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Key Issues of Sample Collection and Banking for 
Molecular Epidemiology Studies

Abstract
Molecular Epidemiology is a complex field, incorporating the principles and methods of traditional epidemiology with the new, expanding knowledge of molecular events leading to disease. It requires careful handing and storage of precious biological samples, in order to obtain a large amount of information from limited samples, and to minimize future research costs by the use of banked samples. Many factors affecting the quality of the samples and the stability of biomarkers must be considered at the initial collection and storage stage. The choice of epidemiology methods should be most appropriate for investigating the exposure/health outcome association of interest. Specimen type needs to be carefully considered, based on availability and the intended analytic objectives. Non-invasive collection methods should be used whenever possible. Sample collection should foresee the development of new molecular tools. Preliminary pilot tests should be run to assess the best collection conditions and the factors that may affect the stability of a particular biomarker. Different sizes and foci of individual biorepositories, different storage facilities and record management systems, may indicate that custom-designed facilities and database systems should be used. Besides the general principle of sample processing, cryopreservation of samples for cell culture is becoming an important trend. Combining metabolomic, proteomic and genomic analytical methods will ensure the most complete picture.
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1. Introduction

Molecular Epidemiology is a complex field, which incorporate the principles and methods of traditional epidemiology and the new, expanding knowledge of molecular events that lead to disease(1). Molecular epidemiology offers insights into specific mechanisms underlying the causation of disease, including the interaction of genetic and environmental factors, which may determine individual susceptibility to environmental exposures. In this light, certain provisions must be made for the preparation, preservation, and storage of biological samples collected for epidemiological studies. 

A biological bank is a system which will store one or many types of biologic specimens for later analysis under conditions that permit efficient retrieval and optimum stability of the sample(2). Creating biological banks is advantageous for many reasons 
 ADDIN EN.CITE 
(3)
. First, sample utility is maximized in that they can be used in the future as new biomarker tests are developed. Second, costs of future studies are decreased with the elimination of the sample collection stage and perhaps even subject contact. Third, a specimen bank is available for future development of new methods. Last but not least, in today’s tight budget environment, biological banks are providing additional incentives for extramural funding.

Worldwide, hundreds of thousands of samples are being collected in many ongoing studies. Among them are some large projects such as the European Prospective Investigation into Cancer and Nutrition (EPIC) study, UK Biobank and the National Children’s Study. 

It can be anticipated that new proposed projects will potentially generate anywhere from a couple hundred samples to several million samples. Because of the importance of biological sample collection and banking, several papers have been published on procedures of collection, processing and banking, as well as the selection and validation of these procedures 
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(4, 5, 6)
. The purpose of this paper is to discuss some sample collection and banking issues that are essential to give a full understanding of molecular epidemiology studies, such as study design, alternative ways for conveniently collecting samples, customer designed equipment and software, and new technology for sample analysis.
2. Study design

Study design is essential to the outcome of the study. It requires the input of both epidemiologists and laboratory scientists to figure out such issues as what epidemiology methods to be used to testify the hypothesis, what specimen types are needed, whether new analysis methods are needed. Whether or not there are new specimen types or analysis methods used, a pilot study should be carried out in the design stage to assess any new ideas of the study, as well as the best collection conditions and the factors that may affect the stability of a particular biomarker. 

Epidemiology method

The epidemioligy methods should be most appropriate for investigating the exposure/health outcome association of interest. There are three main types of epidemiological studies undertaken: cross-sectional studies, case-control studies and cohort studies(7). All of them have particular strengths and limitations for investigation. A significant limitation can be bias, and the most common source of bias is in the selection of the individuals for study. It is not possible to eliminate all forms of bias. However, by appropriate study design, a sufficiently large sample size, and appropriate use of randomization in selection of individuals, bias can be minimized. Application of newer study designs – case-cohort, case-crossover, nested case-control studies – for specific purposes should be encouraged(8). 

Specimen type

In the study design stage, specimen type needs to be carefully considered prior to initiation of collection. It should be based on available material and the intended analytic objectives. In many epidemiological studies, the collection of biological samples has been limited to serum and urine(9). However, the emergence of new molecular tools has expended the types of useful sample tissues. Therefore, identifying the relevant biomarkers and choosing the target tissue are very important in the desingning phase of a study. 
On the other hand, non-invasive collection methods should be used whenever possible (Table 1). Use of other types of specimens, as appropriate, can minimize the use of valuable blood samples and reduce the blood volume needed from each study subject. In addition, using other methods can increase the sample size of the study population significantly, since more participants are willing to provide a buccal swipe than to donate blood. Many of the non-invasive methods are logistically less difficult, eliminating the need for highly trained personnel to draw blood. In fact, some specimens, such as buccal cells, can even be obtained by the participant at home and mailed to the researcher, making studies in remote areas more feasible.

