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WELCOME AND FRAMING THE ISSUES:  GOALS AND ANTICIPATED OUTPUTS FROM THE WORKSHOP
Sharon Ross, Ph.D., M.P.H., Program Director, Nutritional Science Research Group (NSRG), Division of Cancer Prevention (DCP), National Cancer Institute (NCI), National Institutes of Health (NIH), Bethesda, MD
Dr. Ross welcomed participants and introduced Dr. Barnett Kramer, M.D., M.P.H., Director, DCP, NCI, NIH. Dr. Kramer welcomed participants to the Joint NIH and USDA Workshop on Using Nanotechnology to Improve Nutrition Through Enhanced Bioavailability and Efficacy. He informed participants of the goal of the workshop, which is to discuss opportunities and challenges for nanotechnology to advance nutrition and increase prevention research. Prevention of chronic diseases is a global priority. At a recent United Nations (UN) conference on non-communicable diseases, the President of the UN General Assembly stated that cancer, diabetes, heart disease, and lung disease kills 36 million people worldwide each year, which accounts for 63 percent of global deaths (World Health Organization, 2011). The World Health Organization’s (WHO) 2010 World Health Status Report includes strategies and opportunities for tackling the growing problem of the impact of non-communicable diseases, with a broad focus on surveillance, population-based prevention, and strengthening health care capacity (World Health Organization, 2010). The report also states that the increases in cancer, diabetes, heart disease, and lung diseases are due to a variety of factors, including unhealthy diet, hypertension, harmful use of alcohol and tobacco, insufficient physical activity, obesity, raised cholesterol levels, and cancer-associated infections. Recent medical cost analyses also are a concern. Unless the increasing health care cost trend is reversed, the five common non-infectious diseases─cancer, diabetes, heart disease, lung diseases, and mental health problems─will account for $47 trillion worldwide in treatment costs and lost wages over the next two decades. 
Dr. Kramer illustrated the need for programs for cancer prevention. The DCP conducts research to define and reduce the risk of cancer through prevention strategies, which may include interventions with nutritional or non-nutritional agents. Effective strategies for optimizing nutrition, such as enhanced bioavailability and targeted delivery of nutrients through nanotechnology, may represent one approach. This workshop brings together a diverse group of disciplines, including those of nanotechnology, nutrition, and food science, in hopes of fostering greater interaction for the problem of diet and disease prevention research. Dr. Kramer concluded by saying that he hopes to learn more about the current status of nanotechnology applications in food and nutrition research. He said that there is a need for researchers to share their research for applications in disease prevention, especially as it relates to non-communicable diseases. Dr. Kramer thanked the organizers of the workshop for focusing on such a cutting-edge topic.
Dr. Ross reviewed the agenda and provided background on how the idea of the workshop was fomented and grew over the past few years. In 2009, Dr. Ross and Dr. John Milner, Chief of the DCP NSRG, invited Dr. Martin Philbert, University of Michigan, to visit the NSRG to discuss the use of new technologies for nutritional research. During the visit, Dr. Philbert was able to talk with others at the various government agencies interested in nutrition; this is how he became acquainted with Dr. Pam Starke-Reed from the NIH’s Division of Nutrition Research Coordination (DNRC) and Dr. Hongda Chen at the U.S. Department of Agriculture (USDA). Through these contacts and discussions in the past year, the concept for this workshop was developed with co-sponsorship from the DNRC and USDA. Dr. Ross added that during the planning process, they became acquainted with Dr. Steven Zullo from NIH’s National Institute of Biomedical Imaging and Bioengineering (NIBIB), who has provided support for the videocast and audiotape of the workshop. Dr. Ross asked each of the co-sponsors to give a brief presentation on their perspectives on nanotechnology related to nutrition.

Pam Starke-Reed, Ph.D., DNRC, NIH, explained that the DNRC is a trans-NIH Division that coordinates NIH efforts in nutrition research. She provided background for this workshop from her perspective. Approximately 3 years ago, several organizations presented a session on nanotechnology and nutrition at an Experimental Biology conference. This was an extremely successful session and showed that there was interest in this topic. The interest of the DNRC in this workshop is to understand the importance of nanotechnology for understanding site-specific actions of intercellular metabolism of nutrients. The role of the DNRC will be important in this effort because those wishing to seek funding for nutrition and nanotechnology projects should first come to the DNRC (the DNRC can point them in the right direction within the NIH) or to other government agencies that may have an interest in funding projects. Dr. Starke-Reed also indicated that she serves as the DNRC representative to the NIH Nanotechnology Task Force. 
Hongda Chen, Ph.D., National Institute of Food and Agriculture, USDA, commented that he wanted to thank Drs. Milner, Ross, and Philbert as the primary architects of this workshop. What has been known for a while is that food can be a carrier of nanotechnologies. He said his interest in nanotechnology began in 2002 at the USDA when they began to develop initiatives that included nanotechnology in agriculture, packaging with nanosensors for food safety, and the delivery of micronutrients in foods. Dr. Chen said he hopes to hear about the state-of-the-science in this workshop and about how to move forward in food science nanotechnology in a responsible manner. He thanked the organizers, especially Dr. Zullo, for providing support for broadcasting the workshop throughout the United States and Canada to those with an interest in this topic.
Martin Philbert, Ph.D., University of Michigan School of Public Health, informed participants of his interest in nanoparticles in brain tumor research, which dates back more than 2 decades. He said that this workshop is important for meeting the Public Health Service’s core mission to prevent disease. He warned those working in the field to resist mission drift, which has been seen in the use of nanoparticles for treatment. Our health care system is unsustainable if resources are directed entirely toward treatment; the use of resources for timely prevention and management of disease can return the health care system to sustainability. Nutrition is likely to become a greater global issue as global climate change and failed energy policies drive environmental changes that are likely to reduce the amount of healthy foods for all populations. At this point, there is a worldwide food crisis that may result in food being grown in fewer places to feed an expanding world population. This time is a stake-in-the-ground moment when workshop participants can begin thinking about food, nutrition, and primary and secondary disease and the role that can be played by nanotechnology.
Steven J. Zullo, Ph.D., Director of the Drug and Gene Delivery and Nanotechnology Program, NIBIB, NIH, provided background information to show that although funding for nanotechnology at the NIH has risen from less than $25 million in Fiscal Year (FY) 1998 to more than $300 million in FY 2010, this still represents less than 1 percent of the overall NIH budget. The NIBIB has a diverse portfolio of nanotechnology projects, including R01 and R21 grants on Nanoscience and Nanotechnology in Biology and Medicine (PA-11-148 and PA‑11‑149). He said that his take-home message is that there are funding opportunities in nanotechnology, and asked participants to become involved in nanotechnology grants by monitoring the NIH Guide (http://grants.nih.gov/grants/guide/) and becoming involved in study sections on the topic.
Dr. Zullo provided information on the National Nanotechnology Initiative (NNI), comprised of 26 federal agencies, including the NIH and USDA. The vision of the NNI is to create a future in which the ability to understand and control matter at the nanoscale leads to a revolution in technology and industry that benefits society. The NNI budget has grown from $464 million in FY 2001 to more than $2 billion in FY 2012 (requested). The NNI Strategic Plan includes the elements for targeting and accelerating research and can be accessed at http://nano.gov/. 
Dr. Ross concluded the introductory session by laying out some questions that will be addressed during the workshop. They are:
· How will nanotechnology assist in disease prevention?

· Can nanotechnology improve bioavailability?
· Can nanotechnology discover the activities of nutrients within biological systems?

