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The Engineering of Biology



“Synthetic biology aims to design and engineer biologically based 
parts, novel devices and systems as well as redesigning existing, 
natural biological systems.”  May 2009

Greenpeace UK - At its core, synthetic biology is engineering 
applied to biology to deliberately (re)design and construct 
biological systems.



The Influenza Pandemic of 1918 
The influenza pandemic of 1918‐1919 killed 
more people than the Great War, know (WWI), 
at somewhere between 20 and 40 million 
people. 



Flu

• 400,000 general practitioner consultations, 
11,000 elderly respiratory hospital 
admissions - costing the UK health service 
over €30 million every winter. 

• In England, during flu epidemics it is 
estimated that in excess of 6 million working 
days are lost



The new flu strain was not 
included in the vaccine even 
though public health officials 
were aware in March that it 
was causing problems in 
Australia



Currently it takes about 9 months to 
produce 10 million doses of a flu vaccine

What if it could be done in a 
month?
It can, using synthetic biology 
techniques



Rapidly multiplying a little known plant virus 
(cowpea mosaic virus, CPMV) in greenhouse 
grown plants is the solution to flu vaccine 
production

The technology uses the machinery of a modified 
CPMV to produce a non-infective viral shell called a 
virus like particle (VLP) and genetic information from 
the humanvirus, in this case influenza, to decorated 
the shell with influenza surface proteins

The VLPs can be used as a vaccine that can stimulate the 
human immune system to make antibodies.



Why is it important?

Synthetic Biology



2. Synthetic Biology and Metabolic Engineering 





Allied Market Research.com. Arlington, TX
https://www.alliedmarketresearch.com/synthetic‐biology‐market‐2015



Billions
of

Dollars
10

20

30

40

1950
0

1960 1970 1980 1990 2000

Semiconductor
Discovery 

Integrated
Circuit 

MOS
Transistor 

MSI
Circuit 

VLSI
Technology U.S. Factory Sales of Solid State Products 

Billions
of

Dollars
10

20

30

40

1950
0

1960 1970 1980 1990 2000

Double Helix
Discovery 

Recombinant
DNA technology 

Mabs and DNA
Sequencing Gene

Therapy 
Genomics

World Market for Biotechnology 
Synthetic biology

Prof. John Bardeen (UIUC) 
Inventor of transistor 
Nobel prize, 1956, 1972

Jack Kilby (BS, UIUC, 1947)
Inventor of integrated circuit 
Nobel prize, 2000

Sources bcc, OECD, 
US Gov



February 2016July 2012



Engineering biology to make useful stuff



Why is it different?

Synthetic Biology



So what’s new about synthetic biology?

• It provides a framework for the systematic 
design of biological devices, systems and cells

• The application of engineering principles to 
biology (e.g. modularity, standardisation and 
characterisation)

• The integration of molecular biology, 
engineering and computational science - driven 
by fast DNA sequencing and synthesis



The Engineering of Biology



Malaria



The Anti-malarial 
Drug Artemesinin

Artemisia annua (Sweet 
Wormwood)

Keasling et al. Nature 440, 940‐
943 (13 April 2006)

Jay Keasling estimates that it took 120 
man years of effort by highly skilled 
metabolic engineers to achieve 
Artemesinin





Systematic Design

Modularisation
Standardisation

Characterisation

Controlling complexity

Responsible Innovation (RRI)



Basic Components

A hierarchy for synthetic biology

Typical gene transcription module

Promoter

Ribosome binding site

Protein coding sequence

Terminator

BioPart



The Synthetic Biology Design Cycle

Model

Specifications
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Health

Platform Technology

Biosensors

Fine and 
Bulk 

Chemicals
Bioenergy

Biomaterials

Bioremediation

Crops and soilTranslation

Foundation

Adding Value



Using Data for Systematic design

Standardised data 
format and 
analysis

Metrology 
Standardisation

Data repository 
and dissemination 

format

Few available parts 
and devices

Small, simple 
datasets with 

limited 
comparability

Little 
documentation or 

metadata

Many available 
parts and devices

Large comparable 
datasets in diverse 

contexts

Parts and devices 
fully documented 

with design 
compatible 
information Design tools 

integration

Have Objective



Gathering Knowledge about Bioparts

Data Acquisition

• Validated Protocols
• Reproducible data
• Minimal Experimental errors

• Automation & High throughput

Data Analysis
• Validated Methods
• Output as populated models

Characterisation Pipeline

Standard BioPart Datasheets
• Minimum Description
• Human readable
• Machine readable

Data must be actionable

We need Data

• Large amounts of data
• Reliable Data
• Data on

• Fundamental BioParts
• Useful Devices
• Chassis
• Plasmids
• …..