Table 1 Example of non-invasive specimens useful for measuring biomarkers
	Type of tissue
	Method of collection

	Buccal epithelia
	Swab of inner lining of check with tongue depressor or cytobrush

	Saliva
	Sterile plastic pipette or specially prepared cotton swab

	Urine and urothelial calls
	Separated by centrifugation

	Nasal epithelia
	Swab of inner lining of the nose with cytobrush or cotton swab

	Expired air
	Spirometer attachment

	Hair
	In container after cut or fallen out

	Fingernails
	Clippings in sterile container

	Extracted teeth
	Collected in sterile container after extraction


Laboratory method

Study design should also foresee the development of new molecular methods using various types of biological samples. For example, the idea that chromosomal rearrangements might be causally involved in early stages of carcinogenesis was published more than a century ago(10). However, it was not until the early 1990s, with the use of the fluorescence in situ hybridization (FISH) technology, that the first epidemiological investigation aimed at validating chromosomal aberrations (CA) as a predictor of cancer risk was carried out(11). Nowadays, CA is a common biomarker to reveal genetic damage and is used both for the understanding of mechanisms of early stages of carcinogenesis and for the potential implication for cancer prevention. CA analysis requires collection and culture of lymphocyte cells in peripheral blood. The samples must be collected in sterile tubes and transportated at room temperature. All these must be considered at the study design stage. 
Pilot study

A pilot study should be carried out in the design stage to assess any new ideas of the study, as well as the best collection conditions and the factors that may affect the stability of a particular biomarker. Moreover, the potential biomarkers of interest should be validated in a pilot study to find the most informative marker/s for the particular study goal, considering the availability of specimens, distance between the collection site and processing laboratory, and specimen stability.
A good example is the UK Biobank pilot study(15). The purpose of this study was to assess the effects of storage conditions on the results of clinical chemistry assays of blood and urine. The study analyzed 42 hematological and clinical chemistry analytes in blood and four analytes in urine, kept in -80℃ storage for up to 36h, from 40 individuals. The results suggested that for up to 36h, any instability in assay results for routine clinical chemistry and hematological parameters was likely to be small in comparison with individual difference and assay error. Therefore, samples of blood and urine are stable for a wide range of current assay technologies. 

3. Sample collection and storage
General principles of sample collection

Although specimen type varies according to the requirements of the projects, sample collection practices have many elements in common. The key issue of specimen collection protocols is the special requirement for preservation of macromolecules (proteins, nucleic acids) and analytes of interest. Factors that affect the stability of biological samples include anticoagulants, stabilizing agents, temperature, timing before initial processing, sterility, endogenous degrading properties (enzymes, cell death), containers, etc(1). All these facts must be considered when establishing written protocols (i.e. Standard Operating Procedures, SOPs) for collection. If there are different locations of sample collection, it is important to assure that everyone adheres strictly to the SOPs.

Custom-designed facilities and databases for sample storage

An efficient repository should be designed to ensure safe keeping of the specimens being stored, It should develop an effective labeling and inventory management system that permits detailed records of each step in the specimen performances.

According to the different sizes and foci of specific biorepositories, different storage facilities, even custom-designed facilities may be necessary. Usually, -80℃ freezers and liquid nitrogen vapor (-120℃) in cryo-sleeves are sufficient for sample storage. But in a large prospective study such as the UK Biobank, custom-designed large-scale archives are necessary 
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. An automated facility using liquid nitrogen as refrigerant for storing biological samples at -80℃ was designed to meet the needs of the UK Biobank. In addition, the facility incorporated a novel system of drawers designed to allow robotic access whilst maintaining storage conditions. A large-scale liquid nitrogen storage system including bulk tank, super insulated vacuum lines, Taylor Wharton LABS80K high capacity long-term vapor phase storage vessels with inventory control systems and all the local and remote software, was also designed and implemented for sample storage in vapor phase. While designing and implementing facilities according to custom requirements, key factors such as continuity of storage conditions, robustness of operation, integrity of sample tracking and accuracy of sample identification, and sample security and cost should be carefully considered. 

