concentrations, there comes a point when there is more
substrate than enzyme. Now, in effect, substrate molecules have to wait for access
to an active site. Adding more substrate merely increases the number of molecules
awaiting contact with an enzyme molecule, so there is no increase in the rate of
reaction (Figure 2.11). This is known as saturation kinetics.

B ACTIVITIES

1 Explain why the shape of globular proteins that are enzymes is important in
enzyme action.

2 When there is an excess of substrate present in an enzyme-catalyzed
reaction, explain the effect on the rate of reaction of increasing the
concentration of: (a) the substrate; (b) the enzyme.

3 Sketch graphs to show the expected effects of temperature, pH and
substrate concentration on the activity of enzymes. Explain the patterns or
trends apparent in these graphs.

Describe and explain the process of denaturation.

5 Find out about the use of ‘volume strength” as a measure of the
concentration of hydrogen peroxide.

6 0.50 cm? of blood is pipetted into 1.00 cm?3 of solution X. 0.025 cm? of a
sample of solution X is pipetted into 1.00 cm3 of solution Y. Calculate the
total dilution factor for this assay.

Examiner guidance

A biochemical assay is a procedure for assessing or measuring the presence,
amount or activity of a biochemical substance.

7 A control allows confirmation that no unknown or unidentified variable is
responsible for any of the observed changes in the dependent variable. The use
of a control ensures the experiment is a ‘fair test’. Outline how a control could be
used in an investigation of soybean digestion by the action of the enzyme papain.
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Investigation into the effect of
temperature on the breakdown of
hydrogen peroxide

As we have already seen in the previous section, hydrogen peroxide (H,0,) is a
toxic metabolic by-product that can cause damage to cells. The enzyme catalase
is one of the most efficient enzymes known and catalyzes the breakdown of
hydrogen peroxide into water and oxygen (page 22).

Potato cells can be used as a source of catalase enzyme. An easy way to vary the
temperature at which the reaction takes place is to take equal-sized potato cubes
and incubate them in thermostatically controlled water baths with hydrogen
peroxide solution at different temperatures.

Equipment

®m thermostatically controlled water baths at 20 °C, 30 °C, 40 °C, 50 °C, 60 °C
and 70 °C

pre-cut potato chips (rectangular prisms) with cross-sectional area 10 mm % 10 mm
hydrogen peroxide stock solution (1.8 mol dm™/3 % concentration)

boiling tube with delivery tube

measuring cylinders for collecting oxygen gas

stop clock

forceps

large beakers
Safety

m Take care cutting the chips (using either a chip-maker or knife). Cut away from
the body onto a white tile or other cutting surface.

®m  Hydrogen peroxide is a toxic substance:

it is a strong oxidizing agent

contact with other material may cause a fire

eye contact may result in permanent eye damage
causes eye and skin irritation and possible burns

corrosive

00 O O 0O 0O 0O

may cause severe respiratory tract irritation with possible burns
1 may cause severe digestive tract irritation with possible burns.
Procedure

Set up the equipment as shown in Figure 2.12. In order to fill the measuring cylinder,
fill it most of the way to the top with water. Place a finger over the top, invert the
cylinder and place the open end under the water in the beaker. Remove your finger.

1 Add hydrogen peroxide to the reaction tube in a water bath and leave until
the solution reaches the desired temperature (check this using a digital
thermometer).

2 Add to the reaction tube a potato sample that has been pre-warmed
(‘incubated’) to the same temperature as the hydrogen peroxide solution.

3 Record the starting level on the measuring cylinder.
4 Insert the bung into the reaction tube, ensuring you have a tight seal.

5 After 30 seconds place the end of the delivery tube under the inverted
measuring cylinder. You will see bubbles of oxygen rising from the delivery tube.

6 Measure the volume of oxygen produced over a suitable time interval.
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Figure 2.12 Experiment investigating the effect of temperature on the
breakdown of hydrogen peroxide by catalase from a potato chip

Experimental method

Accurate measurements are needed in scientific experiments. Accuracy relates
to how close your results are to the true value and whether they are within

the limits of experimental error. Limitations in your equipment and method
will reduce the accuracy of the results. For example, in this experiment the

size and surface area of the chips will affect the rate of reaction — care must be
taken to cut the chips to the same size. Another limitation that could affect
the accuracy of the experiment is possible variation in catalase composition

in different chips — the concentration of catalase cannot be assumed to be
homogeneous in all potatoes. Systematic errors (see page 129) may also affect
the results. For example, hydrogen peroxide decomposes spontaneously with
time and is unstable with respect to decomposition. This could lead to different
concentrations of the substrate being present in the experiment at different
temperatures, rather than the assumed constant initial concentration (3 %
solution/1.8 mol dm™). The precision of the experiment will depend on the
smallest division marked on the graduated cylinder. An automated micropipette
could be used (see page 12).

Results

Record your results in a table such as the one shown in Table 2.2.

Volume of oxygen produced in 1 minute/cm?3 (x 0.5 cm3)

Temperature/°C (x 0.1°C) Repeat 1 Repeat 2 Repeat 3 'Repeat 4 Repeat 5 Mean
20.0 |

30.0
40.0
50.0

60.0
/0.0

Table 2.2 Example results table for an experiment investigating the effect of
temperature on the decomposition of hydrogen peroxide

In an investigation, you should plot the variable you measured. You measured the
volume of oxygen released in a set period of time, not the rate of reaction. You
could calculate the rate of reaction using the method outlined on pages 22-3.
When you manipulate data you should make it clear how you did this, and in a
graph plotted from this manipulated data, you must make it clear that you have
plotted processed data.
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Analysis
In your analysis you need to discuss the following points:

m  Why did the volume of oxygen increase as the temperature increased? (Hint:
talk about the kinetic energy of the colliding enyyme and substrate molecules, and
the number of successful collisions per unit time.)

m  What was the optimum temperature of the enzyme? How do you know!? Why
did the volume of oxygen decrease above a certain temperature? (Hint: write
about what happens when an enyyme denatures.)

B ACTIVITY

8 In studies of the effect of temperature on enzyme-catalyzed reactions,
suggest why the enzyme and substrate solutions are pre-incubated to a
particular temperature before they are mixed.

Ideas for investigations

Enzymes provide many opportunities for carrying out biological investigations.

e Pectin is a substance that helps bind plant cells together. Pectinase breaks
down pectin as the fruit ripens, causing it to soften. Pectinase can be bought
for Jam making. Investigations could explore the effect of pectinase on the
fruit ripening process, or in juice extraction.

e Pineapples contain a protease enzyme, bromelain. This enzyme increases
In concentration as the fruit ripens. An investigation could test pineapples
of different ages for different concentrations of bromelain. Gelatin, which
contains protein, could be used to test bromelain concentrations.

e Ascorbic acid oxidase is an enzyme released from fruits when their tissue is
damaged. The enzyme is activated when exposed to air and causes tissues
to lose vitamin C (ascorbic acid). Fruit juice is boiled soon after extraction
to denature this enzyme and ensure vitamin C content is retained. An
investigation could explore whether all fruits react in the same way, and how
effective the process is.

Practical 4: Separation of
photosynthetic pigments by
chromatograph

Aims

To separate and identify the photosynthetic pigments present in at least three
different plants.

To compare the photosynthetic pigments present in these plants.
Background information

Leaves contain many chemical compounds, such as pigments used in
photosynthesis. For example, what is commonly (and inaccurately) known
as ‘chlorophyll’ is actually a combination of five different pigments (or families
of pigment): beta-carotene, chlorophyll a, chlorophyll b, pheophytins and
xanthophylls.

Chromatography is used to separate pure substances from a mixture, such as a cell
extract. This technique can be used to separate the photosynthetic pigments of a
leaf so that they can be identified. Chromatography is based on different
substances having different solubilities in different solvents. Solvents are usually
mixtures of water with organic liquids such as ethanol or propanone. Extracts of
plant material are dissolved in a solvent, which is then used to separate the
different pigments through a medium such as filter paper. The relative distances
travelled by different pigments depend on the type of solvent used. The simplest
and most common form of chromatography uses filter paper, although other more
sophisticated techniques are also used.

There are several different
chromatography techniques

that can be used to separate
photosynthetic pigments. These
include paper chromatography and
thin layer chromatography. The
procedure in this section covers
paper chromatography, which is
straightforward to carry out in a
school or college laboratory. Other
techniques are outlined in Figure 2.16
and at the end of the section.
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Safety
m  Follow the safety labels on each of the solutions or liquids.

®  Solvent/propanone are both highly flammable and so must be handled
with care.