The New IT Infrastructure

A Resource for Data  SynBIS
• Database of BioPart Datasheet

• BioPart Description
• Model
• Raw Data
• Experiment Description

Standard Data Formats
• Enables exchange between tools
• Efficient Storage

Integration with CAD Tools
• Import most popular tools
• SynBIS APITool 1

Interoperability

Tool 2 Tool 3



Information Systems



SynBIS SQL Database

User Input and Display
Interface 

(HTML) Layer

Communication 
Layer

Application 
Layer

Database  
Layer

XML

SynBIS ‐a SynBio Information System



SynBIS ‐a SynB Information System

Standards Converter

SynBIS Compliance Checker

Data and Information 
Input

User Input and Display

Part and Chassis Data
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Modularisation
Standardisation

Characterisation





Objectives



DICOM is used and has been  modified to:

- e.g. BioPart source, design notes, 
vector resistance, protocols

- Institution name, date, authors

• Store/send parts & associated metadata
•  “ related images 
•  “ related/collected data

DICOM-SB in SynBIS



DICOM‐SB Data Model

Biopart

Characterisation 
Experiment

Series

Modality data

SynBIS
Datasheet 
model

Equipment Protocol

‐ context dependency
metadata

measurements



DICOM‐SB ‐ Data Model
J23101
2
20131011
Anderson Collection

1.3.6.1.4.1.6018.5.777
1
20131011
C9

BioTek
Imperial College London

2
16
OD (optical density)
freq=1, bits allowed=16 …
256  300  311 315  325 …

Biopart

Characterisation
Experiment

Series

Equipment

Modality

Biopart Name
Bipoart ID
Biopart Creation Date
Biopart Family

Study UID
Study ID
Study Date
Study Time
Study Owner
Accession Number

Series UID
Series Number
Series Date
Plate Coordinates

Manufacturer
Institution Name

Modality Number
Channel Number
Modality Type (OD,GFP,FC)
Modality Metadata
Modality data

1.3.6.1.4.1.6018.4.888
22
20131011
110000.000000
Chris Hirst
001

1.3.6.1.4.1.6018.3.444
Caracterization of const. pr

Protocol Protocol UID
Protocol Name

‐ context dependency
metadata

measurements



DICOM‐SB supporting Data Acquisition

DICOM‐SB
IOD generation

SynBIS

CSynBI’s partners

DICOM-SB will be the mandatory input format for data curation

St
or
ag
e

Compliance
check

Data 
curation

Data 
preparation

DICOM‐SB DataExperimental Data

Store service



Modularisation
Standardisation

Characterisation



Platform Technologies
SynBIS – integrated BioCAD and modelling suite

DNA Assembly
• Robust automated DNA assembly methods 
• Parts to Genes
• Genes to Pathways

Characterisation (data for SynBIS)
• In vitro
• In vivo 
• Reference parts under different conditions

Chassis (data for SynBIS)
• E. coli
• Yeast
• Bacillus subtilis
• Geobacillus

CAD

Promoters – as an example



Promoter Measurement Workflow

Starter cultures

Standard media

Population Level Data
OD, fluorescence

cell size, age, fluorescence
Identify sub-populations

Single Cell Data

Compare 
Data

12‐16 hr 

growth

Single Cell Data Population 
Level Data



Examplar – Constitutive Promoters

1    2     3     4     5    6     7     8     9   10   11  12
A

B

C

D

E

F

G

H

• 12 x 8 plates are used

• Each promoter is assigned 3 
plates.

• Last 3 columns are controls.

• Each plate is analysed in 
two different equipments:
– OD and GFP reader (1 

Series each).
– Flow Cytometer (2 Series).

• The measurements are 
repeated during 3 days, 
creating one
Characterisation Experiment
per day.

Media
Negative

Reference
Promoter XY



Constitutive Promoters

High level of agreement between 
plate reader and flow cytometry data 
and low levels of error

Handling the amount of data 
becomes tricky and requires data 
analysis automation

Experimental  
Data



SynBIS

Experimental  
Data

Data 
Processing

Final 
Curation

DisseminationCompliance 
Checking

Curation     
(Semi‐

automatic)

Automatic
Checks that

All data files (fields) supplied
Files properly formatted
Compulsory Metadata supplied

Basic Checks on Data Quality

Quality Control
Data Files

All data files (fields) supplied
Files properly formatted
Compulsory Metadata supplied

Data Quality
Controls successful
Calibration of raw numbers
Remove failed experiments

Curator’s Word Final

Automatic/Semi‐automatic
Data Analysis

Algorithms tailored to the BioPart
Algorithms validated

Constitutive Promoters
Calculate RPUs
Calculate Synthesis Rate
Calculate Growth Rate

