
 

DESIGN CONSIDERATIONS IN HIGH-THROUGHPUT AUTOMATION 

FOR BIOTECHNOLOGY PROTOCOLS 

by 

Aura Maria Cardona Baquero 

 

 

 

 

 

 

A Dissertation Submitted to the Faculty of 

The College of Engineering and Computer Science 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

 

 

Florida Atlantic University 

Boca Raton, FL 

December 2014



ii 

 

 

 

 

 

 

 

 

 

 

Copyright 2014 by Aura Maria Cardona Baquero 

 



iii 

DESIGN CONSIDERATIONS IN HIGH-THROUGHPUT AUTOMATION 

FOR BIOTECHNOLOGY PROTOCOLS 

by 

Aura Maria Cardona Baquero 

This dissertation was prepared under the direction of the candidateôs dissertation advisor, Dr. Zvi 
S. Roth, Department of Computer & Electrical Engineering and Computer Science, and has been 
approved by the members of her supervisory committee. It was submitted to the faculty of the 
College of Engineering and Computer Science and was accepted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nurgun Erdol, Ph.D. 
Chair, Department of Computer & Electrical 
Engineering and Computer Science 
 
 
 

Mohammad Ilyas, Ph.D. 
Dean, College of Engineering and Computer 
Science 
 
 
 

Deborah L. Floyd, Ed.D. 
Interim Dean, Graduate College 

 SUPERVISORY COMMITTEE: 
 
 
 

Zvi Roth, Ph.D. 
Dissertation Advisor 
 
 
 

Andrew Goldenberg, Ph.D. 
 
 
 

Jim Han, Ph.D. 
 
 
 

Oren Masory, Ph.D. 
 
 
 

Hanqi Zhuang, Ph.D. 
 
 
 

Ali Zilouchian, Ph.D. 
 
 
                              _____________________ 
                              Date 
 

 



iv 

ACKNOWLEDGEMENTS 

I would like to thank my advisor, Dr. Zvi S. Roth, for his guidance during these years. He 

has been a true mentor by supporting me during my research. I would also like to express my 

sincere gratitude to Dr. Andrew Goldenberg for suggesting the research topic; to Dr. Jim Han for 

taking the time to teach me Arena® and for many suggestions that added more industrial 

engineering insight; and to the rest of the committee members, Dr. Oren Masory, Dr. Hanqi 

Zhuang, and Dr. Ali Zilouchian for all their advice and constructive comments of this dissertation. 

 I would like to thank also Dr. Maria Petrie, to the Latin American and Caribbean 

Consortium of Engineering Institutions, and T-VEC Technologies for its funding during my 

studies. 

My gratitude also goes to my FAU friends, without their friendship, help, and support this 

would not have been possible. To my caring and loving family for being the best family anybody 

could have, I will be forever thankful.  

Finally and most important to my loving parents, brothers, and husband there are no 

words to express how infinitely grateful I am. All my hard work and dedication would not have 

been possible without your love and support throughout this process. 

 



v 

ABSTRACT 

Author:  Aura Maria Cardona Baquero 

Title:  Design Considerations in High-Throughput Automation for 
Biotechnology Protocols 

Institution:  Florida Atlantic University 

Dissertation Advisor:  Dr. Zvi S. Roth 

Degree:  Doctor of Philosophy 

Year:  2014 

In this dissertation a computer-aided automation design methodology for biotechnology 

applications is proposed that leads to several design guidelines. 

Because of the biological nature of the samples that propagate in the automation line, a 

very specific set of environmental and maximum allowed shelf time conditions have to be 

followed to obtain good yield. In addition all biotechnology protocols require precise sequence of 

steps, the samples are scarce and the reagents are costly, so no waste can be afforded.

The methodology presented in this dissertation comprises of several distinct procedures. 

First, the biotechnology laboratory operations, which are the building blocks for implementing 

biotechnology manual labor protocols, are described and classified in terms of Automation 

Modules that provide for the automation integration architectures of all the basic operations. The 

Automation Modules become the building blocks for realizing biotechnology automation protocols. 

This has been demonstrated on a case study of column chromatography spin technology RNA 

purification from animal tissue culture cells. Second, the candidate automated configurations 

resulting from implementing these modules are evaluated to ensure that all timing considerations 

are met. To this end, two strategies to avoid excessive waiting times of samples in queues have 

been developed and evaluated with help of a MATLAB® simulator: The first strategy is based on 

queue clearing and it involves the periodic stopping and resuming of the samples that enter the 

system. The second strategy involves parallelizing of stations for which queues present severe 
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risk of product degradation. Parallelizing of stations is also presented as a technique for 

increasing the overall throughput. Third, after the candidate configurations have been validated, 

then by using an economic model, a selection criterion based on system throughput, floor space 

constraints, and equipment cost constraints is use to find the better solution among the plausible 

ones. The computer-aided design environment adopted for this dissertation is Arena® Software. 

The study went a step further and explored the feasibility of developing flexible 

automation for biotechnology via group technology planning techniques. The feasibility of GT for 

biotechnology and the design tradeoffs were demonstrated via simple RNA and DNA purification 

examples. 
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1. INTRODUCTION 

1.1. Overview 

Much industrial experience gained over the years in automation design for automotive, 

consumer electronics and many other applications has formed the basis of Industrial Engineering 

now viewed as a mature field of engineering (Groover, 1996). The design of any automation 

system strives to minimize capital and operational costs as well as floor space and maximize 

throughput, yield and product variety (Groover, 1996). The latter goal is referred to as Flexible 

Automation. An automation design is a multi-objective large-scale optimization problem. It thus 

often requires computer-aided solution. The optimization often starts with a construction of an ad-

hoc ñfeasible solutionò that meets a given set of cost, space and throughput constraints and 

proceeds with incremental design modifications aimed at yielding incremental performance 

improvements (Singh, 1996).  

Biotechnology instrumentation has attracted significant attention in the past few years. 

Following the completion of genome sequencing of many organisms, and in order to decipher the 

function of genes and proteins, demand for high-throughput experimentation and protocols 

became large (Drews, 2000) (Najmabadi, 2006a). 

Automation plays an increasingly important role in many aspects of Life Sciences and 

especially in biotechnology. With advances in automation, the human genome and other 

genomes have been sequenced. Modern Molecular Biology and biotechnology have created new 

assays that, when automated, provide larger, more accurate and rapid amounts of information. 

Similarly, the pharmaceutical industry is heavily dependent on automation, especially as it shifts 

from products that treat diseases, to analytical methods that detect and classify diseases. 

Automation for the Life Sciences is therefore broad in scope and includes fluid handling and 

assay processing, high-throughput screening and drug discovery, high-throughput production and 
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analysis of protein and DNA microarrays, devices for analyzing living cells, lab-on-a-chip analysis 

tools, and numerous detection methods (Drews, 2000) (Ausubel, 2002). 

Much on-going basic research revolves around specific subsets of such high-throughput 

automation systems (Carnero, 2006). This includes the study and development of automated lab-

on-a-chip, automated systems for liquid handling, fermentation reaction and process automation, 

genomics and proteomics software automation, DNA and protein micro-array preparation 

automation, pharmaceutical fabrication and drug screening automation, detection technologies 

that enable automation for biological processes, automated systems for DNA, proteins, and cell 

manipulation and analysis, automated scanning program microscopy-based systems for bio-

applications, liquid chromatography (LC) and mass spectrometry (MS) bioinstrumentation 

automation, and system integration including interconnects and interfaces among automated 

modules (Drews, 2000). 

Our chief concern in this dissertation is the Industrial Engineering considerations in the 

design of the full laboratory automation system for such applications, as was done in (Najmabadi, 

2006bc), where Nam Suhôs Axiomatic Theory (Suh, 2001) was applied to analyze and design 

high-throughput automation for both upstream (sample preparation) and downstream (sample 

analysis) protocols. It was argued that due to the intrinsic constraints in both common 

architectures found in laboratory automation, which are robotic-based and track-based 

approaches, the best solution may be to develop a system that combines both architecture 

approaches for a flexible laboratory system.  

In a robotic-based approach a robotic arm moves various labware between different 

laboratory instruments. Robotic-based systems typically consist of a tabletop platform on which 

various laboratory modules and instruments are mounted all serviced by a single centrally located 

robotic arm or by multiple robot manipulators. The robots perform the necessary liquid handling 

and labware transportation operations (Najmabadi, 2005, 2006a) 

A track-based system uses conveyors, rather than robots, as the transportation 

mechanisms between stations. In such systems modules and instruments are positioned next to 

the transportation tracks and the containers are moved between stations on the conveyor tracks. 
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Each station may use feeders to retrieve tubes or other containers from its local storage 

(Najmabadi 2005, 2006a). 

In the past few years, biotechnology research has been carried out in all laboratory sizes 

(i.e. small-to-medium size laboratories as well as big laboratories/pharmaceutical companies). 

Great part of the advances made has depended on individual knowledge and expertise that has 

been developed in small-to-medium size research laboratories (Drews, 2000) (Najmabadi, 

2006a). This has centered the attention of the research community in the direction of improving 

such laboratoriesô productivity by introducing appropriate automation and high-throughput 

systems. Small-to-medium size laboratories are not usually economically powerful, and have very 

limited resources, hence the need for novel flexible and economical solutions.  

The scope of the dissertation is narrowed down from Automation design in biotechnology 

in general to Automation Design of upstream (sample preparation) protocols taking part in 

biotechnology. We would be interested in the explicit details of automation implementation, down 

to issues such as the number of robots that are needed, timing constraints, economically-

optimized selection of best implementation configurations and likewise questions. This study is 

carried out keeping in mind small-to-medium size laboratory limitations and constraints. Although, 

the main concern is small-to-medium size laboratories the theory developed may also be applied 

to bigger size laboratories. 

In particular we will be interested in anything that distinguishes biotechnology automation 

from automation in other applications.  

1.2. Problem Description 

In any automation design, regardless of application and discipline, features such as 

desired throughput, size of parts, tolerances, precision, timing and procedures involved, among 

many others, have to be taken into consideration (Groover, 1996) (Singh, 1996). It is obvious that 

automated solutions for automotive production line, electronic assembly, integrated circuit 

production, and high-throughput biotechnology protocols are very different. The reasons for such 

differences include the environmental conditions at which the processes involved have to take 

place (temperature, humidity, cleanliness, etc), the sizes and quantities of the parts and samples, 
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and the reaction (or response) times for some processes which all may dictate (for instance) 

different robot end-effectors for different applications (Cardona, 2008). 

Let us take for example the fabrication of integrated circuits (IC). IC fabrication has to be 

done in clean rooms, the equipment employed is very specialized, has tight precision 

requirements, and most of the steps are intrinsic to IC fabrication (Metz, 2005). Some of the key 

characteristics of biotechnology applications include the very small sample size (in the order of 

magnitude of micro liters and less), and extra special care needed to manipulate the samples, 

steps that are intrinsic to biotechnology protocols, and these lead to the use of specialized 

equipment. 

The most common and basic protocols used in biotechnology are: DNA isolation, 

construction of recombinant plasmid, PCR, transcription of genomic DNA and analysis of the 

resulting mRNA, transformation and gene expression, and analysis of DNA and RNA (Ausubel, 

2002). These protocols may have common steps that can be automated such as the addition of a 

given reagent to a sample, mixing the reagents involved, or applying centrifuging steps. However 

there are also challenging steps for automation (ñbottlenecksò as we may say) that may include 

the way specific pieces of equipment, such as centrifuges and PCR machines, are to be loaded 

and the time taken for some of such processes to complete (Ngatchou, 2006).   