Do not light any matches near the solvents or use a Bunsen burner in the
vicinity of the experiment.

m Keep in a sealed bottle when not in use and ensure that the room is well-
ventilated.

®  The solvent can cause severe eye damage, so eye protection must be worn.
®  Propanone should be disposed of carefully and not washed down the sink.

m  Centrifuge tubes must be balanced prior to centrifugation when using a
centrifuge rotor that is symmetrical.

Procedure
1 Cut a strip of chromatography paper so that it fits into a gas jar.
2 Rule a pencil line across the strip of paper 30 mm from one end.

3 Pour some solvent into the gas jar and seal it, so the atmosphere is saturated
with solvent vapour.

4  Using a mortar and pestle, grind up fresh leaves (for example, spinach) in
propanone, producing as concentrated a pigment solution as possible
(Figure 2.13). Filter the solution.

Whereas beta-carotene is an
individual pigment, the xanthophylls
include several different pigments,
such as lutein, as do the pheophytins.
The xanthophylls are oxidized versions
of carotenes, and pheophytins are
similar to chlorophyll but with the
magnesium ion replaced by two
hydrogen ions.

3 About 20 cm3 of propanone

1 Fresh leaves dipped into boiling water
to kill cells, making cell membranes
fully permeable B
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Fresh green
leaves

4 Solution decanted into two centrifuge tubes and
contents adjusted to balance quantities
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2 Leaves finely cut and placed in
a mortar, then ground up with
a small quantity of washed

and dried sand (as abrasive)
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5 Tubes centrifuged to
remove suspended organic
matter (wall fragments,
starch grains, etc.)

(acetone) added as solvent,
and the contents ground again
to produce a concentrated
chlorophyll extract

Measuring cylinder

6 Extracted pigment solution combined
and stored in a cold, dark environment;
chlorophylls are unstable molecules
once removed from the chloroplast
(chlorophyll solution bleaches in
direct sunlight)

Aluminium
foll

Chlorophyll
solution

Green plants suitable to use for chlorophyll extraction

e spinach e green grass
Figure 2.13 Steps in the extraction of plant pigments e bougainvillea e in Asia, the leafy vegetables kai lan or kang kong
* hibiscus

5 Using a very thin capillary tube or the head of a pin, place a drop of the
pigment solution at the centre of the pencil line. This is the origin of the
chromatogram.

6 Allow the pigment spots to dry (a fan can be used to speed up the process).

29
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7 Place a second drop on the first. Repeat as many as 20 times so that you build
up a small but concentrated spot of pigment.

8 Repeat steps 4 to 7 for any other plant samples. Label the spots with pencil
(ink will dissolve in the solvent).

9 Using a ruler to measure distance, pour solvent into the gas jar to a depth of - Chromatography
approximately 15 to 20 mm. Place a lid over the gas jar so that the atmosphere A Paper
inside remains saturated with vapour. — Gas Jar
Direction
10 Place the bottom edge of the chromatography paper into the solvent so of movement
that it is just touching. Make sure the pigment spots are not immersed: the of solvent front |
chromatography sheet should be placed so that the origin is just above the / Spot of pigment

level of solvent (see Figure 2.14). Leave for several hours.

- Solvent
11 The solvent front will rise up the paper by Capillary action and separate the Figure 2.14 Creating a chromatogram
pigments. Any solutes dissolved in the solvent will be partitioned between the
organic solvent (the moving phase) and the water, which is held by the surface
of the paper (the stationary phase). The more soluble a solute is in the solvent,
the further up the paper it will move.

12 When the solvent is close to the top of the paper, remove the strip and rule a
pencil line to mark the distance travelled by the solvent. m
13 The chromatogram might need to be developed to make the spots visible (for A suitable running solvent = petroleum

example, amino acids stain blueish-purple with ninhydrin). e}h;rr propanone in proportions
O .

14 Dry the paper.

15 Identity the pigments by their colours and their R; values (see instructions below).

Sometimes chromatography using a single solvent does not separate all the m

constituents of a mixture. Two-dimensional chromatography can be used in Prepare several chromatograms to
these instances: the chromatography paper is turned through 90 degrees and ensure the reliability of your result.
run a second time using a different solvent. Solutes that were not separated by Take a photograph of the final results

because the colours of the pigments

the first solvent should separate in the second because, once again, they have .
fade quickly.

different solubilities.
Calculating R values

An R, value is characteristic of a particular solute in a particular solvent at a
particular temperature. It can be used to identify components of a mixture by
comparing it with tables of known R, values (see Table 2.3).

Expert tip

The retention factor (R, value) is the ratio between the distance travelled by a
solute and the distance travelled by the solvent. The ratio is independent of the
length of a chromatogram and the distance travelled by the solvent front, and is
therefore an accurate way of identifying substances.

79.0mm (solvent front)

The R, value is calculated from the ratio of the distance from the origin to the

centre of each spot divided by the distance travelled by the solvent front:

. . L /1] 35.4mm (distance moved by pigment)
distance pigment travels

f distance the solvent front travels

For example, in Figure 2.15 the R; value would be 354 mm + 79.0 mm = 0.45 .

This indicates that the pigment is chlorophyll b (see Table 2.3). \/

If the solvent front is not a straight line (as in Figure 2.15), calculate the average Figure 2.15 Calculating the R, value
distance travelled. for a pigment

Expert tip

R, values, like other ratios, do not have units and are expressed as a single
number. R, values vary between 0 and 1. A substance that is insoluble in the
solvent has an R, = 0 and will not move at all. A substance that is completely
soluble has an R, = 1 and will move the same distance as the solvent. R, values
will vary according to the solvent, or mixture of solvents, used.
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®m  Examine your results and draw valid conclusions. Compare your results with
values in the published literature (Table 2.3).

» Evaluate the procedure used and suggest improvements to the method.

R;value
Name Colour (2:1 petroleum ether + propanone)
Beta-carotene  Yellow 0.95
Pheophytin | Yellow-grey 0.83
Xanthophyll Yellow-brown 0.71
Chlorophyll @  Blue-green 0.65
Chlorophyll b Green 0.45

Table 2.3 R, values for different pigments

Figure 2.16 shows a summary of the technique to measure Ry values using paper
chromatography.

Paper chromatography

| Drop of pigment solution Chromatography Bung

. | | 'loaded’ then dried Paper In process
Capillary | |
tube '| (Process repeated
| | several times) ! ———— = Chromatogram
". o~ T, ) fitted into
'1 r w — slot in bung
i ! Chromatography—}-
Chlorophyll - P > tank (saturated
spot e y \ with solvent
L1 dB Chromatogram vapour)
Sy 4 > — Solvent front,
~F - " at point when
Chlo_rophyll [ - Glass rods N chromatography
solution ~0— . funwas stopped
.|  Carotene
~ D Loading spot =9, )
< - Xanthophy = A
N 3 Chromatography “‘“lﬁa—f
A\ | ™ Chlorophyll a - solvent v
blue-green
"\ Chlorophyll b -
green
A Origin (point where pigment mixture was

loaded and dried before separation)

Figure 2.16 Preparing and running a chromatogram

Other chromatography techniques

Technique

| Comment

Paper chromatography

Thin layer chromatography |

(TLC)

High-performance liquid
chromatography (HPLC)

Electrophoresis

| Simplest technique, but does not always give very clean separation: it has lower sensitivity than TLC (see

below) and therefore larger amounts of solute are needed.

Uses a thin layer of cellulose, alumina or silica coated onto a plastic or glass sheet. More expensive, but more rapid
and gives much better and more reliable separation (better resolution). There is less diffusion and more well-defined

spots are formed.

Uses a technique called column chromatography, where a pump moves pressurized liquid solvent containing the
- sample mixture through a column filled with a solid adsorbent material. Delivers excellent separation very quickly.

Uses an electric current to separate molecules on the basis of charge. It can also be used to separate on the
basis of molecular size. It is used in DNA sequencing.

Table 2.4 Different chromatography techniques
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You will have heard the term ‘absorbent’ but might not be aware of the word
‘adsorbent’. Adsorption and absorption are different physical and chemical
processes. Absorption refers to the process by which a material soaks up an
amount of liquid or gas into It, whereas adsorption is a process by which a liquid
or gas accumulates on the surface of a solid material. Absorbent is a property
related to volume and adsorbent to the surface material.

Further biochemistry
techniques and practices

This section includes commonly used techniques and practices, not included in
experiments covered so far.