· What are the safety and toxicity issues related to nanotechnology applied to nutrition?

· What research gaps exist in the fields of nutrition and food science and nanotechnology?

Outcomes of the workshop are expected to be a published summary of the proceedings, and support for a research agenda with potential collaborative funding when appropriate.
SESSION 1:  KNOWLEDGE GAPS IN EFFECTIVE NUTRITION AND DISEASE PREVENTION
Moderator:  Etta Saltos, Ph.D., Program Leader, National Institute of Food and Agriculture, Division of Nutrition, U.S. Department of Agriculture, Washington, DC
The New Nutritional Paradigms of the 21st Century
Rob Russell, M.D., Tufts University, Medford, MA, and Office of Dietary Supplements, Office of the Director, NIH, Bethesda, MD
The advancement of the nutritional sciences has been impressive in the past half-century. Basic research, population studies, and randomized controlled trials (RCTs) have added immeasurably to our knowledge. The 21st century, however, has ushered in changing paradigms for nutritional sciences as new and emerging technologies and genome sciences have redefined scientific approaches. Seven new nutritional paradigms may be described. The first paradigm, which began in the 1980s, moved the concept of Recommended Daily Allowance (RDA) from the minimal amount of a nutrient needed to avoid deficiency disease to the amount needed to prevent a chronic disease or abnormal function. This new concept, however, has been difficult to quantify for many nutrients, although there have been some successes. Examples based on the results of sound scientific research showed that vitamin D and calcium (osteoporosis), vitamin C and carotenoids (eye disease), B vitamins (brain function), and fiber (type 2 diabetes) each have a confirmed nutrient-disease relationships. In addition, vitamin D and B vitamins have been associated with cardiovascular disease (CVD), and vitamin D and calcium have associations with cancer. Folic acid deficiency is an example of a strong relationship with neural tube defects, and dementia is a recent example of a direct interaction between B vitamin-nutrients and a chronic, devastating condition.
The second paradigm has been formulated in setting nutrient requirements for the elderly. As the worldwide population ages, this will become a critical issue for public health agencies. UN data from developed, emerging, and underdeveloped countries show that the percentage of the population that is elderly in each will rise in the coming decades (United Nations, 2007). With more elderly people, there will be a concomitant rise in the incidence and prevalence of chronic diseases. In a different track, recent studies have shown that nutrient metabolism and feeding behaviors are different between the young and elderly. An underfeeding study of participants both young and old had results showing that after a period of underfeeding, young participants would increase their caloric intake but elderly participants would not. Other studies have shown that as one ages, there is a decrease in food vitamin B12 absorption. It also is well known that due to reduced vitamin D intakes, both through reduced nutritional intake and sun exposure in the elderly, elderly produce less active forms of vitamin D, leading to decreased calcium absorption and parathyroid hormone (PTH) secretion and more remodeling with bone loss. As a result of the relationship between reduced intake of vitamin D and calcium, the RDAs have been increased for both nutrients in older age groups.
The third paradigm is the discovery of “old” nutrients for disease prevention. Vitamin D for possibly preventing cancer and diabetes, reducing inflammation, and preventing falls, and vitamin K for the prevention of osteoarthritis are examples of the changing understanding between nutrients and disease.
The fourth paradigm is the role of biotechnology and genetically modified foods (GMFs) such as “Golden Rice,” a GMF modified to include β-carotene in wild-type rice (Grusack, 2005). This rice could be useful in areas that have low intake of vitamin A in order to eliminate vitamin A deficiency-associated xeropthalmia, which affects 3 million children worldwide. Future “Golden Rice” varieties may include iron (Fe), zinc (Zn), various amino acids, and/or vitamin E to meet growing deficiencies in these micronutrients in developing countries.

Paradigm five relates to the emerging issue of nutrient overdosing and toxicity, which could be an eventual concern for nutrients processed via nanotechnology. Each nutrient has a Tolerable Upper Intake Level (UL), the highest level of daily nutrient intake that is likely to pose no risks of adverse health effects to almost all individuals in the general population. This differs from the RDA, and it is not recommended that individuals try to attain the UL; it is the level of intake that could become toxic. For many nutrients, intake levels from deficiency to toxicity can be represented by a U-shaped curve; low levels may result in deficiency, a middle level represents non-toxic intake, and at higher levels toxicity occurs. At the present time, ULs have been established by the National Academy of Sciences (NAS) for 14 vitamins and minerals.
The sixth paradigm is the use of alternative nutritional therapies. Data from a population survey indicate that 44 percent of the American population is using nutrition-based alternative therapies for conditions such as arthritis pain, memory improvement, and improved health and well-being (Wold, 2007). Interestingly, 53 percent of this sample said they saw no improvement from the use of alternative therapies but continued to take them anyway. 
The seventh paradigm is the rise of neutragenomics and neutragenetics. This is of increasing interest in the research community since studies are now being published that are rapidly expanding knowledge in these fields. For example, a recent study found that genetic polymorphisms in the promoter region of the hepatic lipase gene, more prevalent in Asian populations, determine the response of high-density lipoprotein (HDL) to fat intake (Shen et al., 2011).
Areas for continued and research include studies on the epidemic of worldwide obesity, the most pressing problem regarding nutrient intake in Westernized societies. Another area is the microbiome, which refers to the 100 trillion organisms in a normal human gut. Recent studies have shown that microflora have a role in the extraction of calories, inflammation, and increased storage of fat. There is a possible role for using nanotechnology to influence the microbiome in beneficial ways in humans.
Preclinical Models for Developing Prevention Strategies

Stephen Hursting, Ph.D., M.P.H., Professor, Department of Nutritional Sciences, The University of Texas at Austin, Austin, TX 

Animal model studies are one of the key components of multidisciplinary disease prevention research. To illustrate the importance of animal model studies in developing disease prevention strategies, their role in obesity research is exemplary. Animal models are developed from epidemiologic, clinical, basic molecular, cellular, and behavioral studies; the goal is to develop effective human interventions. Although animal models are critical in prevention research, the models are only as good as our understanding of them and what is (and is not) being modeled. Conventional wisdom suggests that there is no one perfect model for each disease or condition. This means that animal models must always be redesigned based on emerging knowledge.