By increasing the throughput in upstream protocols, one is able to process more samples 

in a shorter amount of time and perform more genomic and proteomic experiments. Reagents are 

expensive and large amounts of viable samples may not be available. Therefore one of the goals 

of biotechnology automation is to reduce the amount and size of the reactions. Along with sample 

volume reduction several benefits such as improved repeatability, quality and efficiency become 

possible as well.  

Any automation design can be cast as a multi-objective multi-constraint optimization 

problem. The optimization objectives are to increase throughput, reduce samples size (which 

decreases cost), and develop a flexible system that could perform more than one type of 

automated protocols and be easily reconfigurable. There are typically multiple constraints such as 



5 

limited footprint, a limited budget, and the protocol-specific constraints (i.e. timing, reaction 

conditions and environmental condition constraints.) (Groover, 1996). 

1.3. Contributions  

The key contributions of this dissertation are: 

Integration of LUOs 

Generalized Automation Modules were formulated for the twelve Laboratory Unit 

Operations (LUOs) used in biotechnology to facilitate the design of automated 

production lines. By carefully studying the twelve LUOs, common challenges for 

the integration of the different pieces of equipment used were grouped together. 

Thereafter, Automation Modules were described and validated. To fully described 

protocols in terms of LUOs, some manual and automated operations, not taken 

into consideration in the available literature, were explained. 

Automation lines timing and structural considerations 

Two strategies to avoid excessive shelf-time for samples that wait in queues are 

described: The first strategy is based on queue clearing and it involves the 

stopping and resuming of the samples that enter the system. The second 

strategy involves parallelizing of stations in which queues present severe risk of 

product degradation. Parallelizing of stations is also presented as a technique for 

increasing the overall throughput. A MATLAB® simulator was developed to 

evaluate the queue clearing and parallelization strategies formulated in this 

dissertation. This simulator was validated using Arena® software, comparing the 

results obtained from the MATLAB® simulator to the ones obtained with the 

Arena® software for the same model, for various models. 

Automation sine sub-system implementation selection criterion 

An Economic Model was described to help solve the multi-objective problem 

involving throughput, floor space, and cost constraints. This fiscal-based 

configuration selection strategy was later use to describe a computer-aided 

automation design for biotechnology applications using Arena® Software. 
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Introduction to flexible automation 

The feasibility of implementing Group Technology for automation of 

biotechnology protocols is demonstrated, establishing an initial baseline for future 

expansion of the idea. 

1.4. Dissertation Outline  

The dissertation is structured in a way where each chapter reinforces ideas posed (or 

answers questions raised) in previous chapters. Each chapter also lays the ground for the 

following chapters. Let us briefly outline the topics covered in the chapters of this dissertation: 

Chapter 1 centers on introducing and describing the problem description of this 

dissertation. This chapter highlights important issues related to biotechnology automation, and 

explains the scope of the dissertation.  

Chapter 2 discusses in great detailed a motivating case study, the first approximation to 

conceptualize an automated production line from a manual protocol. This motivating case study 

helps establish some of the issues and questions that will be answered in the following chapters. 

Chapter 3 is devoted to literature review of biotechnology automation. This chapter 

presents relevant examples of recently designed academic and industrial biotechnology 

automation solutions and explains where the requirements, constraints and issues intrinsic to 

biotechnology automation are present in current systems. It also describes how these concerns 

have been dealt with in the past, and assesses the quality of the results obtained. 

Chapter 4 consists mostly of literature review of drug discovery. The requirements and 

specifications that are often used for upstream protocol automation often are dictated by the 

needs of automated drug discovery campaigns. Drug discovery is nowadays one of the major 

fields of biotechnology downstream protocols. There is a vast interest in the scientific community 

to discover and develop new therapeutic drugs for all kinds of diseases by means of 

understanding better the human genome. Drug discovery has had important breakthroughs in the 

last 20 years, presently reaching capability of millions of tests that can be performed in very few 

months. However, the sample preparation automation has often been unable to keep up with 
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such advances turning upstream processes into a potential bottleneck for the drug development 

process. 

Chapter 5 concludes the three chapter sequence of literature review focusing on the 

relevant upstream protocols that will be used in the later chapters. The protocols were chosen 

from a large pool of applications keeping in mind three main attributes: the familiarity with the 

manual protocol to make its extrapolation to the automation environment possible, the 

effectiveness of the protocols within the sample preparation for drug discovery context, and the 

helpfulness of the protocols to demonstrate and explain the different automation issues presented 

in this study. 

Chapter 6 deals with the twelve basic operations used in protocols known as the 

Laboratory Unit Operations (LUO). How each of these LUOs or consistent groups of LUOs is 

implemented, is crucial for the complete automation of a biotechnology protocol. Common 

characteristics for the different methods that carry out the different operations are grouped into 

seven Automation Modules. The idea behind the introduction of the concept of Automation 

Modules is to facilitate the design of automated production lines for biotechnology. In particular, 

an integration of LUOs into Automation Modules is a key step in the development of GT solutions 

in biotechnology. 

Chapter 7 addresses the problem of biological samples that may exceed their maximum 

allowable shelf times as these wait in various queues associated with the automation line 

stations. In biotechnology protocols, whenever dealing with biological samples, the time that the 

samples spend outside a controlled environment is crucial and caution must be taken to avoid low 

yield due to samples degradation. In this chapter, two strategies to avoid excessive shelf-times 

are presented. One of these techniques can also be utilized to increase throughput. These 

strategies are validated via an automation line simulator developed in MATLAB®. 

Chapter 8 introduces economic considerations related to biotechnology automation 

design. The selection of specific component layout configurations, as a sequence of automation 

line stations are realized, has to be done taking into account cost considerations. The chapter 

introduces a selection criterion that is based on both the sub-system expected construction cost 
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along with its expected throughput. The economic model described in Chapter 8, employs 

Arena® software to help solve this multi-objective optimization problem. 

Increasing the capability for biotechnology laboratories to be able to perform different 

protocols and produce different samples is very important for increasing their productivity. One 

plausible solution to increase the laboratories flexibility, therefore, productivity, is the 

implementation of Group Technology. Chapter 9 explains the main concepts of Group 

Technology, and discusses the feasibility of implementing Group Technology to automate 

biotechnology protocols. 

Chapter 10 describes potential future research directions that arise from this study. In the 

development of the various dissertation contributions, many simplifying assumptions where 

made. The relaxing of such assumptions may potentially lead to new directions. The main 

simplifying assumptions throughout this dissertation were: the operation of each automation line 

station in open loop using no feedback sensors to monitor each stationôs yield; the protocols 

demonstrated in this dissertation are only a small sample from a very large pool of available 

protocols; and only off-the-shelf equipment is used in the study. The algorithms developed for 

mitigating some of the automation line timing constraints neglected the transportation time 

between stations. These results can be generalized. For convenience of control and prediction of 

performance certain automation line components were assumed to run synchronized. Other 

potential future directions arise from issues that were deliberately not covered by this study, such 

as, the introducing of labeling steps to the system to enable tracking and control of samples going 

through equipment that is shared among several stations, and to enable protocols that may 

require branching of the lines based on real time testing of the products. 
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2. MOTIVATION 

This chapter presents a typical biotechnology process that can serve as a starting point 

for this study. The process consists of a group of experiments developed for the Florida Atlantic 

University BSC 4403 Biotechnology Lab 1 course (Florida Atlantic University, 2006). The overall 

goal of these experiments is the preparation of RNA from tissue-cultured cells (Figure 2.1). In this 

study the experiments are first laid out conceptually as a manual-labor production line. This 

production line representation, with its sequential stages, serves as a basis for further deductive 

process as to how each station may be automated. The process of conversion to automation 

involves the identification of equipment needed for the various process steps. Design 

consideration issues raised in this motivating example will follow us throughout this dissertation. 

The protocol for preparation of RNA from tissue-cultured cells described in this section 

claims to do Purification of Total RNA. Total RNA is understood as all RNA molecules available 

within a cell regardless of their type. In reality, due to the binding capabilities of the RNeasy 

column used in the protocol, only molecules longer than 200 nucleotides are purified. RNA 

molecules such as 5.8S rRNA, rRNA, and tRNA are therefore excluded. These smaller molecules 

compose of about 15% to 20% of total RNA. This protocol is described in this chapter and later in 

a more depth in Chapter 5. It is important to clarify that after the Preparation of RNA procedure 

the available RNA have not yet been cut/divided or replicated into specific desired segments. 

Post-processing is needed to get the desired segments in sufficient quantity by means of PCR 

(QIAGEN, 1997, 2001a, 2003, 2006b). 

The goal of this case study process is the Isolation of RNA from Drosophila Schneider 2 

cells that were transfected with a plasmid expressing dact mRNA (RE37047) (Florida Atlantic 

University, 2006). By transfecting the cells, the expression of the above specific gene is 

guaranteed to ensure that the desired mRNA, RE37047 in this case, is present.  
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This specific set of educational experiments require steps that employ proprietary 

sample-processing devices and chemicals such as QIAshredder columns, RNeasy columns 

(Figure 2.1), Lysis buffer RLT, B-mercaptoethnol, 70% ethanol, RW1 buffer, Wash buffer RPE, 

and RNase free water, all contained in the RNeasy Mini - QIAshredder Kit, available from 

QIAGEN Inc. (QIAGEN, 2002, 2006b). 

 

Figure 2.1 Preparation of RNA cells (QIAGEN, 2006b) 

The intent of this chapter is to state the motivating issues that arise from this case study. 

This is why at this point in time only the steps description of the protocol is presented. In a later 

chapter (Chapter 5), a full detailed description and explanation of the protocol and its elements is 

presented. 



11 

2.1. Complete Manual RNA Purification Protocol 

Below is a summary of the steps of the experiment. This experiment is designed to be 

executed manually by a single operator who retrieves from a storage a 2ml tube filled with frozen 

cells and then works through all the process steps to obtain at the end the RNA suspended in 

50µl of RNase free water. As all tubes, columns and buffers are part of a commercial kit provided 

by QIAGEN. The lab quantities, timings, and speeds are all specified by the kit manufacturer, and 

all steps are carried out in 2ml collection tubes. Also, unless otherwise stated the operations are 

carried out at room temperature, between 18oC to 26oC. An expert operator can execute the 

protocol in approximately 20 minutes. 

1. Retrieval of one tube full of frozen cells. 

2. Addition of 350 µl of RLT buffer followed by gentle vortexing until cells are lysed. 

3. Transferring of the lysate into a QIAshredder spin column placed in a 2ml collection 

tube. 

4. Centrifuging of the tube for 2 minutes at 14,000 rpm in a 4oC incubator. 

5. Addition of 350 µl of 70% ethanol to the lysate in the collection tube. 

6. Transferring of the combined 700µl, including any precipitate that may have formed, 

to an RNeasy mini column in a 2ml collection tube. 

7. Centrifuging of the tube for 15 seconds at 14,000 rpm. 

8. Discarding of the flow-through and reattaching the collection tube to the mini column. 

9. Addition of 700µl of buffer RW1 to the mini-column 

10. Centrifuging of the tube for 15 seconds at 14,000 rpm. 

11. Discarding of the flow-through and the collection tube. 

12. Transferring of the RNeasy mini column to a new 2ml collection tube. 

13. Addition of 500µl of the wash buffer RPE into the column. 

14. Centrifuging of the tube for 15 seconds at 14,000 rpm. 

15. Discarding of the follow-through and reattaching the collection tube to the mini 

column. 

16. Addition of another 500µl of the wash buffer RPE into the column. 
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17. Centrifuging of the tube for 2 minutes at 14,000 rpm. 