W Centrifuges

Cells can readily be obtained from liquid cultures, and precipitated proteins in a
solution can be separated into fractions by spinning the sample in a centrifuge
(Figure 2.17). The fractions are referred to as the ‘supernatant’ (the solution) and
the ‘pellet’ (the particles collected at the bottom of the centrifuge tube, pressed
together into a small mass). The rotation generated by the electric motor of the
centrifuge is transmitted to the rotor with the samples inside centrifuge tubes.

Examiner guidance

The filled rotor must be counterbalanced: tubes with equal masses must be
placed into opposite holes of the rotor. If the masses of the sample tubes are
different, prepare counterbalances by filling tubes with water.

% Homogenization

In this process, the cells are broken up completely so that a homogeneous mixture
is obtained which can be oxygenated. The suspension medium can also be
changed. The mincing of the material is done using either a homogenizer or a
blender (Figure 2.18) which consists of a glass vessel fitted with rotating knives.

W Storage of biological samples

Processing or purifying biological samples often takes time and manual work.

[t is often necessary to store the samples during an investigation. Ideally, the
composition, biochemical and physical properties and the biological activity of
the sample remain unchanged over time. It is very important to optimize storage
conditions and minimize the time of storage.

A range of reactions, often under enzyme control, can occur in any biological
sample at different rates, changing and/or degrading important chemicals. Some
reactions require air, for example, oxygen reacts with sulthydryl groups (-SH) of
proteins. It is easy to protect the samples using an airtight cap. Further protection
can be achieved by mixing additives directly into the sample. The rate of chemical
reactions can also be decreased by lowering the temperature using a fridge.

W Ultra-violet visible spectroscopy

Ultra-violet visible spectroscopy uses an instrument that measures the intensity
of electromagnetic radiation which passes through an absorbing coloured aqueous
solution. There is a linear relationship between the absorbance of a coloured
solution and the concentration of the coloured substance (provided it is present
at low concentration). Figure 2.19 shows the principle of a colorimeter. It can
produce a beam of light of a given wavelength (using filters) and direct it at a
sample in solution in a cuvette.

Paper chromatography can be used
to separate photosynthetic pigments
but thin layer chromatography

gives better results because a thin
adsorbent layer (for example, silica
gel) runs faster and so has better
separation.

Armoured casing

\

Hg Supernatant
)
Pellet

Rapidly
rotating rotor

Figure 2.17 A centrifuge

Figure 2.18 A blender
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Coloured filter \

/ Cuvette / Light detector
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Digital display
for absorbance

Solution absorbs light  Transmitted light

Figure 2.19 A colorimeter, showing the pathway of visible light (a blue or
green filter is used with a red solution)

A spectrophotometer (ultra-violet radiation or visible light) or colorimeter (visible
light) is an instrument for measuring the absorbance of a solution. Absorbance

is (in a simple sense) a measure of the light absorbed by the sample that does not
reach the detector.

Examiner guidance

Absorbance values greater than 2 are unreliable, because too little light is
reaching the detector to allow for accurate measurements. When measuring
absorbance, note the values; if the reading is greater than 2, dilute the
sample by a factor of two, and repeat the measurement.

B ACTIVITY

9 Colorimeters can be used to determine the approximate concentration of
a highly coloured substance in solution. Find out how colorimeters can be
used to estimate the concentration of food substances using the food tests
(for example, iodine and Benedict's) outlined on pages 14-16.

W Buffers

Proteins, and especially enzymes, are generally sensitive to changes in the
concentrations of hydrogen ions and hydroxide ions. A buffer is a solution that is
used to control the pH of a process occurring in an experimental aqueous medium.

Since most biochemical reactions occur in the aqueous medium of the cell, and
since many reactions involve proton (H") transfers (acid—base reactions), pH is a
very important variable in an enzyme-catalyzed reaction and must be controlled if
pH is not an independent variable.

W Gel electrophoresis

Electrophoretic separation occurs because of two principles: smaller fragments of
DNA are less impeded by the gel matrix and so will move faster through the gel,
the movement of fragments is possible because DNA is negatively charged due to
the presence of a phosphate ion (PO,) on each nucleotide.

Gel electrophoresis (see Figure 2.20) is a technique used for separating
fragments of DNA or proteins. The technique depends on the movement of
charged molecules in an electric field. The polyacrylamide gel is used as the
support medium and is contained in a tank. The relative rate of movement (for
molecules of similar size) depends on the relative size of the DNA or protein
molecule, with the smallest moving the furthest in a given time.

Always use a clean cuvette that has
no scratches on it. Insert cuvettes
correctly as they often have only two
transparent sides for the light (or UV)
to pass through.

When performing experiments with
proteins, do not dilute the protein
with water, unless denaturation of
the protein is not an issue. When
denaturation is likely, such as when
performing dilutions for enzyme
assays, perform the dilution using a
suitable buffer to prevent unwanted
changes in the shape of the protein in
solution.

Key definition

Gel electrophoresis — a process
that uses an electric field to
separate proteins or fragments of

DNA according to size.

33



34 2 Biochemistry practical skills

Electrophoresis in progress

Electrode (carbon
I fibre) — negative
4 --__E_%_"‘“--—-

Power supply (battery —
maximum voltage 45 volts)

Larger fragments___

Gel (of agarose or__
polyacrylamide) T

Smaller fragments__
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DNA electrophoretogram
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Figure 2.20 Gel electrophoresis

For protein separations, a buffer is employed,
detergent, for example, SDS (sodium dodecyl

revealed following staining (see Figure 2.21). For example, Coomassie Blue R-250,
is commonly used to detect proteins. The proteins within an SDS polyacrylamide

______?£th

]

Wells (DNA samples are loaded
here after treatment with
restriction enzyme)
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— |
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Positive
electrode
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Subsequently:

DNA separates into bands of different
sized fragments while the potential
difference is maintained (time depends on
voltage supplied) — the DNA fragments in
the gel are made visible, typically by the
addition of a specific dye which penetrates
and colours the bands of DNA fragments

often coupled with a powerful
sulfate). A pattern of bands is

gel are denatured; the molecular mass determined will be that of the individual

monomers of multimeric proteins.
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Figure 2.21 The results of an investigation into variation in liver enzymes in

the house mouse, Mus musculus

For DNA separations, it is common to include in the buffer a denaturing agent
(for example, urea) to keep the DNA in single-stranded form. The patterns of

bands are compared with each other, or with known samples of proteins or DNA

fragments.

The pattern should be recorded by
drawing or photography since the
stains used fade with time.



W Purification

m Dialysis

Dialysis involves placing the protein solution in a semi-permeable membrane
within a large container of buffer. Small particles (such as sodium and chloride
ions) pass through the dialysis membrane (moving down a concentration
eradient), while large molecules, such as soluble proteins, are unable to cross the
membrane.

B Chromatography

Most purification methods involve chromatography and involve a column of an
insoluble material that can bind molecules based on specific properties common
to proteins. The solution containing the mixture of proteins or coloured pigments
is then allowed to pass through the column; the protein being studied may bind,
while the impurities remain in solution and leave the column. The procedure is
completed by eluting (removing) the proteins or pigments bound to the column.

The Bradford spectrophotometric assay

The Bradford spectrophotometric assay is used to measure protein concentration
in solution. It is an indirect measurement of protein concentration, since it does
not measure the light absorbed directly by the protein molecules in solution. The
assay measures the light absorbed by a specific blue dye (Coomassie Blue R-250)
that absorbs more of certain wavelengths of light (and less of others) when bound
to proteins than when it is not.

Examiner guidance

A biochemical assay is a procedure for assessing or measuring the presence,
amount or activity of a biochemical substance.

The increase in absorbance resulting from the interaction of the dye with
protein is monitored using a spectrophotometer or colorimeter. To calibrate the
absorbance to protein concentration, a series of protein standards are assayed and
a plot of absorbance versus protein concentration (standard or calibration line)

is generated. This graph is used to determine the concentration of proteins in
experimental samples based upon the absorbance of those samples.

Expert tip

Some cuvettes are designed for visible light only. When the colorimeter is set for
ultra-violet wavelengths (wavelengths of 340 nm or less) make sure that your
cuvette does not have a large absorbance when it contains only water.

Concentration and dilution

2 Units of concentration

The most common descriptions of concentration in biochemistry are molarity and
percent-of-solute.

Molarity is defined as the amount (in mol) of solute per cubic decimetre (litre) of
solution (denoted M). It is a widely used unit of concentration since the mole is
directly related to the number of particles (usually ions or molecules).

Worked example

Calculate the mass of glucose (C.H,,0,) needed to make 50 cm?3 of a 5.0 mM
solution.