Mouse models are a common animal model based on 99 percent of the human genome being conserved in mice, which allows researchers to mimic human disease in the mouse. One of the many advantages of using animal models is that one can study stage-specific effects of interventions, easily perform combination studies, and generate cell lines for in vitro studies. Animals are not people, however, and their diet is different from humans. Disease in rodents can be very different than in humans; pharmacology can be different than humans; and animals have variations in phenotype between strains. It is important to study more than one animal model for each research question posed.
Metabolic syndrome is a phenotype that is characterized by insulin resistance/ hyperglycemia, dyslipidemia, hypertension, pro-coagulant changes, a pro-inflammatory state, altered adipokines, and elevated bioavailable insulin growth factor-1 (IGF-1). Metabolic syndrome also is strongly associated with cancer (Calle et al., 2003). An overarching question regarding obesity and the metabolic syndrome is how to decrease cancer risk in the approximately 34 percent of U.S. adults who already are obese. A mechanistic approach is needed to identify targets and strategies to break the obesity-cancer link. Mouse models have been developed that model energy balance and human cancer by altering key genes and pathways (Hursting et al., 2005). A promising target for interrupting the obesity-cancer link is the Wnt/β-catenin pathway, which has been associated with breast and colon cancers in humans. Studies of IGF-1 and Murine Mammary Tumor Virus (MMTV)-Wnt-1 in calorie-restricted, overweight, and diet-induced obese (DIO) mice show that mice in the calorie-restricted group have beneficial levels of IGF-1, insulin, leptin, and leptin/adiponectin ratios and reduced tumor volume; in effect, tumors just do not grow well in calorie-restricted environments; in addition, calorie restriction increases Akt/mTOR and cytokine signaling (Nunez, et al., 2006). By contrast, levels of each parameter were not healthful in DIO mice, and tumor growth was more than 10-fold the growth seen in calorie-restricted mice. Various studies of IGF-1 levels show that high serum levels of bioavailable IGF-1 in humans and animals are associated significantly with the risk of several cancers, including prostate, colon, lung, leukemia, bladder, pancreas, and pre- and postmenopausal breast cancer. IGF-1 deficient (LID) mice show resistance to mammary, colon, skin and pancreatic tumors (Moore et al., 2008; Olivo-Marston et al., 2009; Lashinger et al. 2011). This is seen in animal models in calorie-restricted IGF1 deficient (LID) mice with IGF1 replacement; the higher the level of replacement, the higher the risk of cancer (Nogueira et al., 2011). This provides a strong suggestion that IGF-1 is a key component of the obesity-cancer link and may be a promising target for preventive strategies.
Gemcitabine nanoparticles (GenC18 NP) are being investigated in gemcitabine-resistant MMTV-Wnt-1 mammary tumors in an animal model (DeAngel, et al., in preparation). GenC18 NP is a 4-(N)-stearol form of gemcitabine incorporated into solid lipid NP’s prepared with lecithin, glycerol monostearate, and DSPE-PEG2000. The GemC18-NPs are approximately 200 nm in size. Because obesity-induced gemcitabine resistance is seen in animal and human studies, it is hoped that GemC18 NP may overcome this resistance. 
Bioavailability of Nutrients and Bioactive Food Constituents:  How Can Nanotechnology Address This Problem?
Carl Keen, Ph.D., Mars Chair in Developmental Nutrition, Professor of Nutrition and Internal Medicine, University of California, Davis, CA
The focus of this workshop is on improving food and to develop a rationale for using nanotechnology for disease prevention. It is important to develop goals carefully for the use of nanotechnology that will improve the lives of consumers. It is unrealistic to think that this technology is capable of addressing all diseases and that they will be able to extend life, and quality of life, for everyone; it is more realistic to have a goal of targeting specific chronic diseases in specific ways. Food science has moved quickly in the past century toward the ability to eliminate many nutritionally-related diseases, but to take the next step to reduce the onset and progression of cancer and age-related diseases, to improve general health, and to eliminate all birth defects will be significant challenges. The goal of producing “optimal health” for everyone is an important goal, but it will depend on setting realistic goals. Thought must be given to whether it is possible to change through nutrition the factors related to optimal health, such as age, sex, genetics, reproductive status, environment, lifestyle habits, and presence of disease.

Consideration for improving nutrition through nanotechnology must include a focus on stability (i.e., against heat, pH, and oxidation during food processing); taste and color; safety; bioavailability; and appropriate tissue targeting and dosing. Above all, consumers need to understand what is possible, why improving nutrition is important, and what safety issues are involved. For example, the fortification of foods with folic acid to prevent neural tube defects in newborns could be considered a success, but studies from Norway, which does not use folic acid fortification, found that treatment with folic acid (and vitamin B12) increased the risk of cancer and all-cause mortality (Ebbing et al., 2009). Consumers have little understanding of issues regarding risks involved in food fortification or nanotechnologic modification of foods, which sets a high bar for education as an important aspect when introducing elements in food to improve health. The bottom line for introducing the concept of nanotechnology for improving health through food modification is that there is:  (1) a wealth of data that supports the concept that the consumption of select foods can result in improvements in health and reductions in risks for certain chronic diseases; (2) the effect of these foods can be associated with specific nutrients whose concentration and availability can be modified through agricultural practices and food processing; (3) and specific nutrition education messages should be delivered to address the need for diet, food, and nutrient specific changes with a clear message about the health concerns and risk/benefit associated with nanotechnology applications for food. 

Nutritional deficiency may be primary or secondary. Data on dietary intake consistently show micronutrient deficiencies (primary deficiency) among the general population and among specific target groups, such as pregnant Hispanic women (Ames, 2006; Harley et al., 2005). Secondary deficiency can be caused by genetic heterogeneity, response to drugs or other chemical toxicants, disease-associated changes in micronutrient metabolism, and nutritional interactions. To illustrate a secondary deficiency, a recent paper by Zhang and colleagues found that in pregnant women infected with cytomegalovirus (CMV) had reduced micronutrient levels (Zn) and increased cytokine levels (TNFα and IL-6, indicative of stress), resulting in developmental defects for the newborn (Zhang et al., 2007). Zn deficiencies from alcohol use during pregnancy also is one of the factors in mental retardation associated with fetal alcohol spectrum disorders, a growing worldwide problem (Flynn et al., 1981); does this mean we should be fortifying alcohol with Zn or other micronutrients? The complications wrought by trying to improve nutrition through the addition on one micronutrient is illustrated by the interaction of Zn and copper (Cu). Zn supplementation often causes a secondary deficiency of Cu, which also can include deficiencies of Fe, so the problem with Zn deficiency cannot be corrected solely through supplementation with Zn alone.

The problem of micronutrient deficiency also is being complicated by new medical interventions. For example, bariatric surgery has exponentially increased in the past decade, with more than 200,000 surgeries completed each year in the United States. Approximately 15 percent of bariatric patients suffer Cu deficiency post-surgery, as well as numerous other vitamin and mineral deficiencies (Shanker et al., 2010). This is one area that needs immediate attention for consideration of supplementation or other interventions with a better understanding of micronutrient interactions before implementing a strategy.
The application of nutritional nanotechnology is occurring in in vitro studies to deliver novel Zn2+-loaded nanoparticles for targeted release in central nervous system neurons, with the potential to address neuropsychological disorders such as depression (Grabucker et al., 2011). 
The issue of bioavailability may be one of the most promising areas for the use of nutritional nanoparticles. For example, for nonessential phytochemicals, such as flavanols and catechins, much research has been conducted to show that there is poor absorption of many of these compounds regardless of intake. This area has not been adequately studied and the many factors influencing absorption are poorly understood. Intake is only part of the issue. A recent study in mice using chitosan nanoparticles of the catechin epigallocatechin gallate (EGCG) found intestinal stability of the nanoparticles and increased absorption (Dube et al., 2011), as well as reduced cytotoxicity in targeted versus nontargeted ECGC nanoparticles (Sanna et al., 2011).

In summary, “micronutrient” deficiencies are common in numerous population groups, and given the multiple mechanisms through which deficiencies can arise, a simple inspection of dietary intakes will provide limited information regarding the nutritional status of an individual. Biomarkers are essential for an accurate evaluation of an individual’s nutritional status, but current biomarkers for many micronutrients are not viewed as being particularly reliable.
Questions that need to be addressed for future research include:

· What are the best approaches for reducing the frequency of micronutrient deficiencies? The use of supplements and food fortification or the development of foods with improved micronutrient contents and bioavailability? 
· Do we target high risk populations or the general population?
· How should we assess the risks versus the benefits of the actions we take, and how should we communicate these risks to the public? 

The Problem of the “U”- Shaped Curve:  How Can Nanotechnology Address This Problem?