18. Addition of 50µl of RNase free water and attaching a new collection tube. 

19. Elution of the RNA from the column by centrifugation for 2 minutes at 14,000 rpm. 

20. Storage of the collecting tube at -20oC in a freezer. 

In order to conceptualize the above experiment protocol as a manual-labor production 

line, the steps mentioned above have to be broken down into smaller more basic tasks.  

1. Picking up a tube filled with frozen cells. 

2. Adding a specific amount of RLT buffer 

3. Vortexing the tube 

4. Transferring the lysate into a QIAshredder spin column 

5. Coupling the QIAshredder spin column into a collection tube of a specific size 

6. Centrifuging for a given amount of time at a given speed and at a given ambient 

temperature 

7. Adding a specific quantity of 70% ethanol to the lysate in the collection tube.  

8. Discharging the QIAshredder spin column 

9. Transferring the combined solution, including any precipitate that may have formed, 

to a RNeasy mini column 

10. Coupling the RNeasy spin column into a collection tube of a specific size 

11. Centrifuging for a given amount of time at a given speed and at a given ambient 

temperature  

12. Discarding of the flow-through and collection tube 

13. Attaching a new collection tube to the RNeasy mini column. 

14. Adding a specific quantity of buffer RW1 to the RNeasy mini column 

15. Centrifuging for a given amount of time at a given speed and at a given ambient 

temperature  

16. Discarding of the flow-through and the collection tube. 

17. Attaching a new collection tube to the RNeasy mini column. 

18. Adding a specific quantity of the wash buffer RPE into the RNeasy mini column. 
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19. Centrifuging for a given amount of time at a given speed and at a given ambient 

temperature  

20. Discarding the follow-through and collection tube 

21. Attaching a new collection tube to the RNeasy mini column. 

22. Adding a specific quantity of the wash buffer RPE into the column. 

23. Centrifuging for a given amount of time at a given speed and at a given ambient 

temperature  

24. Discarding the follow-through and collection tube 

25. Adding a specific quantity of RNase free water  

26. Attaching a new collection tube to the RNeasy mini column. 

27. Eluting the RNA from the column by centrifugation for a given amount of time at a 

given speed and at a given ambient temperature  

28. Storing the collecting tube at -20oC in a freezer. 

2.2. Conceptualization of Manual Production Line 

The 28 manual labor tasks described above are first set up as a manual labor production 

line. These tasks can be arranged in 17 sequential stations where a single human operator tends 

each station (Figure 2.2). It appears that only one storage unit (a freezer) is needed. This storage 

place holds the tubes with frozen cells and this is where we could store the final tube that 

contains the extracted RNA. It is assumed that there is a rack located between stations where the 

tube prepared by one-operator is left to the operator of the next stage.  

The resulting production line stations are: 

1. Picking up sample from storage (Task 1) 

2. Adding RLT Buffer (Task 2) 

3. Vortex (Task 3) 

4. Transferring into spin mini-column (Tasks 4 and 5) 

Station includes the storage of new spin mini-columns.  

5. Centrifuging (Task 6) 

6. Adding ethanol (Tasks 7 and 8) 
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Station includes the storage of spin mini-columns 

7. Transferring into mini-column (Tasks 9 and 10) 

Station includes storage of the mini-columns and collection tubes. 

8. Centrifuging (Task 11) 

9. Discarding flow-through, attaching collecting tube, and adding RW1 (Tasks 12, 13, 

and 14) 

Station includes storage for the new collection tubes and disposal place for 

the used collection tubes. 

10. Centrifuging (Task 15) 

11. Discarding flow-through, attaching collection tube, and adding RPE (Tasks 16, 17, 

and 18) 

Station includes storage for the new collection tubes and disposal place for 

the used collection tubes. 

12. Centrifuging (Task 19) 

13. Discarding flow-through, attaching collection tube, and adding RPE (Tasks 20, 21, 

and 22)  

Station includes storage for the new collection tubes and disposal place for 

the used collection tubes. 

14. Centrifuging (Task 23) 

15. Discarding flow-through, attaching collection tube, and adding 50µl of RNase free 

water (Tasks 24, 25, and 26) 

Station includes storage for the new collection tubes and disposal place for 

the used collection tubes. 

16. Centrifuging (Task 27) 

17. Storing of the collecting tube (Task 28)  
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Figure 2.2 Conceptual design for the Preparation of RNA from tissue cultured cells 

production line 

Initially the manual production line is thought of as a set of 17 stages each with one 

human operator in charge. That is the human operators perform simple tasks such as pipetting of 

reagents, discarding of used ware, preparing the samples to be loaded, and loading and 

unloading a centrifuge. A question that may be asked is whether each operator can run more 
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than one station. It can be done, but in order to keep production going with the same throughput, 

all timings and stations have to be well synchronized and one would have to include labeling 

steps in each station. In this study we opt to avoid including such extra steps and leave those for 

future directions.  

2.3. Conceptualization of Automated Production Line 

Once the manual production line is conceptually set, the operators are then replaced by 

automation equipment. A conveyor replaces the handing of the samples from one operator to the 

next. All equipment is set in close proximity and with access to and from a conveyor. The 

equipment needed for each station is listed next: 

¶ Station 1: Feeder from the storage onto the conveyor. 

¶ Station 2: De-caper, caper, and dispenser, storage RLT buffer 

¶ Station 3: Vortex 

¶ Station 4: De-caper, caper, liquid transfer equipment (pipette) 

¶ Station 5: Centrifuge 

¶ Station 6: De-caper, dispenser, storage for ethanol 

¶ Station 7: Liquid handling equipment, caper 

¶ Station 8: Centrifuge 

¶ Station9: De-caper, caper, dispenser, storage RW1 

¶ Station 10: Centrifuge 

¶ Station 11: De-caper, caper, dispenser, storage RPE 

¶ Station 12: Centrifuge 

¶ Station 13: De-caper, caper, dispenser, storage RPR 

¶ Station 14: Centrifuge 

¶ Station 15: De-caper, caper, dispenser, storage RNase free water 

¶ Station 16: Centrifuge 

¶ Station 17: Feeder into storage 

Each station has in addition interfaces to and from the conveyor belts to transport the 

columns and tubes from station to station. In other words, the first automation strategy to be 
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explored is one that involves no robotic devices at all. Cost wise, as robots or pick-and-place 

devices are relatively expensive and maintenance-intensive, if a possibility of doing away with 

robots altogether is feasible it should be very seriously considered. In this case study however 

one can discard this option from the start, as it is not feasible. The main reason is that centrifuges 

cannot be loaded and unloaded by means of feeders to and from conveyors, at least not the 

standard commercial centrifuges. These need to be loaded and unloaded by means of a pick and 

place mechanism as it has to be done from the top of the centrifuge.  

This immediately introduces the need for at least one robotic arm (or other pick and place 

device) that could perform this task of loading and unloading of the centrifuges. As seen in the 

description of the protocol, this case study procedure utilizes no less than six centrifuging steps. 

Questions that need to be raised are: Should the automation designer attach a robot for each 

centrifuge station? Do we need to have six distinct centrifuges at all? The latter question can be 

answered right away: A reduction in the number of centrifuges indicates that the centrifuges 

become involved in more than one step. This means that some sample labeling steps have to be 

included. Once again, we choose to avoid adding extra steps to the protocol and we shall leave 

labeling steps as an open issue for future research. 

Let us return to the first question about one robot for each centrifuge. There are of course 

six possible options depending on how many robots are to be employed. This is where 

computational tools come into play. Utilizing six robotic devices does increase significantly the 

overall systemôs footprint due to each robotôs workspace and it increases the total capital cost as 

a robot is surely one of the more costly pieces of hardware in the system. However it could 

theoretically yield the best throughput as each of the robots is always ready to attend its 

respective centrifuge. At the other extreme, using only one robotic device decreases footprint and 

cost six-fold, but it introduces a timing complexity that might compromise the systemôs 

throughput.  

Some tasks are critical and need to be performed as soon as samples become ready. 

Consider for instance the task of Station 14: As soon as the RNA becomes exposed in the 

column a sufficient amount of RNase free water must be added in order to get the largest amount 
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of RNA. Clearly, one of the solution outcomes of this multi-objective automation design problem 

(which involves equipment cost, floor footprint and throughput) should be a recommendation as to 

how many robots need to be used in the automation implementation of specific protocols. 

On the other hand, centrifuging cannot be performed with only one tube or column in; 

centrifuges must be geometrically balanced in order to work properly. That means that depending 

on the number of available slots that a certain centrifuge chamber may have, a certain number of 

samples could potentially be loaded. If for example the centrifuge has six slots, it could only 

simultaneously process two, three, four, or six samples symmetrically arranged. Bigger 

centrifuges have more potential combinations. In High-Throughput automation the process 

involves microarrays (rather than single tubes) and centrifuging of such arrays is often done in 

pairs as two arrays occupy symmetrically the centrifuge slots space. Therefore the important 

consideration that has to be kept in mind is that in centrifuging stations more than one sample 

has to be loaded prior to each centrifuging action, and how many samples are to be loaded is one 

of the design parameters. This is a timing calculation and synchronization problem that has to be 

answered as part of automation design. Some of the centrifuging steps take relatively long time, 

significantly more than other steps in the RNA isolation process.  

One thus begins to appreciate the complexity of the automation design problem.  
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3. BIOTECHNOLOGY AUTOMATION LITERATURE REVIEW 

3.1. Introduction 

The previous chapter presents a motivating example to help illustrate possible issues that 

have to be taken into consideration whenever designing automated solutions for biotechnology 

protocols. These unique features are very much related to the intrinsic characteristics of the raw 

materials and the products, both are biological, the processes that needed to handle such 

biological substances, and typical needs that are encountered in the field of biotechnology. 

Examples to these unique characteristics are:  

¶ Limited availability of raw material 

¶ Constrained lifetime of the raw material and the intermediate products created 

along the process 

¶ Specific environmental conditions needed for the raw material (and intermediate 

products) and the processes to take place. 

Other automation design concerns illustrated in the previous chapter are common to all 

fields of Industrial Engineering such as: 

¶ Timing constraints 

¶ Sample manipulation architectures 

¶ Queues 

¶ Equipment sharing 

¶ Total throughput 

¶ Economically reasonable solutions 

This chapter reviews existing biotechnology automation solutions. Examples developed, 

both in industry and academia, are discussed in part with reference to questions posed in the 

previous chapter. 
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3.2. System Level Approach to Flexible Automation for Biotechnology 

Najmabadi et al (Najmabadi, 2003, 2005, 2006abc) advocated a system level approach 

to the study of high-throughput automation for both upstream and downstream protocols in small-

to-medium size biotechnology laboratory systems. His study concentrated on small-to-medium 

size laboratories as their number is considerable, and as such a research of such systems was 

deemed to deserve special attention (Najmabadi, 2006a) 

In (Najmabadi, 2003) a conceptual design for an automated high-throughput magnetic 

bead protein complex purification work cell was demonstrated with a special focus on the 

Tandem Affinity-Purification (TAP) protocol, considered a major Proteomics field protocol used 

whenever studying protein-protein interaction. The TAP protocol is based on the fusion of a 

specific TAP tag to a target protein complex in order to later perform an affinity isolation of the 

fusion protein using bead chromatography columns. The protocol in its entirety consists of seven 

steps. In (Najmabadi, 2003), only the sixth step was automated in a conceptual design.  That step 

consisted of a magnetic bead purification chosen for Protein Complex Purification because it 

tends to be a more automation friendly protocol as it does not involve traditional but hard-to-

automate methods such as centrifugation and time-consuming column-draining processes. Even 

though this was only a theoretical and conceptual example, it clearly concurred with the 

challenging steps and bottlenecks for automation found in our Chapter 2 case study, such as 

loading of specific pieces of hardware equipment and the time taken by some processes to 

complete. For example, some operations such as incubation, lysing or amplification, operations 

used in Isolation for RNA, take a given amount of time for the reaction to be carried out properly 

and that service time cannot be changed. On the other hand, equipment such as conventional 

centrifuges as well as vortexes, off-the-shelf equipment used for Isolation of RNA, have to be 

loaded from the top as the tubes containing the samples have to go each into its individual slot.  