180.18 g mol~! x 0.05 dm? x 0.005 mol dm—3 =0.045 g

The Bradford spectrophotometric assay 35

The speed of dialysis can be increased
not only by stirring the outside
solution but also by increasing

the surface area/volume ratio of

the inside solution, as the rate of
diffusion is proportional to the cross-
section.

Ultra-violet/visible (UV/Vis)
spectroscopy Is an important
technique for assaying, directly or
Indirectly, the concentration and
concentration changes of various
biomolecules. Using enzymes as an
example, the concentration changes
of substrate or product molecules in
the presence of the enzyme provide
important raw data about the activity
of the enzyme.

Expert tip

Absorbance (A) is defined by the
relationship: A = log,,(/,//). This

IS usually shown as A,, where x =
the wavelength of the radiation

In nanometres; /, is the intensity

of the incident radiation onto the
sample and /is the intensity of the
transmitted radiation. In addition:
A = glc, where: € = a constant for
the absorbing substance (molar
absorption coefficient, mol dm=3
cm), | = the length of the light path
through the absorbing solution
(typically 1 cm) and ¢ = concentration
of absorbing solution in mol dm=3.
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Molarity or molar concentration usually describes solutions of accurate
concentration, where the molecular mass (molar mass) of the solute is known.
Pure dry solids are weighed on an electronic analytical balance, and volumes are
measured in volumetric flasks. In biochemistry, most concentrations are in the
millimolar (mM), micromolar (uUM) or nanomolar (nM) range.

Percent-of-solute is frequently used for liquids and solids of undetermined or

variable molecular mass: volume per volume (most common) (v/v), weight per m

volume (w/v), and weight per weight (w/w) (where weight refers to mass). Sometimes these concentrations are

A 6% (v/v) solution contains 6 cm’ solute in 100 cm? total solution. A 6 % (w/v) not expressed as percentages, but
solution contains 6 g solute per 100 cm’ total solution. A 6% (w/w) solution rather simply 335 the number of mg
contains 6 g solute per 100 g total solution. (or pg) per cm? of solution.

Worked example ‘

Calculate the concentration in % (w/w) for a 1.00 M solution of sodium
chloride, NaCl (aq).

1mol 58.44g 5.844g 5.8449

= - = = 5.8% (W/w
1dm3 1dm3  100cm®  100g 0 W)

Concentration =

= Dilutions

B Making volumes of specific concentrations

Many solutions used in biochemistry are prepared by the dilution of a more
concentrated stock solution. A simple equation allows the dilution to be
calculated readily:

c;XV,=¢,xV,

where ¢, is the concentration of the initial solution; V| is the volume of the initial
solution available to be used for dilution (this may not be the total volume of the
initial solution, and instead may be a small fraction of the initial solution), c, is
the required final concentration and V; is the required final volume.

Worked example

You have a stock protein solution of 1000 pg cm=3 and you need 200 pl of
20 pg cm=3 protein solution. Deduce how the solution can be prepared.

C
V.=V, x 2
1 2 c1 o |
4 Ul = 200 pul x =2 HI M
1000 pg cm—3

Hence you need to dilute 4 pl of the stock solution to a final volume of 200 pl
(that is, by adding 196 pl of distilled water).

If you wanted to make a solution of 1 yg cm=3, the same equation would
indicate that you need 0.2 pl of the 1000 pg cm—3 protein stock solution
for 200 pl of the final diluted sample, but 0.2 pl is very difficult to measure
accurately.

You can change the final volume (that is, if V, is larger, then V, must also
iIncrease), or carry out serial dilutions (that is, instead of diluting the stock
solution by a factor of 1000 in one step, dilute the stock solution, and then
make a further dilution of the diluted stock).

B ACTIVITY

10 From a stock solution of 100 mM ATP, calculate how much of this solution is
added to distilled water to get 100 cm? of 15 mM ATP solution.



B Simple dilution

A simple dilution is one in which a particular volume of a liquid or solution is
mixed with a calculated volume of a solvent to form the required concentration.
The dilution factor is the total number of unit volumes (cm>, dm3 and so on) in
which your liquid or solution will be dissolved.

For example: a 1:10 dilution of glucose stock solution involves combining 1 unit
volume (for example, 1 cm?) of diluent (the liquid or solution to be diluted) with

9 unit volumes (eg 9 cm?) of water. Hence, the dilution factor is 10, that is (1 + 9),
and the glucose solution is now one tenth as concentrated or X 10 more dilute as it
was before.

B ACTIVITY

11 A 1:4 dilution of 50 mM Tris base is carried out. Calculate the final molar
concentration in mol dm=3.

B Serial dilution

A serial dilution (Figure 2.22) is a series of simple dilutions which increase the
dilution factor. The source of solution to be diluted for each step comes from the
diluted solution of the previous dilution. In a serial dilution, the total dilution
factor is the product of the individual dilution factors in each step up to it.

Add 9 cm?3 Add 9 cm? Add 9 cm? Add 9 cm? Add 9 cm?
lwater lwater lwater lwater iwater

= i ) - g 5 - 3 S r

A 1em3 | B ] c D E F
1 cm
“Wi 1 cm?
tbe A | T from A | ! o3
- 3
tube B from AN | — Tcm
tube C from AN | —
tube D from T
tube E .
4 S
10 % 1% 0.1% 0.01% 0.001% 0.0001%

Figure 2.22 Making a serial dilution: dilution factor of 10 for each transfer

Final dilution factor = dilution factor 1 x dilution factor 2 X dilution factor 3 ...
and so on.

| Worked example

For example: A two-step 1: 104 serial dilution of a bacterial culture.

The first step combines one unit volume (10 pL) with 99 unit volumes of culture
(990 pL) resulting in a 1:100 dilution. In the second step, one unit volume of
the 1:100 dilution is combined with 99 unit volumes of culture (990 uL) which
gives a total dilution of 1:100 x 100 = 1:10000. The concentration of the
diluted bacterial culture is now 104 less than in the original sample

Risk assessments for practical work

Examiner guidance

The three main parts of a risk assessment are:
hazard identification — identifying safety and health hazards associated
with laboratory work
risk evaluation — assessing the risks involved

risk control — using risk control measures to eliminate the hazards or
reduce the risks.

Risk assessments for practical work 37

Expert tip

In a simple dilution, add one less unit
volume of solvent than the desired
dilution factor.
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Hazard labelling systems

The terms ‘hazard’ and ‘risk’ are frequently used interchangeably, but there is a
distinct difference. A hazard is any source of potential damage or harm to an
individual’s health or life under certain conditions in the laboratory.

Risk is the chance or probability of a person being harmed or experiencing

an adverse health effect if exposed to a hazard. Broken glass in the laboratory

is a hazard and cuts are a potential source of harm. If broken glass is left lying
around, the risk of harm is high; if it is cleared up immediately, using appropriate
equipment, the risk of harm is low. Similarly, exposure of the skin to sodium
hydroxide is a hazard and blistering of the skin is a potential source of harm. If you
handle this chemical without gloves and safety goggles, the risk of harm is high. If
you wear appropriate safety clothing, the risk of harm is reduced.

Risk assessment is the process of estimating the probability of harm from a hazard
(the severity of the hazard multiplied by the probability of exposure to the hazard) by
considering the process or the laboratory procedure that will be used with the hazard.

Carrying out a risk assessment involves estimating the risk and then identifying
steps to minimize the risk: for example, reducing the quantity of the hazard being
handled, using chemical fume hoods and protective barriers, such as plastic safety
screens, devising safe procedures for handling the hazard, and using personal
protective equipment, such as safety glasses and a laboratory coat.

ClaSSIfylng hazardous chemicals Always read the label on a chemical

The Globally Harmonized System (GHS) is an internationally adopted system reagent bottle to obtain and review
from the United States for the classification and labelling of hazardous chemicals. basic safety information concerning
The GHS provides established descriptions and symbols (Figure 2.23) for each the properties of a chemical. It is your
hazard class and each category within a class. This description includes a signal responsibility in conjunction with
word (such as ‘danger’ or ‘warning’), a symbol or pictogram (such as a flame within your teacher to be fully aware of the
a red-bordered diamond), a hazard statement (such as ‘causes serious eye damage’) hazards and risks of all chemicals you

and precautionary statements for safely using the chemical. are using.

