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    Abstract
One key quality control parameter for biopharmaceutical products is the analysis of residual cellular DNA. To determine small amounts of DNA (around 100 pg) that may be in a biologically derived drug substance, an analytical method should be sensitive, robust, reliable, and accurate. In principle, three techniques have the ability to measure residual cellular DNA: radioactive dot-blot, a type of hybridization; threshold analysis; and quantitative polymerase chain reaction. Quality risk management is a systematic process for evaluating, controlling, and reporting of risks that may affects method capabilities and supports a scientific and practical approach to decision making. This paper evaluates, by quality risk management, an alternative approach to assessing the performance risks associated with quality control methods used with biopharmaceuticals, using the tool hazard analysis and critical control points. This tool provides the possibility to find the steps in an analytical procedure with higher impact on method performance. By applying these principles to DNA analysis methods, we conclude that the radioactive dot-blot assay has the largest number of critical control points, followed by quantitative polymerase chain reaction, and threshold analysis. From the analysis of hazards (i.e., points of method failure) and the associated method procedure critical control points, we conclude that the analytical methodology with the lowest risk for performance failure for residual cellular DNA testing is quantitative polymerase chain reaction.
LAY ABSTRACT: In order to mitigate the risk of adverse events by residual cellular DNA that is not completely cleared from downstream production processes, regulatory agencies have required the industry to guarantee a very low level of DNA in biologically derived pharmaceutical products. The technique historically used was radioactive blot hybridization. However, the technique is a challenging method to implement in a quality control laboratory: It is laborious, time consuming, semi-quantitative, and requires a radioisotope. Along with dot-blot hybridization, two alternatives techniques were evaluated: threshold analysis and quantitative polymerase chain reaction. Quality risk management tools were applied to compare the techniques, taking into account the uncertainties, the possibility of circumstances or future events, and their effects upon method performance. By illustrating the application of these tools with DNA methods, we provide an example of how they can be used to support a scientific and practical approach to decision making and can assess and manage method performance risk using such tools. This paper discusses, considering the principles of quality risk management, an additional approach to the development and selection of analytical quality control methods using the risk analysis tool hazard analysis and critical control points. This tool provides the possibility to find the method procedural steps with higher impact on method reliability (called critical control points). Our model concluded that the radioactive dot-blot assay has the larger number of critical control points, followed by quantitative polymerase chain reaction and threshold analysis. Quantitative polymerase chain reaction is shown to be the better alternative analytical methodology in residual cellular DNA analysis.

	HACCP
	Biopharmaceutical
	Quality control
	Residual cellular DNA
	Quality risk management
	Analytical methodology
	Quality by design

1. Introduction
The analysis of biotechnology products is based upon the use of sophisticated analytic methods to demonstrate protein characteristics, in addition to evaluating shelf life or stability (1). The measurement of residual cellular DNA (rcDNA) is a key analytical parameter to quantify impurities in a biotechnological product. As the rcDNA method is unique for each expression system, it depends on the host organism and purification procedures used during production. To mitigate the risk of adverse events, regulatory agencies request manufacturers to guarantee low levels of rcDNA in biotechnology products. rcDNA in final bulk product should generally be less than 100 pg per therapeutic dose (2–6) or up to 10 ng/dose in the case of some biopharmaceuticals requiring large doses (4). The limit of 100 pg requires effective and robust purification processes, capable of removing orders of magnitude of DNA; the limit also requires an extremely sensitive and reliable analytical methods for detection and quantification of the rcDNA in intermediates and purified drug substances (4, 5). Radioactive DNA hybridization (radioactive dot-blot analysis) is a historically used technique to determine DNA content in such products. Emerging methods for determining DNA content are based on several detection technologies, for example, biosensor technology. Two current techniques which involve DNA amplification, threshold analysis and quantitative polymerase chain reaction (qPCR) technology, may be useful to detect contaminant DNA.
1.1. Alternate Assays for rcDNA Quantification
To assure product quality and consistency, regulatory agencies have determined that the amount and size of rcDNA in biologically derived pharmaceutical products must be controlled (1, 3, 6⇓–8). Thus, the importance of a carefully selecting an analytical test to identify and quantify a possible amount of rcDNA in these products is clear.
Currently, three techniques have the required sensitivity: hybridization, threshold analysis, and qPCR (9). All these methods use detection signals from the DNA single-strand bonding reaction, which emits either radioactive particles or fluorescent substrates that can be captured and measured.