The above study claimed that the tendency in laboratory automation has been to favor 

flexible systems, enabled by means of articulated robots or distributed motion systems, moving 

away from implementations based on moving conveyors only. Looking back at the case study 

presented in Chapter 1, right from the start one has to agree that the use of robotic devices is not 
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only a tendency, but it is compulsory. The protocol presented as a case study for RNA isolation 

has both kinds of issues mentioned in (Najmabadi, 2003) as ñhard-to-automate methods of 

centrifugation and time-consuming column-draining processesò. 

3.2.1. Flexibility Parameters 

In the context of biotechnology automation, the flexibility of laboratory automation 

systems was defined in (Najmabadi, 2006b) as the capability of the system to adapt to a new 

protocol. Three main quantitative parameters to model aspects of hardware flexibility in 

Laboratory Automation systems were identified as: functional flexibility, structural flexibility, and 

throughput flexibility.  

Functional flexibility is related to the transportation capabilities of the system and it is 

divided into three aspects: liquid handling flexibility, transportation flexibility, and instrument 

feeding flexibility. Liquid handling flexibility refers to the capability of the system to accurately 

dispense and aspirate a large range of liquid volumes. In biotechnology, there is a need to be 

able to dispense very accurately fluid volumes in the order of magnitude of micro-liters. In the 

case study presented in Chapter 2, for the manual process, the volumes used are in the order of 

magnitude of milliliters. One of the goals behind automation of such processes is to be able to 

have the reaction volumes reduced to the order of magnitude of micro-liters.  

Transportation flexibility refers to the systemôs capability to manipulate various kinds of 

labware such as vials, tubes, plates, etc. and move these successfully from point A to point B. In 

high-throughput automation for biotechnology the common labware involves capillaries and assay 

plates that can handle adequate small reaction volumes.  

Instrument feeding flexibility refers to the systemôs capability to load and unload such 

labware into different instruments and lab equipment. Conventional off the shelf equipment may 

be somewhat rigid in this aspect, i.e., equipment such as centrifuge can only be loaded from the 

top via a pick-and-place device, but nowadays customized centrifuge equipment become 

available and there might be more options in the market. For this reason, small-to-medium size 

laboratories and some big size laboratories need systems that can offer Instrument feeding 

flexibility to be able to integrate all types of equipment (conventional and customized). 
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To be able to achieve complete functional flexibility for a production line that could 

theoretically perform RNA Isolation, transportation flexibility and instrument feeding flexibility both 

need to be taken into consideration simultaneously. Both issues are very closely related to that of 

how the actual equipment used operates and performs the many tasks. 

Structural flexibility is the systemôs adaptability to new instruments and protocols and it 

can be achieved by changing the system layout configuration or its transportation methods. The 

group technology issues and questions could be tackled taking advantage of structural flexibility. 

The idea behind group technology and classifying of different protocols into families depending on 

their similarities is to be able to process multiple protocols with as few and minor modifications of 

an already existing line. If such lines were designed keeping in mind structural flexibility, it would 

be easier to achieve this goal. 

Throughput flexibility is the systemôs capability to increase its throughput by means of 

parallel processing solutions. As explained throughout Chapters 1 and 2, timing requirements and 

constraints, as well as reaction volumes and concentrations specifications tend to be tight for 

biotechnology protocols and samples; i.e., most operations have very restrictive specifications 

which have to be followed in order for the reactions to take place and the samples to stay viable. 

If these specifications are not followed the whole protocol may not work at all which may cause 

potential costly degradation damage to the samples and reagents. In addition, biotechnology 

protocols tend to be sequential steps, non-commutative that have to be followed to the letter (i.e.: 

a sample cannot be purified or homogenized before it is being lysed). These two issues clearly 

explain why the only practical option for increasing throughput is by means of parallel processing 

solutions. An in depth study of these issues is presented in Chapter 7. 

The three flexibility parameters were then combined in (Najmabadi, 2006bc) to create a 

single hardware flexibility index. Nam Suhôs Axiomatic Design Theory (Suh, 2001) is applied in 

(Najmabadi, 2006bc) to measure and quantitatively compare Hardware Flexibility indices using 

the parameters described above. An evaluation of hardware flexibility for robotic-based and track-

based approaches, considered conventional laboratory automation approaches, is presented in 
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(Najmabadi, 2006bc). At this point in time, the design considerations for biotechnology protocols 

presented in this dissertation, do not involve quantitative flexibility considerations. 

3.2.2. Laboratory Automation Depending on Labware Manipulation 

There are two typical and widely used automation approaches whenever it comes to 

labware manipulation: robotic-based approach and track-based approach. 

In a robotic-based approach a robotic arm moves various labware among different 

laboratory instruments. Robotic-based systems typically consist of a tabletop platform on which 

various laboratory modules and instruments are mounted all serviced by a single centrally located 

robotic arm or by multiple robot manipulators. The robots perform the necessary liquid handling 

and labware transportation operations. A track-based system on the other hand uses conveyors, 

rather than robots, as the transportation means between stations. In such systems modules and 

instruments are positioned next to the transportation tracks and the containers are moved 

between stations on the conveyor tracks. Each station may use feeders to retrieve tubes or other 

containers from its local storage. 

Two architectures presented in (Najmabadi, 2006ab) termed Total Modular Laboratory 

Automation (TMLA) and Distributed Operations Laboratory Automation (DOLA), were introduced 

as means for enhanced hardware flexibility of laboratory automation systems.  

The TMLA was introduced to overcome some of the shortcomings of the robotic-based 

approach. It was proposed to substitute the robotic arms in robotic-based approach architectures 

by modular and reconfigurable arms. By replacing conventional robotic arms by modular 

reconfigurable one, such can be placed in such a configuration as to increase the workspace of 

SCARA modular arms for pick and place lab operations or a as change to an articulated 

configuration suitable for stacking operations. In (Najmabado, 2006c) it was demonstrated that 

TMLA improves structural and throughput flexibility of conventional robotic-based approaches. 

The second improvement method, named DOLA, is based on deploying transportation 

rails network which is installed above the tabletop platform on which the instruments are placed. 

This is done in order to conveniently move samples to all the necessary manipulator grippers and 

pipettors that perform the labware manipulation and liquid handling operations respectively. By 
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adding such transportation rails network actual dispensing stations can be avoided and, 

depending on the grippers used, some pick and place devices could be removed from the line as 

well. This network would allow easier feeding solutions of the various laboratory equipment. 

DOLA was claimed to improve transportation and instrument feeding flexibility of conventional 

track-based automation approach (Najmabado, 2006) 

TMLA and DOLA architectures were conceived to improve flexibility of conventional 

architecture approaches in order to perform labware manipulation and liquid handling operations 

for tabletop systems. Even thought, they were conceived for tabletop operations they could be 

scale up to larger solutions with help of customized equipment and integrated software 

management systems.  

The above two architectures will not be used in this dissertation. The implementation of 

TMLA architecture involves customized manipulators, and its development and acquisition may 

be very expensive and time consuming. The implementation of DOLA architecture involves the 

removing of redundant stations and the putting of more emphasis on equipment sharing. Such 

equipment sharing necessarily involves  introduction of labeling steps that as was already 

mentioned is an operation not considered in this study and is thus left for future research. 

 

Figure 3.1 Tower-based automated work-cell conceptual design for magnetic protein 

complex purification protocol (Najmabadi, 2005, 2006ab). 
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A third architecture described in (Najmabadi, 2005) called Tower-based architecture is 

claimed to improve attaining the main requirements in small-to-medium biotechnology labs for 

batch protocols (Figure 3.1) such as throughput to footprint ratio. This architecture consists of a 

single central robotic tower where two cylindrical robotic arms are mounted. The instruments are 

placed around the central tower in multilevel stackers such that the top robotic arm handles 

instruments situated at the top levels of the stacks and the bottom robotic arm handles the 

equipment situated in the bottom levels. The bottom cylindrical arm is responsible for the pick-

and-place and labware manipulation operations and the top cylindrical arm deals with the 

pipetting and liquid handling operations.  

For sequential protocols, as most of the biotechnology protocols happen to be, having 

two manipulators: one for handling manipulation and the other for liquid handling operations helps 

to significantly reduce most of the queues and bottlenecks. In addition the layout footprint is 

reduced as the dispensing unit becomes the same for all liquid handling operations. The issue is 

that this kind of dispenser is still a customized solution and the fact that the manipulators work at 

two different levels makes this a 3-D solution. In this dissertation we focus only on off-the-shelf 

equipment. 

As explained in Chapter 1, our chief objective in this dissertation is to develop general 

guidelines for the design of fully automated systems for upstream biotechnology protocols.  

One of the key contributions of (Najmabadi, 2006) was the observation that the design of 

biotechnology automation systems revolves around automation of generic operations and 

processes termed Laboratory Unit Operations (LUO). These LUOs are the building blocks for 

most, if not all, known biotechnology laboratory protocols. 

3.3. Customized Automated Solutions  

3.3.1. ACAPELLA 5K ï Liquid Handling System 

Notable academic research on the subject of Automation Design for biotechnology was 

conducted at the University of Washington. The result of a ten years development work (1995 ï 

2005) was the various versions of the ACAPELLA system (Daoura, 1999) (Meldrum, 1994, 1995, 

1997, 1999, 2000ab, 2001ab, 2003) an automated liquid handling system developed for sample 
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preparation. The system takes DNA (or other biochemical samples) and processes it as specified 

in a user-defined protocol. Readily available processing operations include aspiration, dispensing, 

mixing, thermal cycling, and imaging all performed in a capillary format. The instrumentation of 

ACAPELLA includes a rotary table, glass capillaries, low-volume disposable containers, and 

piezoelectric dispensers for precision delivery of reagents (Figure 3.2). The system successfully 

demonstrates high-throughput preparation of restricted enzyme digestion, PCR, and sequencing 

reaction for genome analysis. 

The ACAPELLA system was developed with three main objectives in mind that at the 

time were considered to be crucial issues for future developments and advances in biotechnology 

as related to the Human Genome Project. These three main goals were: 1) the development of 

an automated liquid handling system that would improve throughput capabilities, 2) reduction of 

typical DNA sample volumes needed for PCR operations, which leads to a reductions in the 

reactants size and therefore should be reflected in a reduction of reagent cost, and 3) 

development of a closed sample-processing pipeline to make the process more efficient in order 

to start moving towards fully automated systems. The designers of the system were able to meet 

these goals. The core technology of ACAPELLA-5K could process up to 5000 samples in an eight 

hours shift, it could prepare final reaction volumes of 1-2µl a five-fold reduction over 2003-era 

volumes, and this was accomplished thanks to the system pipelined sample processing 

methodology (Meldrum 2001ab, 2003). 