’ ’ <$> R

Dangerous to Toxic Gas under pressure Corrosive Explosive Flammable
the environment

Figure 2.23 Hazard warning signs

Safety Data Sheets
The Safety Data Sheet (SDS) is provided in the US by the manufacturer,

distributor or importer of a chemical to provide information about the substance
and its use. The SDS presents the information in a uniform manner. The
information includes the properties of each chemical; the physical, health and
environmental health hazards; protective measures; and safety precautions for

handling, storing, disposing of and transporting the chemical. Key definition
_ Exposure limit — this is the

Before an experiment established concentration of a
Carefully develop a list of all the chemicals used and the quantities needed in chemical that most people could
an experiment. You should always identify the substance you are working with be exposed to in a typical day
and think about how you can minimize exposure to this in the experiment, without experiencing adverse
considering the exposure limit for each substance or chemical. effects. Exposure limits help in

understanding the relative risks of

Fully explain and demonstrate any new procedures or techniques that will be hemicals 5
introduced in the investigation to your biology teacher. '
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Find and evaluate hazard information. This information is typically found on
the SDS, which suppliers are required to provide the end-user. The label of the
original container also contains valuable safety information.

Determine the minimum quantity of each chemical or solution that will be
required for completion of an experiment. Build in a small excess, but avoid
having large excesses that will require disposal.

Ensure that the proper concentrations are prepared and all chemical bottles are
properly labelled: name, formula, concentration and any hazard warnings, such as
corrosive or caustic, and its pictogram.

Examiner guidance

The source of heat for an experiment is an important consideration,
particularly if any flammable solvents are used. Common laboratory

hot plates are not designed for the heating of flammable or combustible
chemicals. In no case should a burner be used to heat a flammable or
combustible chemical. If lammable materials need to be heated, this should
be done in small quantities in a hot water bath and in a fume hood. Never
use a burner near a flammable substance.

CLP pictograms are also
accompanied by a ‘signal

% oxidizing toxic :‘Tliagnhllf\w/wable corrosive word’ to indicate the severity
of the hazard:
‘DANGER’ for
more severe; "WARNING'
indicates that the chemical indicates less serious health hazards for less severe
é could cause serious (for example, skin irritants)

long-term health effects

"CHIP’ system
(being phased out)

harmful or
irritant

1
fael

corrosive

X

L Cd . highly
& oxidizing &?Lt%§ toxic & flammable

Figure 2.24 Comparing different hazard labels

Labels should be used to indicate the content in the disposal container. Write out
all chemical names. If the content is a mixture of chemicals then indicate the
major chemicals present and list the most hazardous chemicals.

When assessing safety, ethics and environmental issues, you should ensure that
the following are considered and included in your IA report:

* evidence of a risk assessment

* an appreciation of the safe handling of chemicals or equipment (for example,
the use of protective clothing and eye protection)

» the application of the International Baccalaureate animal experimentation
policy

* a reasonable consumption of materials

* the use of consent forms in human physiology experimentation

» the correct disposal of waste

» attempts to minimize the impact of the investigation on field sites.



Cell structure and function
practical skills

The effect of size and surface area
on the movement of molecules

Equipment

agar block containing phenolphthalein indicator, 20 x 40 X 10 mm
5 test tubes in a test tube rack

dilute hydrochloric acid (1.00 mol dm™)

stop clock

ruler, sharp knife, white tile

marker pen

Safety

® Phenolphthalein indicator can cause eye and skin irritation.
m  Wear eye protection when handling the acid and indicator.
m  Wash your hands after the experiment.

Information

This experiment explores the impact of the surface area: volume ratio on the rate
of diffusion into cells.

In the experiment, the jelly blocks represent cells and the acid represents essential
materials needed by cells for metabolic reactions. The acid diffuses into each

of the blocks through the outside surfaces. The faster the substances reach all
parts of a cell, the more likely the cell is to survive. The red dye in the agar

blocks becomes pink and eventually colourless when mixed and reacted with the
hydrogen ions in the acid. Acid moves into each of the blocks through the outside
surfaces. Movement of the hydrogen ions, H*(aq), is by simple diffusion.

1 Take a block of agar 40 mm X 20 mm X 10 mm. The jelly has been made with
phenolphthalein indicator, which stains the jelly pink and turns colourless in
the presence of acid.

2 Cut the agar block in half, to create two equal-sized blocks each 20 x 20 x 10
mm. The blocks represent model cells, which will be used to investigate how
quickly material can diffuse throughout the cell. Put one block aside as ‘cell A’

3 Cut the other block in half to create two blocks, each 20 x 10 X 10 mm. Put
one of these blocks aside as ‘cell B’.

4 Cut the remaining block in half, so that you have two blocks, each 10 x 10 x
10 mm. Put one of these aside as ‘cell C’.

5 Cut the remaining block in half again, to make two blocks, each 5 x 10 x 10
mm. Put one block aside as ‘cell D’.

6 Cut the final piece in half, to give two blocks of 5 X 5 x 10 mm. Put one of
these aside as ‘cell E’ and discard the other. You now have five ‘cells’ in total,
each of a different size.

7 Place each of the five model ‘cells’ in 1.00 mol dm™ hydrochloric acid in a test
tube, and start the stop clock. (Make sure you are wearing eye protection.) As the
acid diffuses into the agar ‘cells’ the indicator will change from pink to colourless.

8 Observe what happens to the model cells. Record the time it takes for each
cell to turn completely colourless. Compare the results for the different sized
agar blocks.
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9 Calculate the surface area, volume, and surface area:volume ratio for each agar

block.

10 Repeat the experiment to improve reliability; take care when cutting the cubes
to ensure your results are accurate. How could you improve the precision of the

experiment?

Figure 3.1 The ‘jelly block’ experiment

Results

Record your results in a table like Table 3.1.

Time to turn Volume of Surface area:
Block colourless/s Surface area of block/mm? block/mm?3 volume ratio
A (20 x20) x 2+ (20 x 10) x 4 = 20x 20 x 10 =
20
10
20
B (M0x10) x2+(20x 10) x4 = 20x 10 x 10 =
10
10
20
C (10 x 10) x 6 = 10x10x 10 =
el
10
10
D (10x10)x2+(5x10)x4= 5x10x 10 =
5
10
10
E 5x5)x2+(5x10)x4= 5x5x%x10 =
5
5
10

Table 3.1 Example table of results for the jelly block experiment
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Analysis

®m Hydrogen ions from the acid diffuse throughout the largest ‘cell’ in the
longest period of time and the smallest in the shortest period of time.

®  The smaller cells have a larger surface area: volume ratio, meaning that acid
diffuses into them more quickly.

m If a graph is plotted, the time taken for the acid to move throughout the cell
does not continue to decrease exponentially as cells get smaller, but begins
to plateau. This means that there is an optimal size for cells, beneath which
there is no benefit to a continued reduction in size.

m  Cells are small because this allows soluble substances to diffuse throughout
them in a period of time that allows them to function and survive — in larger
cells, diffusion takes too long to reach all parts of the structure.

Practical 1: Use of a light microscope
to investigate the structure of cells
and tissues, with drawing of cells

Aim

m  Use a light microscope to investigate the structure of cells and tissues.

m  Draw the cells you observe.

®m  Calculate the magnification of drawings and the actual size of structures and
ultrastructures shown in your drawings.

The ability to draw, label and annotate biological specimens is an important and
useful biological skill.

Drawing biological specimens: general principles

Use a sharp pencil and draw clear, continuous lines. Do not use any form of
shading. It might be helpful to use a magnifying glass and illumination (light).
Include a title (with binomial name of species) and a scale.

If you are drawing from a microscope, state the combined magnification of the
eyepiece plus objective lenses used when making the drawing, for example, X100
(low power (Figure 3.3)) or X400 (high power). Note that this is not the same as
recording the scale.
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Figure 3.3 A low-power (¥100) drav_uing of a cross-section of a leaf of privet,
L. ovalifolium

Ideas for investigations

Rather than measuring the time

for each block to lose its colour
completely, you can measure the
distance the acid has diffused in

a specific amount of time and
calculate the volume of the block
that still shows red dye (volume

= length x width x height). You

can then calculate the volume into
which the acid has diffused (diffused
volume = total volume — volume
that still has red dye). Finally, you
can calculate the percentage of the
total volume into which the acid has
diffused: percentage diffused = 100
x (diffused volume/total volume).

W

Figure 3.2 A light microscope

Scale bars can be used as a way of
Indicating actual sizes in drawings
and micrographs, and can be

used to calculate magnification.
Magnification is calculated by dividing
the actual length of the scale bar by
the length indicated on the scale bar.