Patsy Brannon, R.D., Ph.D., Professor, Division of Nutritional Sciences, Cornell University, Ithaca, NY
The U-shaped risk curves for nutrients and bioactive food components (BFCs) have been recognized for many years (Taylor and Yetley, 2008). The U-shaped curve is characterized by increased risk at low intakes (deficiency), to optimal intake levels when risk is minimal, to higher intake levels that increase risk. There are differences in the J-shape curve for essential and nonessential components seen through the biphasic lens of hormesis applied in dose-response curves (Douron, 2010). Essential components, such as micronutrients, have a J- or U-shape that indicates increased adverse effects at lower doses, decreased risk and beneficial effects at optimal doses, and increased risk with high doses. In the theory of hormesis, for non-essential components there are no adverse effects at low doses (and may be beneficial effects) but increased risk at high doses. 
A challenge for identifying the U-shaped curve in nutrition is that typical methods of analysis are not structured to detect the pattern. This suggests that alternative methods will need to be applied to nutritional research, especially in the emerging nutritional nanotechnology fields, to address this challenge. Suggested methods include non-parametric or spline analyses (Cox, 2006). Another challenge is identifying mechanisms responsible for the U-shaped curve. These include identifying essential components of transportation proteins, enzymes, or transcription factors; overcompensation and induction of protective responses; benefits and risks to different organs; and stimulatory and inhibitory receptors within the same organ.

Although many nutrients and BFCs (vitamin A, folic acid, and quercitin) share a U-shape dose-response curve, vitamin D can be used to illustrate the principle. Challenges for identifying the U-shaped curve for vitamin D include the various routes of exposure (i.e., sunlight and food), the lack of a true biomarker for vitamin D exposure, although serum 25(OH)D is considered an unvalidated biomarker of exposure, and the fact that studies of vitamin D generally combine intake of vitamin D with intake of calcium or supplements as the basis of supposed benefits or risks. Emerging evidence of a U-shaped curve for vitamin D, however, suggests impacts in many specific diseases or conditions. For example, the Institute of Medicine (IOM) Daily Recommended Intake Committee determined that serum 25(OH)D intake above 50 to 60 ng/mL is associated with increased risk of all-cause mortality, selected cancers, CVD, and falls and fractures (Institute of Medicine, 2010). Other studies have suggested an increased risk with low maternal 25(OH)D levels during pregnancy results of short fetal femur length (Mahon et al., 2010) and small for gestational age births (Bodnar et al., 2010); in addition, low levels of 25(OH)D have been associated with schizophrenia (McGrath et al., 2010) and frailty in elderly women (Ensrud, JCEM, 2010). Published and unpublished data from the National Health and Nutrition Examination Survey (NHANES) indicates that a 25(OH)D U-shaped curve exists for all-cause mortality (Melamed et al., 2008; NHANES unpublished data), with a steeper U-shape curve for African Americans (NHANES unpublished data). In the Uppsala Longitudinal Study of Adult Men, a U-shape curve was described for total, cancer, and CVD mortality with intake of plasma 25(OH)D (Michaëlsson et al., 2010). In a longitudinal nested case-control study in Nordic countries, a U-shaped curve was evident for blood 25(OH)D levels and prostate cancer (Tuohimaa et al., 2004). In summary, evidence is emerging that vitamin D has a U-shaped curve with exposure, and this will need to be considered as nutritional interventions with nanotechnology are devised. 

Cautions in the use of vitamin D as a target for nanotechnology include the confounding possibilities at low 25(OH)D levels such as the impact of obesity, race, socioeconomic status, and lack of physical exercise. Confounding at high levels include recent weight loss and supplement-taking behavior. There is limited data showing safety of long-term high serum concentrations achieved through supplementation. Potential mechanisms for the increased risk at high levels of 25(OH)D include the possibility that 25(OH)D is more active than originally thought, that there is excessive catabolism of 1,25(OH)2D at high 25(OH)D levels, and seasonal kinetic catabolism of 1,25(OH)2D. There also is accumulating evidence that reducing chronic diseases by optimizing 25(OH)D levels may depend on genotype and polymorphisms (McGrath et al., 2010). 
Nanotechnology can increase the understanding of the U-shaped curve by assisting research to better understand mechanisms, gene-exposure interactions, and delivery of vitamin D or other nutrients and BFCs. 
Session 1:  Q&A and Discussion 

Moderator:  Dr. Saltos
 
The discussion began with a comment on whether nanotechnologies can be applied to foods. It was noted that nanotechnology for disease prevention can work if specific connections can be made between foods and disease, and that there may be a larger role for the use of nanotechnology for supplements rather than for specific foods. For foods having increased bioavailability, and especially in the case of supplements, there is a concern about individuals exceeding the upper limit of intake and ingesting potentially toxic doses.

Nanotechnology research applied to nutrition could give insight on the sites of BFC action(s). Many questions also need to be answered regarding diet and obesity. The understanding of pathways involved in food science regarding nanotechnology needs further research. For example, we are approaching a level of understanding of some pathways, such as the mTOR pathway, that we are beginning to better understand the cancer-obesity link. From this perspective, nanotechnology can be a beneficial tool for discovery.

An overarching challenge for the addition of nanoparticles to foods is determining whether they should be considered a drug rather than a nutrient; this raises potential regulatory issues that must be addressed in the near future. It was suggested that the line might be that if nanoparticles are added to a natural food, it could continue to be viewed as a nutrient; if the product is totally synthetic, it could be construed to be a drug. Another suggestion was that if the nanoparticle is delivered via the GI tract, it should be considered a nutrient, but if it is delivered via the bloodstream, it should be considered a drug. It was noted that the biome is the ultimate delivery point, whether via the GI tract or bloodstream, and that it may be that there is little difference in the delivery method regarding whether it is a nutrient or drug. The issues of concentration and dose also should be potential parameters for determining if nanoparticles are considered a drug or a nutrient.

Nanoparticle delivery appears to be one of the most significant issues regarding whether nanoparticles are drugs or nutrients. Both nutrients and drugs influence genes, so this characteristic may not be useful for determining how to regulate nanoparticles. Another critical question is where the nanoparticles go in the body, how long they persist, and are they excretable. A recent search on PubMed indicates that some nanoparticles have high levels of cytotoxicity and many cross the blood/brain barrier. This could be a public-relations nightmare for researchers if this is not well understood and if a case cannot be made to the public that they are not harmful.
A significant challenge will be when nanoparticles are targeted to the gut, especially in context of nanotechnology and foods related to obesity. It may be that nanotechnology can have some answers for solving both the malnutrition and the obesity problems. There also are issues related to the economics of technologies for nanoparticles in foods that need to be addressed. 

There was a discussion of whether nanotechnology is really just a new name for colloidal chemistry, and what has been learned in this field about ultrafine particles in inhalation. Nanotechnology researchers can learn a great deal from looking at what was done in the past in colloidal chemistry. There is hardly any doubt that food has nanoparticles; toxicity issues are always related to the levels of the nutrient consumed.

When the body is under stress, diseases tend to have worse outcomes. In some situations, nanoparticles can be a stressor that causes or increases nutrient deficiency, thus increasing the likelihood of poor health. It was noted that nanoparticles given in certain doses can bypass the acute phase response, and while protecting one tissue, can cause damage to another. For example, nanoparticles may stimulate the inflammatory response at higher levels of exposure. The NIH’s National Institute of Environmental Health Sciences (NIEHS) investigates toxicity and could play a role in elucidating the positive and negative consequences of different levels of exposure to nanoparticles.