One of the key components in the ACAPELLA system layout was a rotary table (or 

turntable) with 18 discrete places called ñchucksò (Figure 3.2), which moved the capillaries 

between the different stations. A capillary dispenser (Item A in Figure 3.2) could hold 5000 

capillaries and was a rotor-based hopper design that dispensed a capillary to the empty chunk in 

front of it. The turntable continuously rotated with a period of 5.76 seconds simultaneously 

moving the capillaries each to its next station. In order to introduce the sample into the capillary, a 

robotic aspirator-gripper took the horizontal capillary from the chunk, rotated it 90 degrees to a 

vertical position, moved it to a microplate to aspirate the DNA sample, then rotated it back to a 

horizontal position and finally put it back in the chunk where it was taken from (Item B in Figure 
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3.2). An imaging monitoring step was performed to assure that the DNA sample was aspirated 

correctly (Item C in Figure 3.2). The ACAPELLA system had 8 piezoelectric reagent dispensers 

that could dispense volumes ranging 40-100pl (Item D in Figure 3.2). A second imaging step was 

included to verify the correct fluid volume (Item E in Figure 3.2). Three stations were available for 

mixing the volumes by means of a piezoelectric actuator that moved the volume back and forth by 

air volume displacement (Item F in Figure 3.2). The capillaries were then picked up by a robotic 

vacuum gripper and placed on to a cassette holder (Item G in Figure 3.2) (Meldrum, 2000a, 

2001ab, 2003). 

 

Figure 3.2 Functional schematic of fluid sample handling with the ACAPELLA-5K 

automated system (Meldrum, 2001ab). 

One of the innovative aspects and key contributions of that long term research study was 

the implementation of a rotary table as a center piece pipelining operations engine. Even though 

a rotary table may be viewed as a circular conveyor, ACAPELLA-5K explored a novel 

configuration to apply it to biotechnology protocols and its environment. The rotary table in the 

system performed not only the manipulation operations of the systems, but at the same time it 

also performed the liquid handling operations since the capillaries, the labware for this 

application, were attached to the rotary table and the reagents were dispensed directly without 

having to feed or load the labware into a different instrument. 
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That study demonstrated that there are more automation architecture options that are 

available, different than the robot-based and track-based approaches discussed earlier. Fully 

automated systems for biotechnology could potentially combine select features and components 

drawn from different automation approaches. 

The design team of the upgraded ACAPELLA-5K system developed a real-time PCR 

test-bed for the analysis of up to 48 1µl to 2µl reactions in glass capillaries. That PCR test-bed 

was suitable for high-throughput experimentation whenever used as a downstream module for 

ACAPELLA-5K. The test-bed featured a laser-induced fluorescence scanner with high-sensitivity 

photomultiplier tubes for the detection of three spectral wavelengths. The scanner was used to 

monitor the reactions taking place inside the test-bed, in order to detect the copied genes 

(Meldrum, 2001ab). 

The PCR processor developed by the ACAPELLA-5K research team, was designed with 

the sole purpose of fulfilling the ACAPELLA-5K implementation requirements and goals. This 

means that it was designed to be able to process the number of ACAPELLAs capillaries labware 

required in the time required, and even though this was a customized solution for a specific 

system, it was not fully automated. Loading of the pre-processed samples (steps in the rotary 

table) into the PCR was not yet automated. To fully automate this solution, at least one robotic 

manipulator should have been involved in order to move and load the labware from the rotary 

table into the PCR (Meldrum, 2003). 

This last point concurs with some of the issues raised in Chapters 1 and 2. Evidently 

there are various lab instruments and operations that may become bottlenecks due to their timing 

conditions and loading/unloading mechanisms. At this point, in an intuitive manner, it can be 

stated that in order to design a fully automated system, the system would need at least one 

robotic manipulator to perform some transportation operations. The best solution may be a 

composition of both conventional approaches, where some manipulation operations are 

performed by conveyors, but some still require robotic manipulation. 

The ACAPELLA system was developed keeping in mind automation flexibility issues. It 

was designed as a liquid handling system that could perform simultaneously multiple different 
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user-defined protocols. The system could load up to eight different reagents that could each 

serve a different sample separately, meaning that each sample could be part of a different 

protocol. The system had three mixing stations for the requirements of different protocols. These 

two characteristics gave a degree of flexibility to the platform and it could be easily reconfigured 

or it could prepare more than one sample at the time keeping in mind that only eight reagents can 

be loaded simultaneously, and that the reactions were restricted to those that had mixing times of 

less than 17.28 seconds. 

It is important to note that only a family of protocols could be performed with the 

ACAPELA system; procedures that require centrifugation operations, like the protocol described 

in Chapter 2 as a motivating example, cannot be performed with the platform ACAPELLA 5K and 

therefore, are not amenable to automation with such a platform. The protocols that can be 

performed by this system are based on magnetic beads isolation, which would be further 

explained in Chapter 5. Protocols that required centrifugation steps are found in the literature to 

be ñnot automation friendlyò (Meldrum, 1999) (Najmabadi, 2006a). Automation of centrifugation 

steps is particularly addressed in this dissertation.  

Looking back to the motivating case study presented in Chapter 2, the ACAPELLA 

system would not be capable of implementing it for two main reasons. First, ACAPELLA is not 

capable of performing protocols that involve any kind of centrifugation operations. As it is a 

customized and already built solution, it does not have a centrifuge, or the capability to be 

reconfigured to include one. This system was designed and built for an already defined set of 

protocols, and protocols that use centrifuges are not part of that set. Second, since ACAPELLA 

was built to handle only capillary tubes, there are no commercial centrifuges that can operate with 

capillary tubes. A new system, inspired by the ACAPELLA system, that incorporates a rotary 

table approach with centrifuges, the means to load them and unload them (pick and place 

device), and a suitable labware format, could in principle perform the RNA Purification protocol as 

described in Chapter 2.  
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3.3.2. Multiparametric Platform for Analytical Screening of Living Cells 

Another interesting biotechnology automation line used for academic research is at the 

University of Munich (Geisler, 2006). The research conducted using that line explores the concept 

of a multiparameteric platform. Such a platform was developed to carry out high-throughput 

downstream automation related to multiparametric screening assays. 

For seven years the research team at the University of Munich focused on the problem of 

analytical monitoring of intracellular and extracellular parameters for high-throughput screening. 

The general tendency in biology and related fields is to move towards a more efficient use of 

biological materials. Multiparametric screening helps in the measuring of various parameters with 

the same set of assays, making the development of the assay, the screening campaign, and the 

use of the biological samples more efficient. 

The research at the University of Munich was carried out in two stages. At the first stage 

sensor-based analysis tools were developed as well as imaging-based screening devices that 

could carry out multiparametric screening. These tools were developed as standalone customized 

equipment. The research focused on increasing the content of information that could be obtained 

during the screening experiments. The sensing was done primarily by lab-on-chip and 

microfluidics devices. The second stage of the research included a development of an embedded 

platform that included and integrated multiparametric, bioelectric, and biochemical sensors. The 

goal was to accomplish analytical monitoring of cellular parameters, and an automated imaging 

microscope for high-volume-data screening. 

The second stage of the research was an automated solution and is thus of interest to 

this dissertation. Even though the scope of the research done at the University of Munich is 

different than the one intended in this study, there are some ideas that are relevant to this 

dissertation. The conceptual platform developed at the University of Munich utilized a topology of 

distributed intelligence and hardware-based synchronization. This allowed all integrated platform 

components to be timed and synchronized. It was claimed that the platform was conceived as a 

highly modular platform, which allowed it to be reconfigured depending on user requirements. It 
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included integration of probe-manipulation systems such as climate control, fluidic systems, and 

automated probe placement. 

A notable feature of this the platform, is the hardware-level synchronization achieved by 

means of digital signal processors. As the ñIntegration Control Unitò runs in real-time, it controls 

every operation in the system and maintains synchronicity throughout the system. In this 

dissertation a MATLAB® simulator was developed to study timings and queues formation in the 

automation line. The simulator was developed assuming the existence of a control network 

throughout the production line that controls the equipment in the line and maintains the 

synchronization of the operations.  

3.3.3. HTS-TRACÊ 

Tecan® is a Swiss-based leading global provider of laboratory instruments and solutions 

in biopharmaceutical, forensics, and clinical diagnosis (Tecan, 2008). Tecan® is a company that 

specializes in the development and production of automated workflow solutions. One of the 

systems developed for the Tecan® Integration Group (TIG) is called HTS-TRACÊ and it is a 

flexible track-based system developed for multipurpose cell based screening assays. 

 

Figure 3.3 HTS-TRACÊ TecanÈ system (Tecan, 2008) 

The system was developed by Tecan® as an example of a fully automated compound 

screening system. The system was developed around the manipulation equipment (Figure 3.3), 
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designed to reach, load, and unload any equipment part of the system. The manipulation 

architecture employed for the system consists of two robotic manipulators mounted on a rail to 

increase the overall robots workspace area. This manipulation approach combined both robotic-

based and track-based approaches. This is a spin off from classical track-based system as the 

track is used to move the manipulator (robotic arm), and not the parts and samples. As the 

robotic workspace is increased, it allows the manipulators to reach the equipment needed for the 

protocol.  It also allows extra space to fit any equipment that need to be incorporated for different 

protocols. The line is completely modular, and therefore reconfigurable to fit almost any 

biotechnology protocol, even though it was originally developed for downstream protocols 

(compound screening) only. 

The equipment of the HTS-TRACÊ system is all made of off-the-shelf Tecan® products. 

The robotic devices are Tecan® Autoloader CRS F3; such a manipulator has five liquid handling 

devices: Cybio CyBiWell, PE (Perkin Elmer®) Flexdrop, Thermo Multidrop®, Biotek Washer ELx, 

and Velocity11® Bravo. It has two incubators Thermo Cytomat® 6001; three readers: GE 

LeadseekerÊ, MD FLIPRTETRA, and PE EnvisionÈ reader; and it also uses ABgeneÈ Piercer 

ASP50 (sealer for plates and tubes), and Velocity11® VSpin (centrifuge). It uses software Facts 

5.0 for integration of the system. As all the elements of the systems and the system itself are 

developed and produced by the same vendor, it is easily integrated and everything is controlled 

from the one computer that also performs the data acquisition. The HTS-TRACÊ system uses 

384-well-plates format and its reported throughput is approximately 200 microplates per 24 hours. 

As this system is completely modular and reconfigurable, it could potentially be 

reconfigured to perform the motivating example presented in Chapter 2 for RNA Purification. 

Some changes need to be done to the original system, like the introduction of more centrifuges 

and an additional vortexer, and possibly the rearrangement of the equipment to be in the correct 

order specified by the protocol.  The system however has the ability to be capable of loading and 

unloading of all the equipment needed for this protocol and it has the necessary layout space 

needed for it. This is an example of a truly flexible solution with functional flexibility, structural 

flexibility, and throughput flexibility. The only issue with this solution is its relative high cost. 
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3.3.4. Scripps - High-Throughput Screening for Drug Discovery 

The Scripps Florida Research Institute has a facility completely dedicated to high-

throughput screening. Their system is one of a few systems considered to be ultra-high-

throughput screening (uHTS) systems. This system will be discussed in depth in Chapter 4 as it is 

referred to for calculation of typical upstream biotechnology design automation throughput 

specifications dictated by drug discovery needs (Hodder, 2007). 

 

Figure 3.4 Scripps ï HTS system comprehensive diagram 

In this section only the automation aspects of the system are discussed. Performance 

issues of the Scripps system are discussed in Chapter 4. The core architecture is a typical 

robotic-based approach: it has a robot manipulator at the center and all the equipment is placed 

within the reachable workspace of the manipulator (Figure 3.4). The robotic arm performs all of 

the labware transportation from station to station.  As the layout of the system is restricted by the 

workspace of the robotic arm, the introduction of structural flexibility to the system may 

necessitate adding extra equipment needed for implementing additional protocols. These may or 
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may not fit within the robot workspace. Such additional equipment may be added on top of the 

existing instruments resulting in a 3-D implementation solution. 