Human Step – moving to automation 
Curator confirms/corrects  output of data 
processing Step

Experiments flagged as incorrect, checked 
before removal
Model fits confirmed to be accurate



Experimental  
Data

Data 
Processing

Final 
Curation

DisseminationCompliance 
Checking

Curation     
(Semi‐

automatic)

SynBIS



The Synthetic Biology Information System

SynBIS



SynBIS



SynBIS Schema – Basic Schema

BioPart

Datasheet Experimental 
Protocol



Datasheet - Main Results

J23100 First Element of the Anderson Collection



Datasheet – Modality Sections

Plate Reader 

Flow Cytometry



Datasheet – Metadata

Chassis
Assay
Medium 

Instrument Settings
Plasmid Details
Reporter Details



Examples of Applications



• The infection takes 24‐36 hours to spread to the bladder and 
causing a major bacterial infection

• Treatment ‐ “industrial strength” antibiotics over many days

• The catheter has to be replaced – which can be extremely painful

Infection starts on the 
outside of the catheter

Biofilms and Urinary Tract Infections



Detection of Pathogenic Biofilms - Using Nature’s 
Toolbox

• When AHL reaches a key threshold concentration, a 
• transcription factor (luxR homologues) is activateBiofilm
formation depends on the ability of cells to communicate by 
quorum‐sensing

• Quorum sensing involves production of AHL by enzymes 
(luxI homologuesd

• AHL can be used as the input to a biosensor to detect biofilms  

P.aeruginosa



Urinary Tract Infection Detector – a 
three stage device

Input Output

LuxRAHL

A GFP

Detector Amplifier Reporter

ptet

luxR The Biosensor



Initial Screening of Functional Devices ‐
performed in vivo in E. coli



Biosensor – Characterisation of Devices

C. Biosensor L

A. Biosensor V B. Biosensor 3



P.aeruginosa PA14 + E.coli BS L

Testing

After 1 hour – can be seen with the eye

The Biosensor



Biologically‐based Logic Gates 

• Gates are the basis of almost all digital devices
– Counters
– Calculators
–Microprocessors

• Near term applications
–Biosensors of various kinds

• Longer term
– Intracellular control and signalling



The hrp gene regulation system – a great system for 
modular biologically‐based logical devices
hrp (hypersensitive response and pathogenicity)

Pseudomonas syringae hrp regulatory system

PRS

70

L

hrpR hrpS

R

R S

hrp regulon

S
_

V

Type III Protein 
Export Complex

PL

54 hrpL



Modelling Case: hrpL regulated by 2 factors

Simulation results: the dynamic 
evolution of protein concentrations
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A Modular AND Gate 
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A Modular AND Gate 
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Plac PBAD 

AND gate characterisation using Plac and PBAD as the 2 driving 
inputs



Biologically‐based Logic Gates 

• Gates are the basis of almost all digital devices
– Counters
– Calculators
–Microprocessors

• Near term applications
–Biosensors of various kinds

• Longer term
– Intracellular control and signalling



The Vision

Biosensors that ‘permanently’ reside in the body 
to detect particular types of abnormally; for 
example arterial disease and cancer 



Biological Nanodevices

1200nm

Protein nanocages are naturally occurring 
spherical proteins that can be 
SYSTEMATICALLY ENGINEERED to fight 
disease at the cellular level



Arterial Disease – a major killer in 
Western Society



Biosensor/Drug Delivery System

Nanocage

ControllerDetector Amplifier
Input



Synthetic Biology Device for the Early 
Detection of Cholangiocarcinoma



Cells + Targeted 
Nanocages

Cells + Targeted 
Nanocages

Cells + Untargeted 
Nanocages

Cells + Untargeted 
Nanocages



Multi‐channel Biosensor/Drug Delivery System for 
specific malignant cell types

Nanocage





Multinationals + 37 SMEs
Industrial Partners





Design Objectives
– Industrial Facing
– Not Integrated
– Modular
– Scalable



• Computational 
Modelling

• Structure-based 
Modelling

• Assembly Design

•DNA Synthesis
•DNA Sequencing
•DNA Optimisation
•Gene Assembly

•Characterisation
•Testing & Trials

• Prototype/POC
• Pilot/Demo
• Scale-up
• Production 

model
• Commercialisati

on & Production

DESIGN BUILD TEST PRODUCE

Integrated SynBio Technology Platform



79

Characterisation 
Platform

Assembly
Platform



Characterisation Platform





Characterisation and Dissemination

LIMS CAD Tools



The Pipeline

Foundational

Translational



Some comments on the future
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