SESSION 2:  APPLICATIONS OF NANOTECHNOLOGY TO ENHANCE NUTRITION FOR DISEASE PREVENTION
Moderator:  Pam Starke-Reed, Ph.D., Deputy Director, Division of Nutrition Research Coordination, NIH, Bethesda, MD
Nanotechnologies for Enabling Molecular Nutrition Discoveries 

Martin Philbert, Ph.D., Dean and Professor of Toxicology, School of Public Health, University of Michigan, Ann Arbor, MI
Nanotechnology products are difficult to create, verify, and maintain as nanostructures. The biology of nanotechnology sits in the domain between Newtonian mechanics and quantum mechanics. When applied to enhancing the functionality of foods, creating nanomaterials involves research pain, dollars, and time. Nutrients, in general, violate the Pfizer Rule-of-Five (Ro5) with respect to development of small molecule drugs. The Ro5 is a standard that includes molecular weight, hydrophilic properties, and quantum properties. In developing a drug for U.S. Food and Drug Administration (FDA) approval, no more than one of the Ro5 criteria may be violated; this is not possible for nutritional nanoparticles, therefore a new rule needs to be developed for the nutritional field. An issue for nutritional studies and drug studies regarding the Ro5 criteria is the presence of racemic formulations and disparities in levels of contaminations present that change delivery. In addition, a tension exists between nutrient-based therapy and nutrition because people eat food, not nutrients. 

Lessons learned from first generation nanomedicines include reformulations of highly hydrophobic medicines, such as chemotherapeutics and antibiotics; this may be an ideal strategy for poorly soluble nutrients. In reformulations of vaccines, nanoparticles sometimes act as a better adjuvant for stimulating the immune system, which is a strategy that may be considered for a co-nutritional intervention with nanoparticles. Another lesson is that the use of quantum properties of noble metals (e.g., gold) for plasmonic induction of heat may have applications for cancer prevention or treatment by acting as molecular sensors or nano-beacons.
In developing nano-sensors, the biology must be separated from the chemistry and vice versa. An example is the production of a bubble of biocompatible polymer in which a fluorescent element is inserted. The polymer matrices may be hydrophobic, hydrophilic, or amphiphilic depending on the nanoparticle and route of action, but whichever is chosen, the biological agent is separated from the chemical environment. This is one of the critical advantages of the use of nanoparticles. For example, extremely toxic materials may be encapsulated until they reach their target without causing toxicity in the surrounding tissue or fluids.

Manipulating various metals and materials allow the creation of specific sensors for delivery of specific molecules at identified targets. The cost of nanoparticles is not great, but their characterization may incur substantial costs. Examples of various nanoparticles, such as those for photoacoustic measurement of oxygen (Ashkenazi et al., 2008) and nitric oxide sensitive components (Tyner et al., 2007), show the breadth of possibilities for the use of this technology for nutritional intervention. Knowledge gained at the quantum level informs nanoparticle constructs if the strategy is well thought out and there is an understanding of the environmental parameters within which the nanoparticle must exist and function. There is also the possibility of using magnetic properties of nanoparticles to act as an “on-off” switch for measurement of magnetic fields and to measure or vary temperature.
Nanoparticles can be engineered for use in imaging as well developing carriers that do not include polyacrylamide gels (that are permanent) are altered to allow the molecular bonds to break when exposed to a chosen intracellular environment (De Gao et al., 2008). In addition, these nanoparticles are readily excretable and can be designed to cross the blood-brain barrier. Using these particles can be advantageous for imaging in areas not easily accessible by conventional contrast agents and in minimally perfused tissues. Investigations have found that these technologies can be used to characterize tumors.
Nanocomplex-Based Delivery Systems
Bruce Hamaker, Ph.D., Director, Whistler Center for Carbohydrate Research, Purdue University, West Lafayette, IN 

Self-assembled soluble nanocarriers of hydrophobic small molecules have properties that make them useable for nutritional interventions. They are nanocomplexes (~40-80 nm) made from starch, fat, and protein that can carry colors, flavors, nutraceuticals, and drugs of certain size and have hydrophobic properties. Starch has a helical structure that traps such small molecules and can be ingested and released in the mouth, small intestine, or colon or potentially introduced systemically. The digestibility of these nanoparticles has not been well characterized. Viscosity studies of sorghum flour showed a surprising result that after heating, free fatty acids (FFA) are released during the cooling period. Further studies showed that there was formation of a linear glucan that has an interior relatively more hydrophobic than the outside of the nanostructure; these hydrophobic molecules can possibly enter the core of the amylase helix (Zhang and Hamaker, 2005). The self-assembled soft nanoscale particle formed with common macronutrients only can be achieved when all the components are present in a particular ratio. The components associate via electrostatic bonding between the well-known, hydrophobic interaction-driven amylose-FFA complex and certain disulfide-linked soluble proteins; other factors (e.g., proteins) are likely to be important in the stabilization of the nanoparticle. Characterization of the nanocomplex showed that they can be separated by size exclusion chromatography (SEC), and they have a size range of 40 to 140 nm, as determined by static light scattering analysis. Rheological studies indicated reorganization of individual components, and the formation of nanoparticles occurs during the cooling stage (55-60°C). The use of a differential scanning calorimeter test confirmed that formation of the nanoparticle was an exothermic event at similar temperature range. The importance of these findings indicate that the nanocomplex can be used to solubilize important bioactive lipids like conjugated linoleic acid (CLA) and docosahexaenoic acid (DHA); the soluble ternary complex can bind iodine, indicating the availability of space in the helical structure of amylase, and this provides an opportunity to use this “soft” nanoparticle as a carrier for hydrophobic small molecules of interest to food-science researchers. The use of small hydrophobic molecules has been investigated for other nonnutritional purposes, such as lemonene, a flavor component, naphthol, an aroma component, and 5-flurouracil, a cancer therapeutic drug. In a nanocomplex system, each of these can be dissolved in solution. 
Potentiometric titration with potassium iodate finds that after the nanocomplex with an amylose helix is formed, approximately 40 to 60 percent of the interior is available for guest molecules. Estimation of the amount of small hydrophobic molecules that can be captured by the amylase helix core is higher than the values reported in scientific literature based on the binding affinity of flavor compounds in helices of amylase. This may be due to the presence of lipids, proteins, and a higher-ordered organization of amylase.
In summary, this type of soft nanoparticle can solubilize bioactive CLA with the potential of carrying valuable bioactive lipids in beverage-based formulations. The nanoparticles show the potential of incorporating small hydrophobic compounds (flavors, colors, nutraceuticals, drugs), which opens up the possibility of nanoparticles to be used for targeted and controlled delivery of nutraceuticals, flavors, and drugs. In addition, this may have an application in masking off-flavors for improved sensory quality of food or pharmaceutical products.

Dr. Milner asked if the ratio of carbohydrate, lipid, and protein components influences solubility. Dr. Hamaker responded that this is not clear, but they can get different sizes of the nanostructure beyond 100 nm. He said he thought the ratios would still be the same in the nanostructure.

Dr. Milner asked if they had looked at different fatty acids. Dr. Hamaker said that they have not looked at all fatty acids, but they know that they all must be FFA, and different FFAs can change the size of the nanostructure.