1.2. Quality Risk Management (QRM)
Aiming to ensure reliability of an analytical method throughout its lifecycle, the use of quality management tools—specifically quality risk management (QRM)—allows systematic assessment of risks (10). The risk management program begins with the identification of possible risks to the reliable, robust performance of an analytical (11). The process of risk assessment is a part of the QRM that provides a structured process to define how goals could be affected by analyzing risks in terms of their probability to happen and potential consequences before deciding whether additional treatment is required. In addition, the pharmaceutical industry and regulatory agencies can assess and manage risk using recognized QRM tools and/or internal procedures (10).
The QRM is supported by a scientific and practical approach for decision making and provides documented, transparent, and reproducible approaches to perform the steps of the risk analysis process, based on current knowledge about assessing probability, severity, and sometimes detectability of the risk (10).
To bring support to risk management, the pharmaceutical industry and regulators have a variety of informal procedures based on compilation of observations, trends, and other sources of information. That approach can provide useful information to support the handling of complaints, quality defects, deviations, and resource allocation (10, 12).

1.3. The Hazard Analysis and Critical Control Point (HACCP) Methodology
In this work the hazard analysis and critical control points (HACCP) tool was used because the critical control points (CCP) can be valuable for comparison of analytical methodologies. HACCP can be applied when a more systematic approach is needed to solve problems, becoming knowledge more structured and organized. The HACCP tool is also compatible with other quality control (QC) systems (13). The implementation of HACCP in analytical method development and selection is advantageous because it is based on identification and intervention processes, assessment, and verification, making it an integrated quality system.
HACCP is used to evaluate and monitor hazard (here, hazard is defined as the impact on reliable method performance), so it is possible to identify the CCP and control them by a method monitoring system. This way a reliable method performance will be more likely. It is important, when using HACCP, to evaluate the number and distribution of the CCP intrinsic to the method to assess their impact on the overall operation.
As a consequence, the procedures for monitoring method performance must be established and accompanied by establishment of corrective actions in case of deviation. Finally, as in any monitoring system, it is necessary to define how it will be managed and periodically reviewed to verify if it is performing as expected (14, 15). A well-known and well-assessed process provides a great possibility of having a methodology under control, better point-to-point preventive maneuvers, and improved results.
Subsequent to the identification of all CCP, whenever possible their critical limits identified must be established (14, 16). CCP are points where controls can be applied, and it is essential to prevent or eliminate hazards to method performance, or to reduce them to acceptable levels. A CCP in the HACCP system can be easily determined by using a decision tree (Figure 3), which facilitates a logical approach to identification of all operational and technical factors that can affect hazards. If a hazard has been identified at a stage where control is necessary, and no control measure exists at that step, the method should be modified at this point, so that a measure of control is ensured for the procedure (17, 18).


2. Theorical Fundamentals
2.1. Risk Management
Despite current good manufacturing practice regulations having been established for a long time, a substantial number of QC-related warning letters are issued by the U.S. Food and Drug Administration (FDA), demonstrating that companies have problems with risk management systems in analytical methods (19).
In pharmaceutical industries, analytical methods are of the utmost importance, especially in QC laboratories. If the quality of an analytical method is dubious, then the whole set of decisions that will be based on those approaches is questionable. For those reasons, being able to assess the quality of an analytical method is a matter of ethical and good practices (20). And the best way to evaluate the quality of a methodology is by taking into account several points connected to it at the same time. And this is possible through assessment of the risks intrinsic to the methodology.
The critical variables of a method, for example, the aspects that affect the process, are identified by risk assessment. Once the technique is identified, the objective is to focus on method development and include detailed assessment of the risks associated with variability (19). According to Santos-Reyes and Beard (21), security is not an isolated factor; the security level depends on the outcome of interrelated activities of people, organization design, management, and process.
For the pharmaceutical industry, a hazard is a potential source of harm (22), which leads to a sequence of inadequate practices that can cause loss or lack of efficacy. In simple terms, a hazard is considered to be the possibility of an undesirable effect. Risk, however, according to the International Organization for Standardization (ISO), is a combination of the fact that a hazard exists, the probability of this happening, and the severity of the impact or damage that may occur (22). In the pharmaceutical industry QRM is very useful for better process assessment in aseptic processing (23), environment monitoring (24, 25), validation (26), and in production (27), for example. There is no constituted methodology for covering all regulatory requirements in the biopharmaceutical industry, mainly because a variety of approaches can be used to evaluate risks (28).