Practical 1: Use of a light microscope to investigate the structure of cells and tissues, with drawing of cells

Living tissues, prepared for examination under the microscope, are typically cut
Into thin sections and stained. Stains are used to highlight structures in biological
tissues for viewing. For example, acetic orcein can be used to stain genetic
material (see page 49). A widely used staining method is the H&E system, which
contains the two dyes: haematoxylin and eosin, where eosin stains structures,
such as the cytoplasm in cells, pink or orange, and the haematoxylin stains nucleic
acids a deep blue-purple colour.

Labelling

Use a sharp pencil and label all relevant structures, including tissues if a
microscope is being used to view the specimen. Use a ruler to draw label lines and
scale bars. Label lines should start exactly at the structure being labelled. Arrange
label lines neatly and make sure they do not cross over each other. Labels should
be written horizontally, not at the same angle as the label line. Add a scale bar
immediately below the drawing if necessary.

Annotating

Annotation adds concise notes about the structures labelled on a biological
drawing. It is often used to draw attention to structural or functional features of
particular biological interest.

Scale and magnification

It is useful to give an indication of the scale or magnification of a biological
drawing, especially for large specimens drawn without a microscope. For drawings
made using microscopes, if the actual scale or magnification is not given, then
indicate whether a low- or high-power lens was used, preferable stating the actual
magnification achieved by the combined eyepiece and objective lens. Write this
just below the title. See page 45 for further information about magnification and
working out the actual size of biological objects.

Drawing from a microscope slide

The purpose of a low-power drawing is usually to show the distribution of the
main tissues within an organ. No individual cells should be drawn. Identify and
draw all the tissues and enclose each with lines. A representative portion can be
drawn if the structure is symmetrical.

The purpose of high-power drawings (Figure 3.4) is to show as much accurate
detail as microscopy will allow. If all the cells are the same type, then three or
four cells might be sufficient to show both cell structure and the way in which
the cells are arranged in relation to each other.
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Figure 3.4 A high-power drawing of three palisade mesophyll cells
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Calculating the actual size of specimens

Before you can measure the actual size of your specimen, you must calibrate
the eyepiece graticule. Calibration allows you to work out the width (in pm)
represented by one division of the eyepiece graticule.

Note: because the width represented by each division of the eyepiece graticule is

different at different magnifications, the calibration must be done at each different

magnification used. If only one magnification is used (for example, low power)
then the calibration only needs to be done once.

B Calibrating the eyepiece graticule

1 Insert a graticule into the eyepiece of the microscope by unscrewing the top
lens and inserting an eyepiece that contains a graticule on the lower surface.
(Alternatively, if you do not have eyepiece graticules, rest a free-standing
graticule on the rim halfway down and replace the top lens.)

2 Place a stage micrometer slide on the stage of the microscope. Note that the
smallest division on the stage micrometer equals 100 ym (this might vary
between different designs of micrometer — check yours).

3 Using the low-power objective, focus the microscope on the stage micrometer.
Rotate the eyepiece and move the slide to superimpose the scales of the
eyepiece graticule and the stage micrometer (see Figure 3.5).

4 Count the number of divisions on the eyepiece graticule equivalent to 100 pm
on the stage micrometer and, hence, calculate the length that one eyepiece
division is equivalent to. For example, if three divisions are equal to 100 um,
then each division is equal to 33.3 yum at low power. Record your answer. This
is the calibration factor.

5 You can now remove the stage micrometer and put your specimen on the
slide. How many divisions on the eyepiece graticule does your specimen cover?
Multiply the number of divisions by the calibration factor (ie if your specimen
is four divisions across under low power then, using the calibration factor
calculated above, the actual size of the specimen is 4 X 33.3 ym = 133.2 pm).

Figure 3.6 shows how this technique can be used to measure the size of a red

blood cell.

Compound
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Figure 3.6 Measuring the size of cells
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Figure 3.5 Use of stage micrometer
and eyepiece graticule to calculate
the size of objects under a
microscope
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Cortex —

Sclerenchyma
(fibrous tissue)

Phloem

Xylem
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Distance across drawing = 70 mm
Distance across vascular bundle = 400 pm
Magnification =7 x 107%/4 x 10 = x 175

Figure 3.7 Using an eyepiece graticule to record small measurements from a microscope and calculate magnification

of a plan drawing of a vascular bundle

= Magnification

Magnification is the number of times larger an image is than the specimen.

The magnification obtained with a compound microscope depends on which of
the lenses you use. For example, using a X10 eyepiece and a X10 objective lens
(medium power), the image is magnified X100 (10 x 10). When you switch to

the x40 objective (high power) with the same eyepiece lens, the magnification
becomes X400 (10 x 40). These are the most likely orders of magnification used in
your laboratory work.

You can determine the magnification by working out the actual size of the object
you have drawn (for example, a plant cell) using an eyepiece graticule and stage
micrometer (see above). You can calculate the magnification using the following
formula:

size of image
size of specimen
For example, take a plant cell of 150 pm diameter, drawn by hand, where the
drawing shows the cell at 15 cm diameter (150000 um). The magnification is
150000/150 = 1000 (that is, a magnification of x1 000).

magnification =

Do not forget that when you draw a
cell or tissue, your drawing will not
be the same size as the material you
have seen through the microscope
(your drawing will be larger than the
specimen you have observed). You
need to take this into account when
you record the magnification of your
Image.

Common mistake

Resolution and magnification are
two different factors in a microscope:
do not confuse them. Magnification
Is how many more times larger an
object appears, and resolution means
the amount of detail that can be
seen. There is no point magnifying an
object if the resolution is lost.

Expert tip

A memory diagram can be used to show how to calculate the magnification,
actual size, or image size of an object (Figure 3.8). Remember the equation as
AIM or | AM, and make sure you convert units so that they are the same for
both / and A.

| = size of image (drawing of an object on paper)
A = actual size of the object being measured

M = magnification (the size of an image compared to the actual size of the
object, ie the number of times larger an image is than the specimen)

o, _
SO,M—E,A_mandI_AxM.

um

Figure 3.8 Memory diagram to help
remember how to work out the
maghnification, actual size or image
size of a specimen
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B ACTIVITIES

1

Suggest why it is useful to give an indication of the scale/magnification of a
biological drawing.

The ability to draw, label and annotate biological specimens is an important
and useful biological skill. Outline how you would draw a cross-section of a
leaf of privet.

Practical 2: Estimation of osmolarity
In tissues by bathing samples In
hypotonic and hypertonic solutions
Aim

Put potato tissue in a range of sucrose solutions of different osmolarity to see
how they change in mass and length.

» Estimate the osmolarity of potato tissue by finding the concentration of
sucrose where there is no change in mass or length.

®m Evaluate the experiment in order to comment on the accuracy of the results.

Equipment

® 1.00 mol dm™ sucrose solution

m cork borer/chip-maker

w  distilled water

W pipettes

m burette, to deliver variable volumes

®  boiling tubes

m electronic balances

m stop clock

® ruler or callipers

Safety

m Take care cutting the potato chips. Use a white tile to cut the potato on and
do not cut towards the body.

Procedure

1 Make up six sucrose solutions of 1.00, 0.80, 0.60, 0.40, 0.20 and 0.00 mol dm™
(see Table 3.2).

2 Use the cork borer to prepare 30 chips of potato each 30 mm in length.

Figure 3.9 Preparing potato chips using a cork borer

3

Weigh and measure each chip and record the masses (each length should be
30 mm).

Key definitions

Hypotonic — when the external
solution is less concentrated (has
a lower solute potential) than the
cell solution (cytosol), and there is
a net inflow of water into the cell
by osmosis.

Hypertonic — when the external
solution is more concentrated (has
a higher solute potential) than the
cell solution (cytosol), and there is
a net flow of water out of the cell
by osmosis.

Osmolarity — the concentration
of a solution expressed as the total
number of solute particles per litre.
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4 Put one chip in each of the solutions. Repeat the test five times with each
sucrose concentration (ie have five boiling tubes containing the solution at
each concentration, with a chip of known mass and length in each tube).

5 After 40 minutes, remove the chips and re-weigh and re-measure them — take
care to remove any excess solution first (why do you do this?).

6 Calculate the percentage change in mass and the percentage change in length
for each chip. This is calculated by working out the change in mass or length,
dividing it by the original mass or length and multiplying by 100 (to produce a
percentage).

7 Plot a graph of percentage change (y-axis) against sucrose concentration
(x-axis) for both length and mass.

8 Estimate the concentration of the potato tissue (its solute potential). This is
the point when there is no change in mass/length (ie no net osmosis because
the solute potential is the same in the solution as the cell cytosol). Is it the same
for both length and mass?