Depending on the size of the biorepository and the size of the project, there are various options for electronic databases. For huge projects in CDC, NCI and UK Biobank, the physical and electronic supporting structure is very sophisticated. These larger capacity systems are run on Structured Query Language (SQL) servers(5). Smaller organizations may develop less complex systems according to their needs. Both commercially available versions of software and custom-made versions based on existing versatile programs, such as Microsoft Access, Oracle or SQL server, are acceptable. 

A custom-designed database system may meet the need of multiple research projects simultaneously. The database system of the biorepository at the School of Public Health, UC Berkeley is an example(3). In this system, the SQL Server is chosen as the database platform for its performance as well as convenience and cost. Microsoft Access was used as the front end user interface because of its tight integration with the SQL Server and its ease of use by non-programmers. The system covers more than a dozen projects and gives each project a unique input form to accommodate their different requirements. For each project, the system can maintain completely separate databases running on separate SQL Servers, separate databases within the same SQL Server, or a shared database. The features of the database system include: (a) flexibility with different processing protocols; (b) support for many users; (c) user-friendly design of the interface with multiple check-points; (d) use of barcodes for automatic scanning; (e) rapid and error-proof data entry and automated label printing; and (f) daily back-up on the server and monthly back-up on CD. 

4. Sample processing

General principles

Whether the original biological sample is whole blood, urine, buccal cell, or other tissue, the processing can preserve a variety of banked specimens for future purposes. Since biomarkers may decay soon after collection, it is essential to process the sample as soon as possible. The sooner the samples are processed, the better the quality of the extracted components of interest. Frequently, one sample will be divided and undergo several processes to obtain the maximum amount of information from one sample. However, it is also important to set aside aliquots of the unaltered samples for future development of analytical technology. 
Efficient and effective sample processing includes provisions for : (1) isolating large quantities of DNA; (2) storing high-quality RNA; (3) using buccal cell DNA or blood clot for genotyping; (4) separating lymphocyte from granulocyte DNA/RNA; (5) making metaphase spreads; (6) cryopreserving freshly isolated lymphocytes or whole blood to be re-cultured, and (7) preparing slides of exfoliated cells from urine. In order to achieve the above, the original sample may be divided into separate aliquots appropriate for different purposes. Different buffer conditions and storage conditions may be used. Finally, it is important to divide the samples that result from processing into multiple aliquots to preserve the integrity of the components by avoiding repeated freeze and thaw cycles. Figure 1 and Figure 2 show the schematic processing of heparinized blood samples, and urine and buccal cells, respectively (3). 


[image: image1]
Fig.1 Schematic representation of heparinized blood sample processing for storage and DNA/RNA isolation. 
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Fig.2 Schematic representation of Urine and Buccal Cells sample processing. 
Cryopreservation of samples for cell culture

Cell culture is necessary for cytogentic analysis such as chromosomal aberrations, sister chromatic exchanges, and micronucleus analysis. Cells for culture must be processed under sterile conditions within 48 hours of collection. In terms of storage of cells, there are three options: culture at 37℃, hibernation at 4℃ or cryopreservation(16). Culture at 37℃ is time consuming and hence is not a viable option. Storage at 4℃ has been reported to allow good survival up to a maximum of 8 days. Cryopreservation, on the other hand, can allow virtually indefinite storage. Either whole blood or cells separated from whole blood can be cryopreserved. 
Although there have been various strategies for cryoprotection, effective techniques aim to minimize the cell damage caused by both intracellular ice formation and exposure to high concentrations of solutes. Two different cryoprotection approaches have been commonly used: freeze-thaw preservation and vitrification(17). Despite differences between the two methods in cryprotectant exposure, cryopreservation vessel, cooling rate, storage and warming rate, there are several important factors in common. The addition of cryprotectants to prevent cell damage during the freezing process, the maintenance of temperatures below -132℃ to prevent cell death and the pilot studies to measure cell viability upon thawing are examples. 
In the past, the vials containing the cells were stored in the liquid phase of nitrogen (-196℃). This caused the seals to break or the plastic vial to crack and resulted in damage or complete loss of the sample. Therefore, storing the vials in the vapor phase of the liquid nitrogen (-150℃) has become common to avoid such consequences. Once in storage, care must be taken to ensure that the samples are not inadvertently allowed to warm when identifying samples or removing adjacent samples. When the samples need to be warmed, both slow and rapid warming rates have been used successfully with samples that have been cooled slowly. However, warming must be as fast as possible with vitrified samples. Once warmed, the cryoprotectants must be removed from the cells to avoid their toxicity and osmotic effects.