2.2. Biopharmaceutical Quality Control (QC)
The method performance characteristics are extremely important to influence a laboratory decision to establish and implement a particular analytical technique. Mehta and Keer (4) classified nine factors, prospected by several laboratories, in order of importance: reliability, sensitivity, regulatory compliance, accepted industry method, ease of use, throughput, price per test, analytic flexibility, and equipment cost. In this sense, one of the purposes of this work is to include assessment of risks associated with a particular method to improve and give better support when choosing an analytical method.

2.3. HACCP Today
Since it was created in the mid-1950s (29), the HACPPs tool is still almost used exclusively in the food industry. However, in recent years its use as been expanded to other areas in order to promote the identification and management of risks associated with physical, chemical, and biological hazards: chemical and pharmaceutical industries (30, 31), drink water supply (32), preparation of anti-cancer drugs (33), medical device use (34), and even for hospital management to support priorities for patient safety (35).
In this work the HACCP tool was adapted to give necessary support in the identification of CCP related to analytical methods, to provide another point of comparison in choosing methodologies to be used, which are among the most, if not the most, influential in their functionality: the risks associated with the methodology.

2.4. HACCP in the Pharmaceutical Industry
Risk analysis has spread in the pharmaceutical area, and it is commonly used as a base for obtaining robust processes. However, the HACCP tool is not yet widely used for risk evaluation because most companies aim to initially analyze the risks as corrective goals and not preventive ones. Regardless, HACCP is an appropriate tool for monitoring pharmaceutical industry processes by means of their parameters (14, 27, 36).
The International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) in its Quality Risk Management guideline (Q9) (10) asserts the following: “HACCP might be used to identify and manage risks associated with physical, chemical, and biological hazards (including microbiological contamination). HACCP is most useful when product and process understanding is sufficiently comprehensive to support identification of critical control points. The output of a HACCP analysis is risk management information that facilitates monitoring of critical points not only in the manufacturing process but also in other lifecycle phases.”
Along with our intention to compare analytical methodologies with risks intrinsic to each of them, the HACCP tool may bring favorable points that companies can include in their methodology used in biopharmaceutical QC and can constitute another interesting point to take into account. The HACCP tool promotes reliability of the method performance in QC laboratory because it

	helps to identify matters on which validation should concentrate,

	focuses on prevention rather than relying on corrective action based on QC testing,

	has the capacity to accommodate changes, such as advances in equipment design and processing procedures, or technological developments.




3. Methods
3.1. General
This study aimed to use the HACCP risk analysis tool to establish a new criterion for selecting an alternative methodology for biopharmaceutical QC regarding the method recommended by the pharmacopoeia, which uses radioactive material for its assay.
Techniques used to determine contaminant DNA (rcDNA) in biopharmaceuticals are usually approached by two perspectives: qualitative assessment (hybridization with radioactive probe—dot-blot analysis) and quantitative evaluation (qPCR and biosensor technology as the threshold analysis) (9).
It was necessary to compare the techniques regarding their similarities and differences by analyzing their flowcharts and the Ishikawa diagram of rcDNA quantification assays—possible sources of variability. Similarly, for comparison, it was necessary to list all hazards, causes, and effects to establish CCP and therefore, when possible, the critical limits.
3.1.1. Data Collection:
First, a survey of the methods was made; thereafter a study of protocols provided scientific basis thereof. Consultation with of a multidisciplinary group in order to support the use of HACCP was performed. Furthermore, a survey about the methodology recommended for the contaminant DNA detection test was conducted using U.S. Pharmacopoeia instruction manuals (9).
HACCP execution requires an experienced, multidisciplinary team to gather a broad vision of the processes for identification, assessment, and promotion of actions to treat, reduce, or eliminate related risks to each method/process. The multidisciplinary group included the team leader, QC and quality assurance analysts, and research and design specialists.