The Scripps system has an interesting particular characteristic. It is programmed and 

controlled so that in order to reduce or avoid queues the speed of the robot is modified according 

to the operations timing requirements. It is a strategy for queues altogether avoidance.  

The uHTS system was developed for downstream screening operations, such as 

compound screening and drug discovery campaigns. Nevertheless, it can be reconfigured to 

perform upstream protocols like RNA purification. The only issue is that it would be a 3-D solution 

as 17 stations (like the ones proposed for the RNA purification process) may fit around the robotic 

arm. 

As the last two examples demonstrate, it is not difficult to find fully automated high-

throughput protocols for the downstream processes. But, as ones moves to the upstream 

protocols and the actual harvest of the samples less and less automated equipment is found. 

Automated equipment for such operations just begins to emerge. The DNA Purification System 

and the Nucleic Acid Extraction WorkStation by Thermo and the Centro LB 960 Microplate 

Luminometer by Berthold Technologies are examples of this group of solutions and will be further 

explained in Chapter 6. 
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4. DRUG DISCOVERY 

4.1. Introduction 

This chapter presents an overview of the drug discovery process with emphasis on 

related process automation issues. It discusses what specific tasks within the drug discovery 

process can be automated, and why some of the components of the process cannot be 

automated. In the context of biotechnology automation, drug discovery is one of several possible 

ñdownstreamò processes. Prior to initiating a drug discovery campaign, certain ñupstreamò 

biotechnology automation processes must conclude. Such processes involve samples 

preparation (such as a quantity of specific DNA segments or certain purified proteins), followed by 

assay preparation. In this chapter we explore possible throughput specifications for the upstream 

processes, as dictated by the needs of drug discovery (Cardona, 2012b). 

In the past, most drugs have been discovered either by identifying the active ingredients 

in traditional remedies or serendipitously. In recent years drug discovery approaches that rely 

heavily on automation emerged allowing users to better understand how disease and infections 

are controlled at the molecular and physiological levels and how to better target specific 

biochemical entities based on such insight. 

4.2. The Drug Discovery Process 

Drug discovery is a sub-field of biotechnology involving research, design and 

development of new therapeutic drugs to treat known diseases. In drug discovery the focus is on 

understanding how diseases (including infections) work at the molecular and physiological levels 

in order to be able treat such diseases at the root cause of the problem.  

In general, drug discovery involves the following multiple aspects: the identification of 

possible molecular substance candidates that need to be targeted in order to effectively treat the 

disease; the synthesis of plausible candidate targets; the characterization of the candidate targets 

and of the disease mechanism that needs to be treated; the screening of each candidate target
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against a large number of compounds in order to find plausible therapeutic results; and the 

development of assays to identify therapeutic efficacy. Once all the above steps are performed 

and a compound is shown that has a possible desired effect on the target being evaluated, the 

process of drug development commences which includes among other factors the determining of 

the proper dosage of the drug and the exploration of the drug possible side effects.  

 

Figure 4.1 A conceptual block diagram of a complete pharmaceutical research and 

discovery process (Carnero, 2006) 

The complete block diagram description of a pharmaceutical research and development 

process is presented in Figure 4.1 (Carnero, 2006). Following the exploration of the interaction of 

the disease with the organism at the molecular level, the target discovery process identifies target 

molecules that may be amenable for disease treatment. These targets may be proteins such as 

receptors, enzymes or ion channels (Carnero, 2006), or specific RNA or DNA segments (Hodder, 

2007) that interact with the disease to enable or inhibit the progress of the illness. Based on the 

ultimate longer term goal of the human genome project it is safe to predict that as we may gain 

full understanding of all gene functions, all targets in future drug discovery processes would 

eventually become DNA and RNA sequences that express or inhibit diseases, totally replacing all 

other kinds of targets (Bartfai, 2006).  

Once an appropriate target is identified, it has to be verified. A level of confidence has to 

be established to ensure that a given target is relevant to the disease under study, and that its 

manipulation may allow with high enough probability treatment of the disease. Depending on the 

type of target found, its manipulation (called modulation in the drug discovery jargon) is done by 

means of various chemical compound effectors (known as modulators). For instance, if the target 

was a receptor, the chemical substances used to manipulate such a target would be either 
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agonist, substances which combine with the receptor on the cell membrane surface to produce a 

desired reaction, or antagonist, substances that combine with the receptor to prevent a 

physiological action. If on the other hand the target found is an enzyme, the modulator used in 

such a case may be an activator or an inhibitor depending on the need. Finally, if the target found 

is an ion channel, then opener or blocker compounds are used.  

Once the target is validated, the next step is an assay development where the goal is to 

identify the modulators mentioned above for a specific target. Assays are designed to monitor the 

interaction of the target with other chemical substances or compounds during the screening in 

order to find which substance interaction draws the desired chemical result for the target in hand.  

Screening for drug discovery is a highly automated process. Since the goal is to expose 

the candidate target to a very large number of different chemical compounds, this process is 

performed using a high-speed parallel method known as High-Throughput Screening (HTS). The 

target has to be exposed to all those compounds in a hope of finding the desired interaction 

between target-and-compound. The screening process may yield more than one compound that 

has the desired interaction. These compounds that create successful reactions are called ñhitsò. 

Further screening needs to be run in order to find the appropriate dosages to obtain the desired 

result. Following the finding of the right dosage for each ñhitò compound, trials are conducted in 

animal models. The compound that scores the best results from the animal models 

experimentation is then considered the ñleadò compound. 

Lead compounds are optimized in terms of strength and selectivity. The best compound 

is a one that affects only the desirable target with the desirable action, and its safety is assessed 

before it becomes a candidate for drug development. Some compounds might be toxic and even 

lethal to humans if the right dosage is not administrated.  

Following the lead compounds identification and approval as candidates for drug 

development, drug discovery enters a phase at which preclinical evaluation and non-human 

toxicology tests are performed, followed by the clinical trials (Drews, 2000). 
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4.3. Essential Components of a Drug Discovery System 

The drug discovery process system has four main components. The essential core 

components are compound collections (or libraries), assay designs, HTS technology platforms, 

and data capture/analysis systems. 

Compound collections are stored in custom-designed, fully automated warehouses where 

the compounds are formatted and made available to be instantly retrieved for testing. These 

compound libraries are under constant quality control. Compound libraries are constructed from a 

variety of different sources. These could be natural product samples, acquired from external 

sources, or it could be developed from combining different compounds to form ñcombinatory 

librariesò, or these could have been developed and/or discovered in-house (i.e., by the HTS 

facility itself during various target discovery campaigns). Compound libraries are considered 

major assets within a companyôs set of discoveries, as these require a significant time and effort 

to assemble and a big financial investment (Banks, 2007). The compounds discovered in-house 

have a particularly special value. 

The second essential component of the drug discovery process is the assay design. It is 

vital for the process for arrays that are chemically relevant and pharmacologically accurate are 

designed to have a successful outcome in a target screening campaign. The small molecule 

domain is thought to have somewhere between 1040 to 10100 possible compounds, more than 

there ever be made (Eckstein, 2006). Usually a screening campaign tests from 105 to 107 

compounds (Carnero, 2006). The development of the assays requires expert scientific knowledge 

in order to make good judgment decisions as to how to choose a sensible screening sample of 

compounds (i.e., make an initial estimate of what compounds or family of compounds are 

relevant to the target in hand). This helps to enhance the quality and diversity of the collection 

being screened, and to improve the success rate of the HTS campaign (Seethala, 2008).  

Designing a bioassay for a given target that is appropriate for HTS is very time 

consuming and is considered to be one of the bottlenecks in the drug discovery process (Banks, 

2007). Some of the parameters that have to be taken into consideration in the design of an assay 

can include choice of assay mode (agonistic or antagonistic), availability of standard protocols 
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(readily available assays), reagent availability, and obviously, regarding HTS, scalability. 

Biotechnology automation, in general, is divided into upstream and downstream processes. For 

instance, upstream protocols govern the production quantity and quality of the targets required for 

the development of the assays for an HTS campaign. The design of such assays appears to be 

one of the central challenges of upstream processing and it involves no automation.  

A HTS campaign needs both, an assay and a target. The target and its fidelity and quality 

are essential to the process. Ensuring that for all those hundreds and thousands of test runs the 

target is exactly the same is crucial for a successful campaign. Preparing the target sample is one 

of the processes needed for drug discovery that is not yet fully automated. This dissertation 

centers on this issues. 

Equally important are assays because they will ensure the success of the campaign. The 

assays are not designed using automated methods. A process called assay design is involve. 

The assay design process is developed by chemistry and pharmaceutical experts. They must 

develop an insight as to what compounds might be needed based on their knowledge of the 

target. They can make educated guesses of what interactions are needed and what kinds of 

compounds are more likely to get the desired result. As a result, a good starting point for the 

screening campaign is available. Down the road, the assay might need to be modified and 

iterated to find the best result. As the assay design process involves manual labor assisted by 

automated equipment and the process needs constant human intervention it is consider a 

bottleneck for automation. 

Following assay design, it needs to be replicated to have sufficient number of plates 

available for the drug discovery campaigns. This process is called assay preparation and its 

automation has been resolved. Assay preparation involves low-volume liquid-handling 

mechanisms to replicate a ñmotherò plate created at the assay design into ñdaughterò plates used 

for the screening process. Usually, by using disposable tips, small volumes are taken from the 

ñmotherò plate to dispense nanoliter volumes into ñdaughterò plates. These mechanisms are 

highly automated and are able to replicate one column or the complete plate at the time. The 

assay preparation process usually includes a visual inspection station to ensure that require 
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volumes are present in each well. The final reaction results are too measured by means of optical 

methods. 

HTS is the third essential, and considered by some scientists to be the most important, 

component of the drug discovery process (Banks, 2007). Over the last 20 years biotechnology 

and pharmaceutical companies have spent billions of dollars on developing automated equipment 

for HTS. Nowadays, there is a full range of automated equipment available for HTS from the 

comparatively simpler like modular workstations that can perform plate-to-plate transfer (Figure 

4.2), to the more complex, involving integration of equipment and robotic manipulators, like the 

Scripps Research uHTS platform described in a later section. Sample batch production to serve 

the needs of HTS design tasks necessitates the setting of quantitative specifications for sample 

preparation automation, the topic of this dissertation. 

 

Figure 4.2 Labsystem MultiDrop 384 from Beckman Coulter (Beckman Coulter, 2011) 

The last major component of a drug discovery process is the data management 

operation. There are diverse software packages that have been developed; some are 

commercially available and others are customized. These software packages help to capture 

millions of individual data points that are produced by each screening run visual interfaces, to 

perform detailed analysis, and to interpret the information acquired.  

4.4. High-Throughput Screening 

The drug discovery industry has been moving towards largely automated processes that 

allow the screening of millions of compounds against various biological targets. HTS is defined to 

be a process by which hundreds of thousands to millions of compounds are tested for activity 
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against disease targets of interest with the goal of identifying truly active evolutionary ñhitsò 

Banks, 2007). The advance and evolution of HT platforms to be integrated into the drug discovery 

process are mainly classified into five phases.  