To improve the post-thaw recovery of functionally viable cells, scientists are actively exploring a number of potential strategies. For example, while cryopreservation of peripheral blood progenitor cell (PBPC) in 10% dimethyl sulfoxide (DMSO) has been the standard procedure in most institutes,, scientists at the Blood Bank in Haukeland University Hospital, Norway proved that 5% DMSO was the optimal concentration for cryo-preservation and could reduce the toxicity of DMSO present in the PBPC(18). Scientists in the University of Manchester examined alternative methods to determine whether small volumes of cryo-preserved whole blood could be subsequently transformed to provide a more cost-effective strategy for large population-based studies such as UK Biobank. A successful method was established where viable B cells were positively selected from 0.5ml cryo-preserved whole blood samples(19). New approaches such as the use of intracellular sugars 
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 or intracellular ice 
 ADDIN EN.CITE 
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 will lead to better methods to preserve cell viability. The identification of new molecular triggers in the process of cell freezing and thawing and the development of effective inhibitors will also improve the post-thaw recovery of cryo-preserved cells 
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. 
5. Sample analysis

Besides classical cytogenetic methods that detect chromosomal aberrations, sister chromatid exchanges and micronucleus formation, a lot of high throughput analytical methods are available nowadays for broad applications such as metabolic substance detection (metabolomic analysis); levels of antibodies, cytokines, and proteins (proteomic analysis) and advanced genetic analysis. Figure 3 shows the tools, sample types, and analytes of relevance among metabolomic, proteomic and genomic analysis(28). The challenge of analysis is the need to combine several analytical methods for each sample to get a better and more complete picture. Another challenge lies in minimizing the volumes used to perform assays,to achieve the maximum use of available samples.  

[image: image3.emf]
Fig.3 Schematic relevance of the tools, sample types, and analytes among metabolomics, proteomics and genomics.

Metabolomic analysis
Metabolomic analysis is the measurement of all the low-molecular-weight metabolites (<1000Da) and their intermediates in a cell-type, tissue, body fluid or organism. It reflects the dynamic response to genetic modification, as well as physiological, pathophysiological, and/or developmental stimuli(29). The measurement and interpretation of the endogenous metabolite from a biological sample has provided many opportunities to investigate the changes induced by external stimuli, and to enhance our knowledge of the inherent biological variation within subpopulations.

The choice of metabolomic analytical instruments is often goal specific, because each type of instrument has specific strengths and limitations. For example, liquid chromatography (LC) followed by coulometric array detection is ideal for mapping neurotransmitter pathways. Gas chromatography (GC) in conjunction with mass spectrometry (MS) is often used in the analysis of lipid subsets. Liquid chromatography together with mass spectrometry (LC-MS) is often used to obtain the largest possible biochemical profiles. And nuclear magnetic resonance (NMR) has been used successfully to perform toxicology studies(30). 

Acording to different analysis goals, different metabolomic sample extraction procedures are chosen to reveal orthogonal or overlapping metabolomes, depending on the choice of reagents. For example, hexane is used for highly lipophilic metabolomes, while acidified acetonitrile is used for more hydrophilic species. Some sample extraction procedures have been developed that are highly specific for given subsets of compounds, whereas others are more general. Liquid-liquid and solid phase extractions have the advantage that they can be tailored, for example, to remove specific confounding species and/or to focus on subsets of compounds. Obviously, the extraction procedure must be matched to the analytical subset of interest.
Proteomic analysis

Proteomic analysis is the comprehensive study of proteins, particularly their structures and functions in a cell-type, tissue, body fluid or organism(31). Although the use of proteomic analysis for physiological process and disease research is still under debate
 ADDIN EN.CITE 
(32, 33, 34, 35, 36, 37)
, and the application of proteomic analysis on large populations is not established(38), it is essential for molecular epidemiologists and their biorepositories to prepare for this fast developing field.