A participant asked if the nanostructure is digested in the mouth. Dr. Hamaker said that there may be some digestion in the mouth and stomach of exterior molecules on the nanostructure, but the core of the helix, and the molecules contained within, are not digested or released until the nanostructure reaches the small intestine. It would be possible to wrap flavors in the nanostructure that could be released in the mouth. 
Characterization of Nanoparticles for Medical Applications
Scott E. McNeil, Ph.D., Director, Nanotechnology Characterization Laboratory, SAIC-Frederick, NCI, NIH, Fort Detrick, MD
The use of nanotechnology in cancer therapeutics has been a focus of research at the NCI for many years. The most compelling reason for the use of nanoparticles in therapeutics is that they can deliver targeted drugs to tumors at a greater rate than that seen in conventional therapeutics. For example, commonly used chemotherapies, administered by conventional means, can deliver only 0.01 percent of the drug to the tumor; targeted nanoparticles (with ligands or small molecules) can deliver 2 to 3 percent of the drug to the tumor, thus reducing some side effects of therapy (McNeil, 2005). Targeting may be active for small tumors or passive for larger tumors. Imaging contrast agents also can be delivered through nanoparticles to provide more accurate targeting of the area to be imaged.
The Nanotechnology Characterization Laboratory (NCL) is a collaboration among the NCI, FDA, and the National Institute of Standards and Technology (NIST) whose mission is to characterize nanomaterials through an investigatory cascade of physicochemical, in vitro, and in vivo characterization, with the goal of helping to promote the molecule through the regulatory approval process. The in vitro characterizations focus on mechanisms, toxicity, and cell uptake/distribution rather than on drug discovery. In vivo characterizations include initial disposition studies, immunotoxicity, dose-range finding studies, and efficacy. A lot of attention is given to the development of assays to ensure they are applicable to a wide variety of nanomaterials and meet current FDA guidance.
NCL has more than 70 Materials Transfer Agreements (MTAs) with parties from government, industry, and academia, and more than 240 nanotechnology strategies have been submitted since the NCL was founded in 2004 (although not truly operational until 2007). The NCL also is involved in data dissemination through publications, workshops, and scientific conferences. Much of the data generated by NCL, however, is proprietary and not disclosed to the public; this information is disclosed only to the submitting investigator via formal Client Reports (~10 per year) which include detailed descriptions and analyses of every experiment performed on a given nanoparticle. 
Lessons learned since the NCL was founded include trends in parameters that indicate nanoparticle biocompatibility (McNeil, 2009). These trends show parameters that contribute to biocompatibility include zeta potential, an indicator of surface charge, size of the rigid core, and hydrophobicity (amount of pegylation available on the surface of the nanoparticles). The trend related to charge is that cationic nanoparticles are cytotoxic, both in vitro and in vivo, with activation of the complement pathway. For size, there is a discrete cut-off at approximately 10 nm for particles to be cleared by the kidneys. 
Two case studies by the NCL highlight the importance of proper and thorough characterization of an investigated nanomaterial. Measurement of a gold colloid solution by electron microscopy (EM), atomic force microscopy (AFM), and dynamic light scattering (DLS) all produced size results close to expected value (~30 nm). However, if the nanoparticles were incubated in plasma and re-measured, results from EM and AFM did not change, but DLS indicated a size of ~69 nm (Dobrovolskaia et al., 2009). This has been shown to have significant consequences for in vivo studies. It is, therefore, imperative to perform measurements under biologically relevant conditions. Another example highlighting the importance of characterization involved a study of a gold nanoparticle that appeared safe during in vitro studies, but was found to be highly toxic in a 14-day ADME toxicity study in rats with one batch (Lot 1) of the study agent, but not a second batch (Lot 2). Size analysis by DLS and TEM, and surface charge analysis showed no discernible differences between the two lots. Further analysis, however, indicated that Lot 1 contained more free polyethylene glycol (PEG) in the supernatant and less PEG on the particle surface than Lot 2, affecting the nanoparticle hydrophobicity of Lot 1. This highlights the importance of not only characterizing a nanomaterial, but finding the right means of characterization to address all possible concerns.
The NCL also conducts collaborative experiments with various entities within the FDA. For example, recent studies with the FDA include those on dermal penetration of TiO2 particles in sunscreens (Patri et al., 2009), stability studies on silver nanoparticles sterilized under various conditions (Zheng et al., 2011), characterization of dendrimers and gold nanoparticles, and testing FDA-approved products for endotoxin. In October 2011, a non-human primate study was begun with FDA’s National Center for Toxicological Research (NCTR) on a study of immulogical reactions to nanomaterials. NCL also has a partnership with the NIEHS for the characterization of environmental science-related nanomaterials such as nanosilver, CeO2, and carbon nanotubes.
In summary, every particle is unique. Small changes in parameters, such as surface, size, and hydrophobicity/solubility can dramatically influence biocompatibility. Immunocompatibility is also critical in areas of opsonization, phagocytosis, and the impact of cytokines. Areas of continued research to further develop the understanding of nanoparticles include autophagy and surface characterization.
Pharmacokinetics and Pharmacodynamics Issues in Nanotechnology 

David Grainger, Ph.D., Chair, Department of Pharmaceutics and Pharmaceutical Chemistry, The University of Utah, Salt Lake City, UT
Approximately 86 percent of drugs are taken orally, which requires compounds that can withstand travel through the alimentary canal to the intestine where they can be absorbed through the intestinal barrier. It is understood that approximately 70 percent of all new molecular entities (NMEs) in drug development are insoluble and poorly bioavailable. For small molecules, the Ro5, described earlier (see Dr. Philbert’s presentation), addresses solubility problems. The perspective for application of nanotechnology to oral drugs is to enhance the dissolution of poorly soluble substances and to present antigens and carry substances to the gastrointestinal epithelial receptors that are absorbed (e.g., vaccines). The carrier particle then moves on in the gut to be excreted.
A principle of surface area mechanics is that the smaller the size of a particle, the greater the total surface area and the more rapid the diffusion coefficient. These parameters are of great interest for application to nanoparticles/nanomaterials because at the nm level, there is a great amount of space within which to work. Milling solids from a micron-size range (microparticles) to a nanometer-size range, the surface area increases for use in improving dissolution of poorly water-soluble compounds to enhance oral absorption. This milling technology is currently being used in the development of small-molecule drugs, with the concept that by having greater amounts of the drug (or antigen) on the nanoparticle, there is a better change of increasing absorption through the intestinal mucosa (Merisko-Liversidge and Liversidge, 2008).
Various nanoparticle drug delivery (nanocarriers) molecules have been developed for specific purposes (Sahoo et al., 2003). To improve dissolution in the gut for poorly-soluble NMEs, nanoparticles must readily permeate into systemic circulation after dissolution to deliver the drug, but the carrier is unimportant because it is inert and excreted. As for nanoparticle uptake and systemic bioavailability, as pointed out earlier, nanoparticles do not follow the principles of Ro5. Nanoparticles follow different rules. These rules may be characterized by the following:

Rule #1:  Particle uptake from the GI tract is traditionally miserable. Less than 10 percent, and often less than one percent, of particle dosing is orally bioavailable (Jani et al., 1994; Hillery et al., 1994). Barriers in the GI tract include the mucus layer, enterocytes, and gut-associated lymphoid tissues (GALT), with the mesenteric lymph nodes in GALT being the primary place of particle uptake (Powell et al., 2010). Epithelial particle uptake can occur via many mechanisms, such as phagocytosis, macropinocytosis, clathrin- and nonclathrin-mediated endocytosis, and diffusion (Unfried et al., 2007). A review of animal studies confirms low protein bioavailability through particle-mediated oral routes (Jani et al., 1992). However, a recent dosing study in rats using 198Au nanoparticles showed that it was possible to have 100 percent accounting of oral biodistribution, which indicated that less than one percent was able to be absorbed by the gut (Schleh et al., 2011). Experiments with various nanoparticle coatings (e.g., lipids, lectin) or ligands (anti-M-cell-specific antibody) have increased absorption but only minimally. The use of chitosan, which acts through the PKT pathway to open tight junctions, also has become a promising strategy to allow absorption of nanoparticles through gut epithelium (Yeh et al., 2011). The critical dilemma for nanoparticle size is that large particles carry more agent, but have less absorption; smaller nanoparticles have greater absorption but can carry less agent.