 

Figure 4.3 FlexStation 3: High efficiency dual monochromator-based optical system for all 

read modes from Cisbio (CISBIO, 2011) 

The first phase is the evolution of instruments and screening formats. The drug discovery 

community had to come to a consensus as to which formats to use in order for assays, 

consumables, and equipment to be compatible and integrated. Modular semi-automated and 

automated workstations have been developed in accordance with those formats. Plate-to-plate 

transfer, reagent dispensing, centrifuging, and detection capabilities (Figure 4.3) are among the 

operations that have been automated to use HT formats. 

 

Figure 4.4 ImmuluxÊ 96-well microplate form Dynex (DYNEX, 2011) 

A second evolution phase is miniaturization. Standard format 96-well plates (Figure 4.4) 

and 384-well plates (developed in 1996) can handle volumes of 50ɛl per well. Later on 1536-well 

plates were developed with volumes of 5 to 10ɛl per well (standardized in 2003). This last 
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screening format is sometimes referred to as Ultra (or micro) High-Throughput Screening or 

uHTS. Customized formats like the 864-well plates from Affymax, 9600-well plates from Dupont 

Pharmaceutical, and 3456-well plates from Aurora Bioscience have been developed as well. This 

last one has become standard format for uHTS as miniaturization continues to evolve. 

A third phase is the development of cellular HTS assays. The assays have to be 

compatible with the format used in HTS. The developments of this and the above two phases are 

of course closely related. If for example, the format is miniaturized, the instrumentation and 

assays have to be miniaturized as well, which translates into, for example, new dispensing 

techniques with lower volumes and greater resolution accuracy. 

A fourth phase is the actual development of the HTS technologies. Compound selection 

and quality control are big issues, but screening campaigns have to include tests for drug-to-drug 

interaction, drug metabolism and absorption and permeability issues that the target could present.  

The fifth phase is the quality control of HTS processes. The information collected from a 

screening run is very closely related to the supply of robust reagents, and this is becoming an 

integrated part of the process. Assay quality, compound quality, and target quality are constantly 

monitored. The success of the campaign depends, in part, on the quality of the products used. 

Consequently, some quality control processes deals with dispensing the compounds into assays, 

storing compounds, guaranteeing the purity and stability of the compounds, developing detection 

devices to measure assay products, and capturing and analyzing data. 

4.5. Example: HTS for Drug Discovery at Scripps Florida 

A High-Throughput Screening platform has been developed at The Scripps Research 

Institute® Florida. It enables drug-target lead identification via ultra-high-throughput screening 

(uHTS) technology (Figure 4.5) (Hodder, 2007). Using state-of-the-art instrumentation techniques 

used for drug discovery such as HTS Assay Development, HTS Target ñProfilingò Assays, and 

Full-Scale HTS Screening, can be executed. HTS assays have been developed in microliter 

plates having 96, 384, and 1536 well formats. 

The main component of the Scripps uHTS platform, a HT Kalypsys robotic system, is an 

anthropomorphic robotic arm (Item A in Figure 4.5) that moves assays and compound microtiter 
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plates among laboratory instruments for processing. The remaining equipment is laid out around 

the robotic arm within its reachable workspace to allow convenient transfer and manipulation. A 

pin tool is (Item B in Figure 4.5), is used to transfer compounds from the compounds plates to the 

assay plates. The pin tool has the same number of pins as the number of wells in the plate; i.e., if 

the plates that are being used are of a 384-well format then the pin tool must have 384 pins, one 

for each well to allow transfer of the complete plate contents all at once. The uHTS platform also 

utilizes an integrated liquid handler capable of dispensing up to 32 different reagents as well as of 

washing the plates as needed (Item C in Figure 4.5).  Incubators are laid out around the arm 

(Item D in Figure 4.5). These have a capacity of storing up to 700,000 samples in 1536-well 

format at different temperature and gas concentration levels. A multimode plate reader performs 

measurement operations (Item E in Figure 4.5). It records absorbance, luminescence, 

fluorescence, or fluorescence resonance energy transfer (with time resolution) information from 

microtiter plates. Another measuring device is a kinetic imaging plate reader that allows 

measurement of second-messenger or ion channel activity in live cells (Item F in Figure 4.5). The 

uHTS system needs is another robotic platform to manage and distribute the more than 600,000 

compounds used for drug discovery Scripps Research. The Scripps automation HT robotic 

system has a throughput of over 1 million assay wells per day and an on-line storage capacity of 

over a million compounds for both biochemical and cell-based drug screens. 

 

Figure 4.5 The Scripps Research uHTS platform. a) Industrial anthropomorphic robotic 

arm, b) pin tool, c) liquid handlers, d) incubators, e) multimode plate reader, and f) kinetic 

imaging plate reader (Hodder, 2007) 
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The Scripps uHTS system is almost an exception in the current drug discovery market. 

There are not that many laboratories that have such processing capabilities. This uHTS system is 

an example of a fully automated system that is quiet costly. 

4.6. HTS for Drug Discovery: Specifications for Upstream Biotechnology Automation 

Processes ï Example Based on the HTS System at Scripps 

Not every biotechnology laboratory that conducts research in target identification has a 

High-Throughput Screening facility at its disposal. Much smaller scale target identification 

research is conducted in the academia or in small-to-medium size laboratories. Such laboratories 

sometimes rely on larger facilities, such as Scripps, to run their screening campaigns. The HTS 

facility needs the following information in order to run the campaign: target name, target class, 

pharmacology probed, assay type, current detection technology, protocol format, current assay 

format, and whether or not positive and negative controls are available. 

As mentioned earlier the standard formats for HTS and uHTS are 384-well, 1536-well 

and 3456-well plates. The first involves fluid volumes of 50ɛl, the second 10ɛl (Eckstein, 2006), 

and the later, involving plates that are sometimes referred to as nano-plates, uses volumes in the 

order of magnitude of hundreds of nano-liters (Chung, 2008).  

As mentioned earlier the current trend of many drug discovery campaigns is to run 

screening of approximately one million compounds. As a ñrule of thumbò a rate of success that 

has been experienced many times is that for every 500 compounds screened, one ñhitò is typically 

found. For every two hits found, one is likely to become an ñactive hitò. For every 20 active hits 

that are screened, one ñleadò may eventually be found. For every five leads found, one may 

become a ñcandidateò.  Finally, for every 10 possible candidates, only one could become a 

marketable drug (Carnero, 2006). 

An HTS campaign involves more stages and procedures than just the screening of 

targets against the Compound Library. An HTS facility is the one that develops appropriate 

assays for the HTS campaign. Assay development is done first in 96-well format plates, and once 

the right volumetric ratio between substrate, target, and measurement reagent is found, the assay 

is miniaturized to one of the desired HTS formats. To ensure that the assay functions properly, 
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some campaigns prepare 15 copies of each plate to be run. This means that if an assay is 

developed then in the first try at least, just for the sake of assay development the amount of target 

needs to be: 

VP = VTW · NW         (4.1) 

Where VP is the volume of the target needed for each plate, VTW is the volume of the 

target needed per well, and NW is the number of wells in a plate. Therefore the fluid volume 

needed for the initial assay development in a 96-well plate format would be 50µl × 96 = 4.80ml 

per plate. As 15 plates are run to validate the results the actual volume needed for the initial 

assay development is 4.80ml × 15 plates = 72.00ml. 

By (4.1) the volume for the miniaturization process of the assay can be estimated as well. 

For a 384-well format only columns 3 to 22 are used for this purpose totaling only 320 wells. 

Columns 1 and 24 are not used at all in order to avoid edge effects and columns 2 and 23 are 

used for control/quality purposes (Hodder, 2007). This means that the volume needed for assay 

development at the 384-well format is 24µl × 320 = 7.68ml per plate. The volume needed for 15 

plates would then be 7.68ml × 15plates = 115.00ml.  

For a 536-well format 1280 wells are used taken from columns 5 to 44. The volume 

needed per plate is 1µl × 1280 = 1.28ml and for 15 plates the volume needed is 19.20ml.  

For a 3456-well format 2880 wells are used in columns 7 to 66. The volume needed for 

this format per plate is 0.7µl × 2880 = 2.02ml and for 15 plates 30.02ml. 

The total volume needed for assay development is calculated by adding the different 

volumes calculated above needed for assay development. Thus 237ml of target is needed for the 

assay development process when miniaturized to the smallest format (3456-well plates). This is 

only an amount calculated for the volumes used in (Chung, 2008). The total volume needed for 

any other assay development is expected to be of the same order of magnitude. Practitioners 

often recommend the doubling of the above assay development calculated amount Sometimes 

the target assays are not miniaturized to the smallest HTS formats. There are occasions that 

these volumes cannot be miniaturized due to molecular and biological properties, however the 

target volume should be kept the same for any unexpected complications. 
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Following the development of the screening assay, target screening against the 

compound libraries is performed. Primary hits (active compounds) are typically confirmed using 

384-well format and targets are counter-screened to eliminate false-positive results from the 

primary hits. This cycle is often repeated three times in order to produce three replicate results. 

The compound library screening and counter-screening may be performed using either 1536-well 

format or 3456 well format; yielding a total screening capability of 300,000 or 600,000 compounds 

libraries, or even 1 million compounds library. 

Table 4.1 Volumes needed for target screening against the Compound Libraries 

Format 
Library size (number 

of screened 
compound) 

Volume per well 
Total volume in 

Liters (l) 

1536-wells 1,000,000 10µl 10.00 

1536-wells 600,000 10µl 6.00 

1536-wells 300,000 10µl 3.00 

3456-wells 1,000,000 0.5µl 0.50 

3456-wells 600,000 0.5µl 0.30 

3456-wells 300,000 0.5µl 0.15 

The Total volumes shown in Table 4.1 in liters reveal what is needed for a single 

campaign run. Often as mentioned in (Chung, 2008) at least three replicate results are obtained 

to assure good results, and this is done both for the screening and the counter-screening. 

Therefore at least twice of the total volumes shown in Table 4.1 is needed in this stage for each 

campaign, but as much as six times the volume shown in Table 4.1 can sometimes be used for 

this stage. The total volumes in Table 4.1 were calculated using (4.2) by multiplying the volume of 

target needed for each well times the number of compounds that the target will be run against. 

VSC  = VTW · NSC         (4.2) 

Where VSC in the volume of target needed to screen the number of compounds in the 

chosen library, VTW is the volume of target needed per well, and NSC is the number of 

compounds that are screened. In order to run a HTS campaign of one million compounds with no 

replicated results, the targets volume that is needed could be as large as 20 litres (Table 4.1). 

Whenever a HTS laboratory runs a HTS campaign for a client it is a common practice that the 

amount requested for the screening is increased by 50% to provide a comfortable safety margin 

to develop the assays for the screening campaign.  
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An appropriate amount or volume for a target is equally important to the concentration of 

the target in the sample. The concentration needed for the assays are in the order of magnitude 

of 0.1 to 0.05mM (Drews, 2000). Both, quantity and concentration are to be specified for the 

purification of the starting target. The user has the liberty of choosing the appropriate protocol for 

the upstream (sample preparation) process taking into account these two features.  

Any target shelf time may have limits depending on the biological and molecular 

properties of the target. Very often these might have a shelf time that may be longer than what an 

entire HTS campaign may last. However HTS facility may prepare fresh reagents for the 

campaign every 8 hours, as done for instance in (Chung, 2008), to guarantee a successful 

campaign. Very often, in order to ensure the quality and freshness of the targets, the targets are 

prepared in at least two batches, one that should be provided at the beginning of the campaign 

and the other one that commences near the middle of the campaign process. 