In the past decade, there have been remarkable advances in proteomic technologies. Many proteomic methods, including protein microarrays
 ADDIN EN.CITE 
(39, 40, 41)
, large-scale two-hybrid analyses (42), and high-throughput protein production and crystallization(43), have had a marked impact on the current understanding of protein structures, activities and interactions. Among proteomic techniques, mass spectrometry has emerged as the main method for analyzing the production and function of proteins in biological systems 
 ADDIN EN.CITE 
(44, 45, 46, 47)
. Due to the inherently complex nature of biological systems, success in the lab work may be elusive if proper sample preparation protocols are not performed meticulously 


(48) ADDIN EN.CITE . Principles of sample preparation for proteomic analysis include:

· Use a strategy as simple as possible;

· Minimize protein degradation during disruption step;

· Avoid contamination from operator (skin, hair) and environment (dust);

· Use solutions freshly prepared from high-purity reagents;

· Use a sample pre-fraction step to avoid high-abundance protein;

· Clean the sample to avoid lipids, salts and particular materials;

· Store samples in aliquots at -80℃ or lower.

Genomic analysis

Genomic analysis has long been used for molecular epidemiology. The analysis includes genomic DNA screening and mRNA microarray analysis. Although numerous methods are available for the collection of genomic DNA from peripheral blood, great effort is being put into the development of new methods for other kinds of samples. As we mentioned above, venipuncture collection of peripheral blood is the most expensive and most difficult approach to specimen collection. It is also invasive and uncomfortable to the study subjects. Methods for genomic DNA extraction from less invasive and less costly samples, such as blood spot cards(50), hair roots(51), urine


(52, 53, 54, 55) ADDIN EN.CITE  , mouth washes (56), and buccal swabs(57), will provide DNA appropriate for molecular epidemiologic research in which high throughput processing capability is required.

RNA extraction is more complex than genomic DNA extraction. For example, in cases of whole blood samples, which are collected in the presence of anticoagulants, no effective RNA preservation is achieved by these chemicals because they do not really inhibit the RNases in blood that are the primary threat to RNA intactness and do not maintain cellular homeostasis in the samples. Therefore, alternative methods of blood collection and preservation are used, such as PAXgene tubes and the CPT tube, for peripheral blood mononuclear cell (PBMC) collection. Also, removal of globin transcripts from whole blood can improve the quality of data generated. This can be achieved by either depleting globin transcripts in purified RNA or by  fractionating blood cells to reduce the red blood cell population, particularly reticulocytes, which are the primary reservoir of globin transcripts(49). 

6. Summary

In summary, the advantage of molecular epidemiology can only be achieved by assurance of sample quality, We have presented here a series of issues related to molecular epidemiology study design, sample collection & storage, sample processing and sample analysis. Only if the sample quality is assured can the sensitivity, accuracy and reproducibility of analysis be achieved. Proper handling of biological samples from the time of collection to the analysis protects the quality of the specimens and the validity of the results. All issues have to be addressed in the standard operating procedures and carried out as an integral part of the successful molecular epidemiologic study.

Other issues that are equally important but not mentioned in this review are privavcy and consent of patients and quality assurance/quality control (QA/QC) of samples. For samples banked for future analysis, the consent for future studies must be obtained. The QA/QC of samples after long period of storage is especially important for the outcome of future analysis. 

7. Appendix

Websites of biobank issues

1. Informed consent of patient’s privacy. http://nih.gov/signs/bioethics, http://ohsr.od.nih.gov, http://www.isberg.org, http://www.hhs.gov/ocr/hipaa/, http://www.nhgri.nih.gov/ELSI, http://bioethics.gov/cgi-bin/bioeth_counter.pl. 

2. Sample shipment regulations. http://www.icao.int, http://hazmat.dot.gov, http://iata/org/whatwedo/dangerous_goods, http://www.saftpak.com
3. Sample quality assurance. http://www.epa.gov/quality
4. Safety regulations: http://www.osha.gov, http://www.nih.gov/od/ors/ds/index.html, http://www.niehs.nih.gov/odhsb/manual/home.htm
5. International Society for Biological and Environmental Repositories (ISBER) http://www.isber.org
Websites of international molecular epidemiology studies

1. The European Prospective Investigation into Cancer and Nutrition (EPIC) study: http://epic.iarc.fr/
2. The UK Biobank study: http://www.ukbiobank.ac.uk/
3. The National Children’s Study: http://www.nationalchildrensstudy.gov/
4. The LONG LIFE Family Study : http://www.longlifefamilystudy.org/
5. The National Cancer Institute National Biospecimen Network: http://biospecimens.cancer.gov/biospecimen/
6. The National Health and Nutrition Examination Survey: http://www.cdc.gov/nchs/nhanes.htm
7. The European Collection of Cell Cultures : http://www.ecacc.org.uk/
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