3.1.2. Flowcharts and Ishikawa Diagram Design:
For the construction of flowcharts, internal guides and standard operating procedures (SOPs) were used; these specified what software should be used and how to draw the flowcharts. For further contribution, specifications of national and international legislation were used, in addition to scientific protocols and a manufacturer's manuals.
An Ishikawa diagram was designed from the flowcharts analysis. The construction of it helped to visually show the many potential causes of a specific problem or effect. It is particularly useful for situations in which there is a lack of quantitative data for analysis and to promote actions for mitigating or eliminating risks (37).
When a deviation is detected it is necessary to implement the corrective action and preventive action system, but this is only possible if the root cause has been identified (14). The Ishikawa diagram tool enables focus on the root cause, which will help to the implementation of HACCP regarding CCP determination.

3.1.3. Implementation of HACCP:
The HACCP tool was chosen mainly due to its feasibility to be used without the need of deviations records, results, and interference process, and because it highlights the strengths and weaknesses of processes. Bonan et al. (33) emphasize that in the HACCP method the hazards are detected by monitoring processes and are fixed with defined actions.
The main objective of the HACCP tool is the determination of CCP. The application of the CCP decision tree can be useful for determining whether a particular step is a CCP for a previously identified hazard. However, this application is merely a tool and not a compulsory element of HACCP. A CCP decision tree is not a substitute for expert knowledge (31).



4. Results
4.1. Flowcharts
The flowcharts provided a detailed view of the process and increased understanding of how the methodological procedures work, facilitating the identification of possible failures, effects, and solutions (37, 38). Then, from the collected information, detailed flowcharts of the three assays that make up this work were designed (data not shown): radioactive dot-blot, qPCR, and threshold analysis. These flowcharts allowed the design of the Ishikawa diagram and thereafter verification of hazards, causes, and effects of each method. In Figure 1 the general flowchart of each method is shown.
[image: Figure 1]
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Figure 1 Biopharmaceutical rcDNA assays flowchart.




4.2. Ishikawa Diagram
Mehta and Keer (4) indicated that an analytic process has three stages (main factors) in which a variability may occur: samples preparation, analytical measurements, and analysis, as evidenced in Figure 2. In this study, the main question focuses on the variability in rcDNA measurement. As the studied assays have common features to be used for the same purpose (DNA quantitation), similar risks may appear in different methods. From this information, an Ishikawa diagram was designed covering general sources of variability or riskiness (Figure 2) that may be associated with each stage of methodological development.
[image: Figure 2]
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Figure 2 Ishikawa diagram of rcDNA quantification assays possible variability sources.



The causes related to the first factor (Samples Preparation) express two dependence levels. The more this factor addresses the causes of each approach, the closer it comes to identifying the root causes of the problem. The primary causes in the sample preparation are observed to be the sample bias, the sample accuracy, and the integrity and stability of the sample.
Related primarily to the second factor (Measures) are DNA target amount, working conditions, sensibility, and cross-contamination.
Finally, for the third factor (Analysis) the following are related: performance of controls, interpretation and data records, and standards used.
For each primary cause, follow the secondary causes, and so on, which refine the questions and direct the team to the answers that meet the root causes. It is possible to see, for example, that in general the deviations causes in Sample Preparation are influenced by their own conditions and the interference of the operator to manipulate them. Regarding the Measures causes, these errors are related mainly to facilities, equipment, and operator. The variability causes in the Analysis are basically related to the operator ability and grading pipettes features. In all cases, the human component can be minimized by training, awareness, and focus on performing the tests.
It was noticed that the methods of quantification of rcDNA showed sources of variability. Among them are detection efficiency, equipment and operator interferences, calibration, and measurements errors.