As any solution including targets can be diluted from their original concentration but the 

inverse process is not possible, the target needs to be purified at the highest concentration 

specified, and a higher concentration is often recommended. It is a common practice to try to 

prepare samples at the maximum concentration of 1M but this is not always possible for many 

samples (Chung, 2008). 

4.7. Role of PCR in Upstream Processes 

Normally the total amount of the target is not prepared straight from a biological source. 

Amplification methods are often used on those samples obtained from biological sources in order 

to meet the quantity requirements. Reliance on samples preparations from biological sources only 

is totally impractical as the preparation process could take many months. Amplification methods 

create duplicate copies of the samples at a fraction of such time. Depending on the type of target, 

RNA, DNA or Protein, the user has many options with regard to the choice of duplication rates. It 

is up to the user to select the appropriate amplification methods. For example, if the target 

sample is a DNA segment, Polymerase Chain Reaction (PCR) must be the method of choice 

(Ngatchou, 2006).  
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PCR consists of three main steps: denaturing, annealing and elongation, and these are 

carried out at different temperatures (Florida Atlantic University, 2006). Using a PCR machine 

(thermo-cycler), the sample goes through the different temperature changes. First at a 

temperature that usually runs between 94o ï 98o C, DNA is denatured. The temperature is then 

lowered to the range of 50o ï 65o C for the primers to attach to the DNA templates (annealing), 

and last, the temperature is increased to the range of 75o ï 80o C where elongation takes place. 

In the elongation step DNA polymerase synthesizes the complementary DNA strand to the DNA 

template by adding dNTPs to the strand. DNA target is thus doubled. Repeating the process 

hence leads leading to an exponential amplification. Finally, the cycle starts again, and there are 

as many cycles as required or for as long as there is enough reagents material to synthesize the 

new strands. Each cycle could take up to 5 minutes but this depends on the size of the DNA 

segment that is being copied. There is also an initializing step and a final hold step and each can 

take up to 10 minutes. Common PCR methods can only amplify DNA segments of up to 10 kilo-

base-pairs. After the first exponential amplification stage, PCR enters a leveling off stage where 

the reaction slows down as the enzyme loses activity and the reagents are consumed. At the end 

the reaction stops altogether due to the exhaustion of reagents and enzyme whichever comes 

first. It is a common practice to run no more than 40 cycles, meaning that one original DNA 

segment could be amplified during 14 hours to 1.0995×1012 copies. PCR reduces drastically the 

time taken to prepare the required samples for drug discovery and it can be used to increase the 

samples concentration. 

Protein Misfolding Cyclic Amplification (PMCA) is a protein amplification technique, one 

of many that exist, that is conceptually similar to PCR, and for this reason it has the same 

exponential growth of amplifying segments as that of PCR. In the case of protein amplification the 

reagents become inactive more rapidly and therefore whenever running the protocol it is a 

common practice to run it for no more than 20 cycles, meaning that one original protein molecule 

could be amplified in 8 hours to 1.0485×106 copies (Amersham Pharmacia Biotech , 2011) (Soto, 

2002). RNA Amplification is a technique that has been recently developed (NuGEN, 2011) that is 
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faster than other techniques mentioned above. The protocol can be performed in a day and it also 

has an exponential growth (Ngatchou, 2006). 

Finally, it is important to mention that depending on the size of the HTS laboratory, the 

number of campaign runs per HTS unit tends to be between 10 to 30 runs per year; each takes 

about 12 to 36 days. Campaigns not always result in success. Drug development processes are 

sometimes abandoned due to negative results. 
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5. UPSTREAM BIOTECHNOLOGY PROTOCOLS 

The biotechnology protocols presented in this chapter serve to expand the case study of 

Chapter 2 in order to explore various automation approaches and their varied characteristics. 

These protocols are merely a representative subset of upstream biotechnology procedures 

reported in the literature. 

The protocols were chosen from a large collection of processes considering three main 

features: the experience with the manual protocol to make its extrapolation to the automation 

environment possible, the effectiveness of the protocols within the sample preparation for drug 

discovery context, and the helpfulness of the protocols to demonstrate and explain the various 

automation issues presented in this dissertation (QIAGEN 1997, 2001ab, 2002, 2003, 2006ab, 

2007ab, 2008ab, 2012). 

5.1. Purification of Total RNA 

The complete protocol for purification of total RNA is divided into three main processes: 

1) disruption of the input sample, 2) homogenization of the sample, and 3) isolation of RNA 

(Figure 5.1). In general, biological samples are first lysed and homogenized in the presence of a 

highly denaturing buffer, which immediately deactivates RNases to guarantee a purification of 

undamaged RNA. The actual isolation of RNA is carried out using column chromatography, a 

well-established technology for RNA purification. It combines the selective binding properties of a 

silica-based membrane with the speed of spin technology. For column chromatography, ethanol 

is added to provide appropriate binding conditions so that RNA in the sample can attach to the 

columnôs membrane. The sample is then transferred to a chromatography column, where the total 

RNA binds to the membrane, and other particles and molecules in the lysate are washed away. 

At the end of this process, total RNA is eluted from the membrane. 
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Disruption and homogenization of the starting material are two distinct steps and both are 

vital for RNA purification. Some methods perform both steps: disruption and homogenization of 

the sample. 

 

Figure 5.1 Process flow chart for Purification of RNA using spin technology 

As RNA is found (depending on the type of RNA) in the nucleus of the cell, in its 

cytoplasm, and attached to its ribosomes, complete disruption of cell walls and plasma 

membranes of cells is critical in order to release as much as possible of the RNA contained within 

the samples. Different starting samples require different disruption methods. If cell walls and 

plasma membranes are not completely broken down, RNA production yield may be reduced 

since some RNA trapped inside those cells may not be isolated. 

Homogenization is required in order to reduce the viscosity of the lysates produced by 

disruption. Homogenization shears genomic DNA and other cellular particles to create a uniform 

lysate. If homogenization is incomplete, RNA may not bind effectively to the chromatography 

column, and therefore, RNA purification yield may suffer. 
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The isolation procedure of RNA is conceptually the same for all types of raw samples. 

Some of the final steps may vary according to yield and concentration requirements but not 

according to the type of the starting raw material.  

Sections 5.1.1 to 5.1.4 describe the similarities and differences among the protocols used 

for RNA purification for animal cells, plant cells and animal tissues. 

5.1.1. Purification of Total RNA from Animal Cells 

Purification of Total RNA from animal calls has already been described step-by-step in 

Chapter 2. In this section we only focus on the generic issues regarding the operations. 

The disruption method used in this protocol for animal cells is the addition of lysis buffer, 

and the homogenization method is performed by means of a homogenization column. All binding, 

washing, and elution steps are performed by centrifugation in a microcentrifuge. 

Disruption Method 

 

Figure 5.2 Disruption method for animal cells: lysis buffer and vortex 

Disruption of raw cell samples consists of lysing of the cell membranes by adding a lysis 

buffer to the sample originally contained in a 2ml tube and by the vortexing or shaking of the tube 

until cells are lysed (Figure 5.2). At this point in the process, the sample in the test tube goes from 

a clear transparent color to a milky one. For a scientist performing this protocol manually, this is 

how the success of the lysing operation is determined. In automation, computer vision may be 
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used to detect the color change. However yield-improvement feedback control is beyond the 

scope of this dissertation. 

Homogenization method 

 

Figure 5.3 Homogenization method for animal cells: homogenization column and spin 

technology 

The homogenization method for animal cells consists of two steps: first, the lysate is 

transferred to a homogenization column, thereafter, the column that is attached to a 2ml 

collection tube is spun for a certain period of time to force the entire contents through the 

columnôs membrane, which in this case shreds the bigger molecules and particles in the lysate 

(Figure 5.3). The result is a uniform sample obtained in a 2ml collection tube used for further 

isolation of RNA. 

Isolation of RNA Using Spin Technology 

The protocol employed for RNA isolation uses column chromatography combined with 

spin technology (Figure 5.4). Once the samples have been properly disrupted and homogenized 

the chemical properties of the resulting samples becomes the same. Such isolation protocol of 

RNA can be used for all sample types included in this study: animal cells, plant cells, and animal 

tissues. The step-by-step Isolation of RNA using spin technology is described in the manual 

protocol available in Chapter 2 and comprises of steps 5 through 19. 
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Depending on the desired yield, elution steps can be repeated by using a second volume 

of RNase-free water or by retaining the previous flow-through. If a second fresh volume of 

RNase-free water is used, the yield becomes greater but the purified product has a lower 

concentration. If the flow-through is used for the second elution, the yield becomes lower but the 

product has a higher concentration. The volume vs. concentration tradeoff is dictated by the 

specific downstream protocols specifications and by cost considerations. 

 

Figure 5.4 Isolation of RNA: spin technology 

5.1.2. Purification of Total RNA from Plant Cells 

The purification of total RNA from plant cells protocol is practically the same as the 

protocol used for animal cells with a few variations. This is so as it is assumed that the plant cells 

samples have been previously properly harvested, stabilized, and stored, and are ready for RNA 

purification without any other pre-processing actions (QIAGEN, 2001b). As already explained the 

isolation method described is that of column chromatography combined with spin technology 

(Figure 5.4). The differences with respect to the animal cells protocol reside in the disruption and 

homogenization stages. 
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Even though the disruption method for plant cells is basically the same as for animal 

cells: that of addition of lysis buffer and of vortexing (Figure 5.2), a different lysis buffer is used in 

each case. The purpose of the lysis buffer is to emulate the internal conditions of the cells in 

order to preserve the structure and functions of the cells content once these are lysed (Hayworth, 

2014). As each type of cell has different internal conditions, different species require different 

buffer formulations. 

One structural difference between plant cells and animal cells is that plant cells have cell 

walls and animal cells do not. This difference has a direct influence on the formulation of the lysis 

buffer and also on the homogenization procedure. As plant cell walls are in many cases made of 

cellulose, these are tougher than cell membranes that are present in both animal and plant cells. 

This might cause post-homogenization solid residues (debris) that may be present in the sample.  

 

Figure 5.5 Homogenization method for plant cells: homogenization column and 

centrifugation 

Homogenization columns are used as well to homogenize plant cells samples. Due to the 

relative toughness of the cell wall, an extra step is often added to the procedure that has already 

been discussed for animal cells (Figure 5.5). Once the lysate has passed through the 

homogenization column, the supernatant in the flow-through is transferred to a new 2ml collection 

tube and this supernatant is used for further RNA Isolation. As the supernatant is the liquid lying 



 

56 

above a solid residue following a centrifugation action (Merriam-Webster, 2014), the transferring 

of the supernatant to a new collection tube ensures that undesirable and useless solid particles 

are not present in the sample. 

5.1.3. Purification of Total RNA from Animal Tissue 

Purification of RNA from animal tissue is done by the same isolation procedure as those 

for animal and plant cells (Figure 5.4) with different disruption and homogenization method 

however. In tissues, cells are interconnected by a variety of structures, mostly involving 

extracellular matrix, proteins, and other molecules forming connecting bridges (University of 

Cambridge, 2012) (Kimball, 2014). In order To Isolate RNA, these structures and connections 

need to be broken down to get to the cells where the RNA resides. For this reason a more 

vigorous disruption method, typically mechanical disruption, needs to be employed to lysate and 

homogenize the sample. 

In mechanical disruption the sample is lysed by introducing a stainless steel bead to the 

samples container and by shaking it at a relatively higher frequency (Figure 5.6). It is assumed 

that the sample has been previously properly harvested, stabilized, and stored, and it is ready for 

RNA purification without any other pre-processing actions (QIAGEN, 2001b). 

 

Figure 5.6 Disruption and homogenization of animal tissue 






























































































































































































































































































































