Volume of distilled water/cm® | Volume of 1.00 mol dm-3 sucrose/cm3  Concentration of sucrose/mol dm-3
2.00 8.00 0.80
4.00 | 6.00 0.60
6.00 4.00 | 0.40
8.00 2.00 | 0.20

Table 3.2 Preparing different concentrations of sucrose solution, 0.80 mol dm— — 0.20 mol dm-3

Experimental method

Accurate measurements are needed in scientific experiments. Accuracy relates

to how close your results are to the true value. Accuracy can be improved by
carefully measuring mass and length in this experiment. Limitations in your
equipment and method will reduce the accuracy of the results. For example, in
this experiment the solutions the potato is put in must be carefully prepared. If too
much or too little water is mixed with the sucrose then the concentration will be
Incorrect.

Using a burette, rather than a pipette, to transfer the distilled water into the
sucrose solution will improve accuracy because the water molecules will not stick
to the sides of a burette as they might in a pipette.

Results

Record your results in a table. Table 3.3 shows you how to arrange your table.

Percent change (%) in the mass of the potato chip

Sucrose concentration/
mol dm-3 Repeat 1 Repeat 2 Repeat 3 Repeat 4 Repeat 5 Mean

0.00
0.20

0.40
0.60
0.80
1.00

Table 3.3 A sample results table for an investigation into the effect of sucrose concentration on percent change in
the mass of potato chips
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Graph

Draw a graph of your results. The results should follow the pattern in Figure 3.10.

[ ’ 1'@ Sucrose
-~ concentration/
mol dm™3

Percent change in mass
|
(9p)
-]
N

Figure 3.10 Percentage change in mass of potato chips at different sucrose
molarities

Plot a graph for both percentage change in mass and percentage change in length.
Analysis

Describe and explain your results. The point where the line between the data
points crosses the x-axis is the point at which there is no change in mass. This
means that there is no net osmosis (why is it incorrect to say that there is ‘no
osmosis’?). This indicates the concentration of the cell solution (ie it is the same as
the external solution), that is, the osmolarity.

Evaluation

1 What were the limitations of the experiment! How might they have affected
the accuracy of the result! How could you improve the experiment to reduce
these limitations and improve accuracy!

2 Comment on reliability, and identify any anomalous results. What is standard
deviation, and what does this tell you about your results? (Hint: variation
around the mean).

3 Which results provided the more accurate results — the percentage change in
length or the percentage change in mass? Why is this?

The preparation of a root tip squash
to demonstrate stages in mitosis
Aim

m  To observe cells from an onion or garlic root that are actively dividing and Key definition

going through the process of mitosis. Mitotic index — the number of
cells undergoing mitosis divided by

m  To calculate the mitotic index and gain an understanding of the length of he total number of cells visible.

each stage of mitosis.

Equipment
¥ onion roots

® 10 cm’ of a solution of 50: 50 concentrated hydrochloric acid and absolute

alcohol (ethanol)

mounted needle
teat pipette

10 cm? 45 % by volume glacial acetic acid (concentrated ethanoic acid)

forceps
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acetic orcein in a bottle with dropper
50 ml beaker

microscope with a light source
microscope slides and cover slips

stop clock

SCISSOTS

labels

watch glasses

lens tissue

glass rod

filter paper
Safety

®m Concentrated hydrochloric acid and glacial acetic acid are corrosive:
hydrochloric acid causes burns and the vapour from both irritates the lungs.
Handle with care, and wear safety goggles and disposable gloves when using
these chemicals.

m  Acetic orcein is classified as low hazard but should still be used with caution,
and skin contamination should be avoided.

m  Wash hands after experiment.

m  Absolute alcohol is very flammable and so should not be used near a naked
flame, and the room should be well-ventilated.

Procedure
1 Take a few roots and cut off a few root tips, about 2 mm in length.

2 Using a mounted needle, place the root tips in the watch glass with the
hydrochloric acid/alcohol mix. Leave for 10 minutes.

3 Transfer the root tips to another watch glass containing 45 % glacial acetic
acid. Leave for 5 minutes.

4 Place a root tip on a microscope slide (clean the slide with a lens tissue if it is
dirty).

5 Cover the tip with a drop of acetic orcein and squash the root with a vertical
tapping motion using a flat-ended glass rod. Do not allow the material to dry
out.

6 Put a cover slip on the slide and place between two layers of filter paper.
Gently squash the preparation by pressing down on the cover slip through the
layers of filter paper; squash firmly but carefully. Do not move the cover slip.

7 Examine under the microscope and identify cells that are dividing. Can you see
the different stages of mitosis?

8 Draw, label and annotate two named stages of mitosis.

9 Now examine at least 10 different fields of view, and count at least 10 cells in
each. Count the number of cells in each stage of mitosis and the total number
of cells counted (the rest of the cells will be in interphase). Keep a tally of the
total.

10 Calculate the mitotic index: this is the number of cells in mitosis divided by
the total number of cells.
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Prophase

Anaphase

Metaphase

Telophase

R M

Figure 3.11 Root tip squash indicating the four mitotic stages

B ACTIVITY

3 Analyse the following photomicrograph and calculate the mitotic index.

Figure 3.12 Root tip squash with cells undergoing mitosis
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Practical 6: Monitoring of ventilation
in humans at rest and after

mild and vigorous exercise

Aim

m  Use a spirometer or data logger to find the tidal volume of lungs and

calculate the ventilation rate. Key definitions

Tidal volume — the volume of air

H i i : i
Interpret the traces resulting from the experiment that a human breathes into and

m Investigate the effect of mild and vigorous exercise on the ventilation rate and out of their lungs while at rest; this
the depth of breathing. is around 500 cm’, on average.
Advice Ventilation rate — number of

breaths per minute.

Ventilation can either be monitored by simple observation and simple apparatus

or by data logging with a spirometer, or with a chest belt and pressure meter. You e :
should measure ventilation rate and tidal volume, as these are included in the xpert tip

IB Biology syllabus. You might also want to measure vital capacity and residual Vital capacity is the greatest volume
volume (see Expert tip) to more fully understand ventilation. of air that can be expelled from

the lungs after taking the deepest
Background information possible breath. Residual volume is

. . , ‘ the volume of air still remaining in
A spirometer is used to measure the breathing rate and the capacity of the I
the lungs after the greatest possible

human lungs. A spirometer consists of a chamber suspended over water and Toylsle @i o ueUElly S50 s
counterbalanced so that, as air passes in and out, the chamber rises and falls. 1640 cm3.

A slowly revolving drum (a kymograph) records the movement of the chamber.

Alternatively, a motion sensor can be attached to the chamber which converts

movement into electronic signals that can be interpreted by data-logging software.

Another option is to use chest belts and pressure meters linked to a data logger. If

neither spirometers nor data-logging equipment are available, simply counting the

number of breaths before and after exercise will suffice.

Safety
® Do not use a spirometer unless supervised by a teacher.

® If you are using the spirometer and you experience any distress or difficulty
breathing, remove the nose clip and mouthpiece and detach yourself from the
machine immediately.

® Do not use the spirometer for more than a few minutes at a time.

m Please adhere to the IB ethical policy. All participants must be informed before
commencing the investigation that they have the right to withdraw at any
time. Pressure must not be placed on any individual participant to continue
with the investigation beyond this point. Each participant must be informed of
the aims and objectives of the research and in addition be shown the results of
the research.

Variables

® Independent variable: type or intensity of exercise.

®  Dependent variable: ventilation rate; volume of air inhaled/exhaled per
minute; changes to tidal volume. Select one to measure for your experiment.

m  Controlled variables: the way the exercise is carried out; the way that the
dependent variable is measured; the length of time that the dependent
variable is measured for; ensure ventilation rate and the depth of breathing
have returned to the resting rate between measurements; the same person
should carry out each investigation.
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Equipment

Figure 4.1 shows a spirometer being used to measure ventilation rate:

Kymograph

Spirometer
Water level chamber == s

Counterpoise \

Carbon dioxide
absorber

Nose clip -

- mouthpiece @~ —

Figure 4.1 A spirometer

Procedure

1

Set up the spirometer. The person who is the subject of the experiment puts on
a nose clip and breathes into the mouthpiece (see above).

Collect spirometer traces (see Figure 4.2) from subjects before exercise, after
light exercise (eg walking) and after more vigorous exercise (eg jogging/
sprinting). For more quantitative data, the same activity could be done at
different levels of intensity (eg running at different speeds on a running
machine).

Repeat each experiment at least five times and calculate an average to make
the experimental results more reliable, and to enable you to calculate the
standard deviation (a statistical measurement of variation around the mean).
Ten repeats are ideally needed to ensure normal distribution of the data and to
justify standard deviation measurements.