4.3. HACCP Implementation
4.3.1. Hazards, Causes, and Effects Tables:
To assist the application of the HACCP tool to identify hazards, their causes, effects, detection, and mitigation measures, the basis of another GRQ tool, the preliminary hazard analysis (PHA), was used. Accordingly to the ICH guide (10) PHA is an analysis tool to identify hazards, hazardous situations, and events that might cause harm—and after that, identification of possible mitigation measures.
The radioactive dot-blot involves the detection of target nucleic acids immobilized on nitrocellulose or nylon membranes with radioactive probes. Therefore, the analyst is exposed to radioactive material and even if the trials seek to make use of cold probes, they have lower specificity which could negatively influence the results. As result, the number of CCP in this method is considerably larger.
From the analysis of the flowcharts of each test and the designed Ishikawa diagram, a table was made for each test detailing the related hazards, the causes, the effects related to them, the possible detection and mitigation of these hazards (data not shown), separated by each step. Tables I, II, and III sum this up. These tables were of great importance for deep analysis of the risks in order to assist in the examination of the critical points in each step of the methods.
View this table:	View inline
	View popup



TABLE I CCP Determination for Radioactive Dot Blot Assay
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TABLE II CCP Determination for qPCR Assay
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TABLE III CCP Determination for Threshold Analysis Assay



Twenty-five hazards for radioactive dot-blot in the eight steps of the test result were observed, 14 hazards in the five stages of qPCR were observed, and 19 hazards in the five stages of the threshold analysis were observed. The tables also showed that many of these hazards in their respective assay, however different, exhibit similar causes, effects, detection, and mitigation measures (data not shown). This allows us to conclude that some hazards are common to all three tests, for example, cross-contamination, volumes out of specification, and data misinterpretation—which brings us to issues that involve human and instrumental components.
The radioactive dot-blot has the peculiarity of being a semi-quantitative method, and it doesn't involve equipment for reading the result, therefore it allows for variation in the interpretation of the results. In some other cases a device is associated to a quantitative result and, intrinsically, the variability is linked to the instrument calibration/qualification/validation (CQV), which are easy to solve by establishing periodic CQV. An important point in common with both radioactive dot-blot and the threshold assays is the hazard associated with the range of the denaturation temperature of the DNA molecule. It was found that the thermoblock is responsible for significant impacts in both methods, which increase the necessity to obtain qualified suppliers to avoid process failures.
The denaturation of the DNA molecule is the most important step of the methods because the principle of detection of these assays depends on obtaining a DNA single strand during the test. The dot-blot need to attach the DNA single strands on the membrane so it will be possible to hybridize those with another DNA single strands radiolabeled so that the signal will be detected. qPCR needs to denature the DNA double strand to start the chain reaction to amplify the molecules. Nevertheless, threshold analysis is a method based on DNA single strand binding protein.
Another point that worth mentioning is that unlike the qPCR and threshold analysis, which have qualified kits and specific uses, radioactive dot-blot is an in-house assay, and it is necessary that all reagents must be prepared within the laboratory by the operators themselves, requiring qualification of the operational team for use of the test, as well as maintaining these characteristics with frequent revisions. This brings variability in results by increasing the sources of uncertainty of the test. Thus, radioactive dot-blot becomes more expensive in relation to time, labor, and handling care, which raises the probability of risk and negative interference with the expected results.
In general it was observed that the aspects of utmost importance in order to mitigate the tests risks are good practices.

4.3.2. CCP Identification:
Through a detailed analysis of each step of the proposed methodological tests and through the help of the CCP decision tree (Figure 3), points that can threaten the method process were determined (Tables I, II, and III). Therefore, for the identified CCP the critical limits were established based on prior information of similar processes, whenever possible, because some of these limits will only be determined with the validation process. These points should be validated when the alternative methodology is implemented. In any case, the critical points listed should be monitored to ensure that they stay within the recommended limits; otherwise corrective actions are required and deviations should be recorded in formal compliance documents (17, 18).
[image: Figure 3]
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Figure 3 Decision tree to identify CCP.