· Rule #2:  The “first pass effect” – everything absorbed systemically thru the gut goes directly to the liver (hepatic portal vein):  hepatic clearance dominates most drugs. This is a daunting challenge for the use of nanoparticles for the delivery of drugs or other agents because approximately 90 percent of an orally-administered colloidal drug gets captured by the body’s filtration mechanisms before reaching its target. This has been confirmed in animal models and human tests. A strategy to overcome this challenge, reported by Kumar and colleagues in an experiment using 20 nm, multimodal, organically modified silica nanoparticles with NIR dye, showed that distribution is increased in many organs compared to dye alone (Kumar et al., 2010). Animal experiments using pluronics-FeO nanoparticles (Jain et al., 2007) and 125I-PEG-gelatin (Kaul et al., 2004) show the same levels of biodistribution.
The enhanced permeability and retention (EPR) affect functions in animal models of disease (hundreds of tumors in mice have been cured, but none in humans). Not all tumors are alike, none are homogeneous, and particle-tissue diffusivity is slow (delivery does not mean penetration). There is some dependence on acute inflammation (acute animal model-induced tumors do not reflect human carcinogenesis), and there are various types of endothelium (continuous, fenestrated, and discontinuous). The potential for EPR in humans has been rarely validated to date in large mammals, and EPR shows much smaller therapeutic effects in humans than in animals.
Currently, no data are available describing the extent of particle uptake following repeated administration to the same animal; how many animals in a group would be expected to show particle uptake following oral administration; translation or comparison of animal studies to humans; mechanisms for surface modifications or altering particle uptake; or 100 percent biodistribution accounting for nanoparticles after ingestion or injection.
In conclusion, the following are known about pharmacokinetics and pharmacodynamics issues in nanotechnology: 

· Particle uptake has been shown repeatedly in animals and it is slow (<10% of dose).
· Successful exploitation of oral-gastric particle uptake requires that the process be both predictable and reproducible.
· The limited extent and kinetics of particle uptake reported make it unlikely that the process could be successfully exploited for the delivery of a wide range of drugs/agents.

·  Permeation enhancers that open tight junctions increase the risk of infection from gut flora.
·  Specific targeting using biological ligands is expensive and tedious.
·  Those particles that enter systemic circulation suffer from the first-pass effect.
·  More than 90 percent of all circulating particles are captured rapidly by the reticuloendothelial system (RES) system.
· Systemic particle targeting to avoid the RES is unsuccessful.
Session 2:  Q&A and Discussion 

Moderator:  Dr. Starke-Reed 

Regarding how much is known about how much the microflora are involved in uptake, it was noted that they do play a role, but for some nanoparticles, such as those based on chitosan, they do not play a role. For antibiotics, the evidence is unequivocal. The numbers of bacteria in the microflora, especially in the distal intestine, is enormous. One needs to think that a nanoparticle must survive areas of pH 1.2 hydrochloric acid for a few hours, then pH 3.0 in a bile salts environment for a few hours, then an enzyme bath at pH 5.0, before getting to the microflora. It is not really known how the microflora will affect the nanoparticle after being exposed to such harsh environments. This is a formidable milieu. There was some disagreement that small increases of delivered nutritional nanoparticles, even if they are small by comparison, would not have an impact. This could be so in some cases where a large percentage increase of even a small, normally delivered dose could be significant.

For some nutritional factors, such as vitamin A, more than 70 percent of an active dose is absorbed, which is quite efficient. Once high doses are given, the absorption becomes less efficient. Some researchers think they should be able to increase the dose of some of the BFCs that have been shown to have health benefits, such as curcumin or resveratrol, without concern. It seems that some of these highly absorbed BFCs would not need to have nanotechnologies applied to them.

A topic brought up in the presentations was the active transport system. Glucose uses this system and it may be interesting to see if a glucose-coupled mechanism could be used as a carrier in nutrition. It was pointed out that there are glucose-coupled transport systems, but they do not seem to work within the phagocytotic system, where one would need to go for absorption, such as through the tight junctions (paracellular). 

In macromolecular drug studies, a linear relationship between dose and efficacy often is not seen. From imaging studies, it has been shown that a dose will deliver the agent to a target, but if another dose is administered, there may be an increase in the agent at the target, but there is no increased therapeutic effect. It is true that for small molecules one can conduct a dose permeation and therapeutic efficacy argument. One advantage with dosing on a smaller scale through targeting is that it generally produces a decrease in toxicity.
Animal studies of inflammation in obese and non-obese animals may be instructive for human research. Studies conducted in humans have shown a difference, with obese humans having higher levels of chronic inflammation, what can be called a “slow burn” represented by the presence of specific signaling molecules, such as cytokines. With increasing obesity rates, changes are being made in almost every field of medicine. For example, anesthesiologists have had to reformulate drugs for surgery based on increasing body mass index (BMI) in the general population. This has been discussed at national pharmacological association meetings in the past decade. There is an interest in the competitions associated with the inflammatory response that are seen in obesity, although this is not discussed in the scientific literature. Many of the studies do not tell where the molecules affected by inflammation are found after a time. In pharmacokinetic and pharmacodynamic studies, they generally only follow the molecules for 6 to 12 hours; nanoparticles are likely to exist long after that time, and it is important to know where they eventually settle during recirculation. It is clear that this needs to be understood before much more research is planned.

The studies conducted that follow molecules through the bloodstream to their targets is an approach from a pharmaceutical point of view. Applying this perspective to the study of nutrition may not be entirely appropriate. The food industry is not looking at nanotechnology to improve the delivery of food; they are more concerned with using nanotechnology in packaging and preservation. In this sense, the pharmaceutical approach may be the most viable for the use of technology to improve bioavailability of nutrients. Many companies are running away from the moniker “nanotechnology” and talking about “colloidal chemistry,” because they may fear what is implied to consumers by the term “nanotechnology.” Food companies also may not be interested in delivering nanotechnologies systemically through the GI barrier. It seems that from what has been heard today, many of the nanoparticles may not be excreted, which should be of some concern if true.
It is important to remember that nanotechnology is a new field of study and researchers are waiting for FDA guidance before moving ahead. The draft FDA guidance document is only months old and a lot of companies are waiting for a benefit-risk analysis, or at least a regulatory protocol, to determine what is possible and what markets may be available with minimal risk. Another important development is the work conducted in the past two years that have begun to show us where nanoparticles go in the body. At this point, researchers do not have the tools available to answer all the questions still unanswered.

The risk-benefit ratio will be different for a healthy individual compared to an individual with cancer in which there is a higher acceptable level of risk, especially if the cancer is likely to kill the patient. This must be considered in developing strategies for nanotechnology. Strategies will be very different for nutrition and cancer prevention.