Compare the rate of breathing and depth of breathing between traces
(see Figure 4.2).

Describe the differences between the different traces. Explain what they show
about human lung function and oxygen consumption.

Examine the two traces in Figure 4.2: trace (a) taken after light exercise and
(b) after vigorous exercise. Both traces have declining slopes as the spirometer
removes carbon dioxide from the air breathed out (for studies investigating
metabolic activity) and so the total volume of gases decreases over time.

Breathing rate can be calculated by measuring the number of peaks in the
spirometer trace per minute. The depth of breathing can be calculated by
measuring the average height of each peak, from the bottom of the peak (person
has breathed in) to the top (person has breathed out).

Analysis

Changes in ventilation depth and rate at higher levels of activity occur because:

increased muscular contractions require more energy
increased aerobic respiration provides the increased energy needed

aerobic respiration uses oxygen, and so increased activity leads to increased
demand for oxygen

increased demand for oxygen leads to increased depth and rate of breathing.

It is Important to standardize the
exercise In physiological experiments,
for example, by running a fixed
distance or using an exercise bike at a
fixed setting.

(a) (b)

1l

L

Figure 4.2 Spirometer traces

|

y
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Ideas for investigations

e The body’s demands on the circulatory system change and, as a consequence,
the heart rate is constantly adjusted. The heart may beat between 50 and
200 times a minute. The effect of reqular exercise on heart rate can be easily
measured. Recovery rate can also be measured. Heart rate can be measured
directly using a stethoscope, or by taking a pulse. Ventricular contractions force
a wave of blood through the arteries, and the expansion of the arteries can be
felt as a pulse, particularly where the artery is near the skin surface and passes
over a bone. The pulse is traditionally taken above the wrist. The measurement
of a pulse can be improved using digital pulse sensors, and many mobile
phones have an app that can measure heart rate.

e Other human physiology investigations include change in reaction time to
audio and visual stimuli. Reaction time can be measured using the ‘ruler drop
test’ —a metre rule is held by the investigator so one end (the 10 cm mark) is
situated between the thumb and forefinger of the individual undergoing the
test. The ruler is dropped without warning and the subject of the
Investigation catches the ruler as quickly as possible. The distance the ruler

has dropped is converted to time using the formula: t = 1.%5, where

t = time (seconds), s = distance dropped (metres), g = 9.81 m 572
(acceleration due to gravity).

* Computer programs can be used to carry out reaction time tests. For example:
https://faculty.washington.edu/chudler/java/redgreen.html

http://www.freewebarcade.com/game/sheep-dash/
http://cognitivefun.net/test/16

The independent variable in these tests could be, for example, age, time of
day, gender.

In these experiments, 20-25 individuals should be used so that sufficient
replicate data are obtained. As far as possible, other variables should be
controlled (such as age and general fitness). Confounding variables should be
monitored (see page ix) and recorded.

Practical 7 (AHL only): Measurement of
transpiration rates using potometers

W Using a potometer

Aims
® Understand how a potometer works.
W Set up a potometer to measure transpiration rate.

Background information

The rate of transpiration can be measured in the lab using a potometer (literally

a ‘drinking meter’). The apparatus consists of a leafy shoot inserted into a tube
(the seal must be airtight) which is attached to a capillary tube. The capillary
is attached to a reservoir of water. The apparatus must be set up underwater

to ensure that the column of water is continuous between the plant and the
capillary. An air bubble is introduced into the capillary. As water transpires
from the leaf, water is pulled up the tube and along the capillary, so the rate
of movement of the air bubble (ie the distance moved per minute) can be used
as a measure of transpiration rate (although the potometer actually measures
water uptake rather than water loss — see comments below). The tap below the

reservoir allows the bubble to be reset so that a new measurement can be made.

A potometer (see Figure 4.3) does not measure transpiration directly (if it did, it
would more likely be called a ‘transpirometer’): it actually measures the rate of
water uptake by the cut stem. The rate of uptake of water will not be the same
as the rate of transpiration: some of the water (around 5 %) remains in the plant
for photosynthesis and to keep the cells turgid, and it is the remaining water

X
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(around 95 %) that is lost from the plant through transpiration. The difference
between water uptake and water loss can be important for a large tree, but for a
small shoot in a potometer the difference is usually negligible and can be ignored.

Plant

Reservoir

k |

-

Air bubble
o - H
( ki
LL R
' ) Capillary

Beaker of water

Figure 4.3 A potometer

W Design an experiment to test hypotheses about the
effect of temperature or humidity on transpiration
rates

Background information

The potometer can be used to investigate how various environmental factors
affect the rate of transpiration. Factors affecting transpiration include:

m Light: light stimulates the stomata to open allowing gas exchange for
photosynthesis. This process also increases transpiration because the open
stomata allow water to diffuse from the leaf. This is a problem for some plants
as they can lose excessive amounts of water during the day and wilt.

®m Temperature: high temperature increases the rate of evaporation of water from
the spongy mesophyll cells and reduces air humidity, so transpiration increases.

®  Humidity: air inside the leaf is saturated (relative humidity = 100 %): the lower
the relative humidity outside the leaf the faster the rate of transpiration as
the concentration gradient of water vapour is steeper. High humidity means a
higher water potential in the air, so a lower water potential gradient between
the leaf and the air, and so less evaporation.

m  Air movements: wind blows away saturated air from around stomata, replacing
it with drier air, so increasing the water potential gradient and increasing
transpiration.

As well as these environmental/extrinsic factors that affect the rate of
transpiration, there are also intrinsic factors which depend on the leaf structure.
Intrinsic factors affecting the rate of transpiration include:

m leaf surface area
® thickness of epidermis and cuticle

® frequency of stomata/size of stomata/position of stomata.
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Procedure

1 Choose an extrinsic abiotic variable to change and decide how you will vary
this factor.

2 You must decide how many results you need.

3 How will you keep other variables (the controlled variables) the same? Why do
you need to do this?

4  Set up a potometer and carry out the experiment.

Plot a graph of your results: independent variable (the abiotic factor you

are changing) on the x-axis and dependent variable (the variable you are
measuring, ie the distance the bubble has moved) on the y-axis. Transpiration
rate is shown by the gradient of the line you plot.

6 Describe and explain your results.
7  Write your conclusion.
8 Evaluate your experiment.

As well as rate of movement of the air bubble, it is also possible to calculate the
volume of water taken up by the plant. The volume of water taken up can be
calculated using the following formula:

volume of water = 7ir? X distance
where r is the radius of the capillary tube (usually around 0.5 mm).

Vernier callipers or a micrometer screw gauge can be used to precisely measure
the width of the capillary tube and the distance moved. It is, therefore, possible to
calculate the total volume of water absorbed by the plant per minute for each of
the environmental conditions you measure.

W Suggested experiments to investigate the effect of
an abiotic variable on the rate of transpiration

Suggested experiments
m  Air movement: use a fan (either have the fan on or off).

®m Temperature: use a fan with variable temperature (eg a hairdryer); either have
hot wind or cold wind (note that the wind speed must be constant, with only
the temperature varying).

®m Light: lamp on or off, in a darkened room.

®»  Humidity: put a large transparent plastic bag over the plant to create a humid
environment.

Procedure

Carry out your experiment and plot your results.

w  Take care to measure from the left side of the bubble (not the right).
m Record the distance moved by the bubble every minute.

m Repeat each test five times and take an average of your results.
Analysis

Use your knowledge of water concentration gradients between the inside of the
leaf and the outside air, and (if relevant) how temperature increases the rate of
evaporation of water, to fully explain your results. Figure 4.4 might help you.
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— __— - Leaf epidermis

Palisade cells

—— Xylem in vessel
| In the stem

/ . . } | |
Root hair cell AU 4
Figure 4.4 Water movement through a plant

B ACTIVITIES

In an investigation of water absorption and transpiration in a plant over a 24-hour
period, readings were obtained at 4-hour intervals and were related to the light
Intensity. The results are shown in the table.

- Light intensity as a | Water absorbed in | Water transpired in
Time

% of maximum 4 hours/g 4 hours/g
04:00 0 6 1
08:00 70 6 8
12:00 100 14 20
16:00 100 22 | 29
20:00 10 13 10
24:00 0 8 3

1 Present these results graphically in a way that makes clear the pattern of
water uptake and loss of water vapour during the experiment.

2 Describe the changing pattern of water absorption and transpiration in the
plant during the 24-hour period.

3 Explain how the processes of water absorption and water loss are related in
the intact plant.

Ideas for investigations