In this work, control points (CP) are considered the not-critical points or steps that could affect the process performance; however, these points can be primarily controlled by prerequisite programs and good practices procedures. As a result, a more systematic approach could facilitate continuous improvement and innovation throughout the product lifecycle (39).
By analyzing the CCP in each test, it was possible to conclude that the traditional assay (radioactive dot-blot—Table I) is the method with the highest number of CCP, 16 in total, and five of the eight stages have at least 50% of their hazards as a CCP, concentrating a very large number of CCP. In second place was the qPCR with six CCP, followed by threshold analysis with five CCP. In addition, qPCR has a lower PCC concentration per stage when compared to threshold analysis.
An interesting fact in this comparative analysis is the difference between the radioactive dot-blot CCP amounts to other alternative methods. Perhaps this proportion is related to the detection capability or even the methodology's sensitivity, emphasizing that the radioactive dot-blot is a semi-quantitative assay. qPCR has approximately 63% less PCC than radioactive dot-blot, and threshold analysis has about 69% less PCC than radioactive dot-blot. In addition to fewer CCP, both qPCR and threshold analysis tests provide quantitative results, unlike radioactive dot-blot. Thus, besides being more sensitive (5, 16), qPCR and the threshold analysis were demonstrated to be much better methods for use in biopharmaceutical QC.
Considering the three most important factors for a selection of an analytical methodology (reliability, sensitivity, regulatory compliance) (4), qPCR and threshold analysis meet the FDA standard for acceptable sensitivity to detect the limit of 100 pg/DNA of therapeutic dose. Both are provided by the U.S. Pharmacopoeia (9) as favorable assays for DNA quantification (qPCR and DNA-binding protein), so the regulatory compliance is the same in both cases. What remains is the most important factor: reliability. The results of this study showed that qPCR presented six CCP, while threshold analysis presented five. However, most of threshold analysis CCP (80%) are concentrated in one stage (four of five CCP)—the quantification on the workstation (equipment)—while qPCR CCP are distributed in three stages, and both assays have five-step trials (Tables II and III). This characteristic of threshold analysis PCC distribution may represent a critical issue in which mitigation measures cannot minimize the hazards and risks associated with the methodology, or a major effort to mitigate the risks would not be worth the time/expense expended compared with qPCR. Such mitigation measures are reflected in the project qualification of installation and qualification of operation. With this, it can also say that this step is crucial to ensure denaturation of DNA, and the robustness of the method must respond to the enquiry.
In addition, it is worth examining some points to consider when comparing these alternatives methods: (1) availability of commercial kits, (2) technical assistance, (3) amount of CCP.
Regarding the first point, the assays are equivalent, and therefore there are commercial kits available on the market; the supply of raw materials for the operation thereof is not a problem because there are qualified suppliers for this purpose. In a similar way, in the second point the two methods also are equivalent because the same manufacturer of the equipment is responsible for technical assistance. The third point is a crucial one, because threshold analysis shows that a single stage, in which most of the method CCP are concentrated, is extremely critical in the process and dependent on the performance of the equipment. On the other hand, qPCR is more sensitive in addition to having a greater technical domain. Another fact is that even though threshold analysis has fewer CCP than qPCR, that assay presents more hazards in total, 19 to 14.
Thus, taking into account the analysis of both alternative methodologies to radioactive dot-blot—together with the sample volume, the performance characteristics of the methods (cost per test, detection limit, flow samples, and sensitivity) (3, 5), and especially considering identified hazards and CCP—qPCR has higher reliability, safety, and reproducibility than threshold analysis with respect to the quantification of DNA in biopharmaceutical products.



5. Discussion
All flowcharts set for a process should be reviewed periodically to ensure they are kept up to date (38). It is important keep this in mind for any process or validated test used regularly, either in QC or production.
The use of the HACCP tool proved to be efficient to establish the CCP that formed the basis for comparison between the analytical tests studied. HACCP is an accurate method that highlights issues, explains a complex process in detail, and may concentrate limited resources on the identified critical points. Finally, risk analysis also provides a review of documented data, such as SOPs and production and check-up protocols.
It was noticed that this work was of great importance when used as basis of another QRM tool to assist in the study of the hazards analyzed by HACCP. Therefore, the implementation of the PHA fundamentals was used to assist in the investigation of hazards, their causes, effects, detection, and mitigation measures.
The association of some tools is a common and frequently used practice in QRM. One tool can cover points where other cannot. For this work the use of PHA in support of HACCP was highly efficient because there were not historical or previous studies in this area.
National and international regulations were taken into account that influenced the choice of qPCR and the threshold analysis for evaluating an alternative method for radioactive dot-blot used for rcDNA quantification. Considering the analysis of the hazards in their processes by HACCP procedures and taking into account several aspects intrinsic to the choice of a methodology, it was concluded that the best alternative analytical methodology evaluated is qPCR. This was primarily because of its easy handling and equipment performance; secondly, the listed critical points proved to be great help in choosing a methodology.
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