SESSION 3:  OPPORTUNITIES AND CHALLENGES FOR NANOTECHNOLOGIES IN THE FOOD SCIENCES
Moderator:  Hongda Chen, Ph.D., National Program Leader, Bioprocessing Engineering and Nanotechnology, National Institute of Food and Agriculture, U.S. Department of Agriculture, Washington, DC
Opportunities and Challenges for Nanotechnologies in the Food Sciences 
Frans Kampers, Ph.D., Coordinator of Bionanotechnology, Agrotechnology and Food Sciences Group, Wageningen University and Research Centre, Wageningen, The Netherlands

Challenges for the food sector include food security, sustainability, food safety, and healthy ageing, and how nutritional nanotechnology can address these challenges. Additional challenges include consumer acceptance, regulation, and enforcement of nanotechnologies in food. 
The challenge of food safety is of paramount importance for producers and consumers, and is an area where nanotechnology is being applied. Diets are changing worldwide and food companies are looking at the nanoscale for some changes. One area that is seeing changes is in the area of meat production and alternatives to meat. Traditional meat production of meat is not sustainable for feeding a meat diet to the growing world population. Cows only turn 10 percent of the grass and grains they eat into consumable meat, which is very inefficient. Food companies have begun developing meat alternatives from purely plant proteins.

A second challenge is sustainability. Too much food that is produced is wasted due to spoilage that occurs during transport or at home. New nanosilver particles in packaging have been able to extend the life of fresh foods. One strategy to assure that food is fresh and still safe to consume is eliminating the “sell by” date, which is not realistic on many products, and replace it with biosensors from polymer science that can be integrated in the packaging and change colors reflecting time and temperature.
A third challenge is food safety, which is dramatically different in industrialized and developing countries; in developing countries, food pathogens represent a significant amount of illness and death in populations. A project was described using nanoparticles with nucleic acid lateral flow immunoassay to check for genetically modified soy that also could be used to check for pathogens in food.
The fourth and fifth challenges are the impact of government regulation and healthy aging. Food regulations have not been determined for foods developed by nanotechnology or that contain nanoparticles; this will need to be addressed in the future. Healthy aging is likely to be an area that food companies may be interested in developing foods through the use of new technologies. Assuring that the micronutrient content of food withstands processing and transport are areas that are optimal for nanotechnology intervention. 
Technologies currently being used include encapsulation of flavors, nutrients, and other enhancements to make food palatable for consumers. Although these are not yet using nanotechnology, this will be likely in the future because nanoparticles can be included in the encapsulated product for specific purposes. In addition, self-assembly nanoparticles are being developed that can assure delivery of specific molecules to specific sites.
A critical component of making nanotechnology in foods acceptable to consumers is trust gained through adequate information about the benefits and risks of the technology. This trust must be developed through assurance that regulations are adequate and sound and that there is enforcement attached to regulations. One problem is that regulatory agencies have difficulties in defining what is meant by nanoparticles or nanotechnology. There are various definitions used by different regulatory agencies, especially between European and American agencies. In Europe, regulation applies to chemical composition, which does not consider nanoparticles that have different morphology and functional aspects, as well as particle size. One challenge is determining if regulations should be applied to naturally occurring components, such as protein fibrils in food, or to manmade components such as carbon nanotubes. As an example of detection methods that yielded surprising results, analysis of coffee with artificial creamer and plain coffee showed that coffee with creamer contained silica nanoparticles, which may be one of the first indications that the food industry is using nanoparticles in new ways (Dekkers et al., 2010).

A recommendation was put forward that regulatory agencies should not focus on morphology or nanomaterials but on persistent nanoparticles, those that remain in the biological system for long periods. They can be defined effectively, can be distinguished from natural food nanomaterials, can be detected, and real risks can be determined. This also would relieve the food industry from unnecessary regulation. This also would allow oversight of the industry to assist in building trust among consumers. Planning for a wide-ranging communication strategy is critical if consumers are to understand the benefits and risks of accepting nanoparticles and nanotechnology in food science.
Nanotechnologies to Enhance Polyphenol Bioavailability

Qigrong Huang, Ph.D., Food Science Department, Cook College, Rutgers University, New Brunswick, NJ
Functional foods are foods that provide benefits beyond basic nutrition and are those that make up a large proportion of non-processed foods. Examples of functional foods are the spice turmeric (curcumin), tea (EGCG), carrots (β-carotene), and oranges (polyphenols). These have been used in cancer prevention as neutraceuticals for decades. The action of neutraceuticals is based on solubility, absorption, and metabolism, which account for bioavailability.

Nanotechnology is being developed to improve the bioavailability of neutraceuticals by varied methods known as encapsulation platforms. These may include nanoparticles, polymer micelles, nanoemulsions, nanodispersions, and coacervates; combinations of these can be developed into multilayered systems. To illustrate the use of nanoparticles, the neutraceutical curcumin may be investigated because it has very low bioavailability, and is almost entirely absorbed by passive transport. Permeation through layer CaCo-2 cells predicts absorption (Artursson et al., 2001). To improve the bioavailability, studies in mice were conducted to improve the solubility of curcumin through nanotechnology. Curcumin was dissolved in a nanoemulsion (reduction in size), injected into mice, and ear punches were made to measure the anti-inflammatory response to curcumin (Wang et al., 2008). Results indicated that the curcumin nanoemulsion had a 9-fold better bioavailability than unformulated curcumin.
EGCG is only partially soluble, and a different approach was used to improve its bioavailability. A chitosan/caseinophosphopeptide (CPP) was used to encapsulate EGCG for transport across the intestinal tight junctions. The chitosan/CPP nanoparticle had the ability to enhance the mineral absorption and bioavailability in the intestine, some anti-oxidant activities, and some cytomodulatory activity (Hu et al., 2011). Construction of the chitosan/CPP nanoparticles was made by considering the variables pH, electric charge, mass ratio, and binding capacity between EGCG and the nanoparticle in order to find the right mix to provide maximum bioavailability. In addition, the concentration of EGCG was determined within the context of the previously-mentioned variables. Cellular uptake was visualized using inverted fluorescence microspcopy to confirm maximum uptake of various concentrations of EGCG, as well as cellular anti-oxidant assays to confirm bioavailability. Transport of EGCG through a CaCo-2 cell monolayer found the ideal concentration of the nanoparticle was 0.125 mg/mL (Yu and Huang, 2011)
Polymeric-Based Delivery Systems 
Cristina Sabliov, Ph.D., Associate Professor, Biological and Agricultural Engineering Department, Louisiana State University, Baton Rouge, LA 

Polymeric nanoparticles have been investigated as a bioactive delivery system for disease prevention and treatment. It was noted that consumer perception of food nanotechnology is biased upon nanoparticles, and confidence in nanotechnology can only be gained by testing and reporting nanoparticle safety for human use. Data on this topic is deficient, but academia is ready to provide data demonstrating that classes of nanoparticle delivery systems improve the bioavailability and efficacy of the bioactive molecule, and are safe. With funding, academia can deliver information to industry, the consumer, and professional organizations that impact the perception of the technology to increase consumer confidence. 

Polymeric nanoparticles are composed of a polymeric matrix encapsulating a bioactive material, stabilized by a surfactant with an outer coat that can be decorated with moieties to direct the particle where it is needed in the body. Polymeric nanoparticles are biocompatible and biodegradable; the components can be metabolized into non-toxic compounds by the body. There is a controlled release of the components, which occurs by diffusion of bioactive particles and a degradation of the polymeric matrix. Importantly, the bioactive molecules are protected against degradation during storage and delivery. The size of the particle is important, but not as important as the improvement in functionality of the entrapped bioactive.

Important considerations when designing delivery systems of bioactive materials within nanoparticles include bioavailability, stability, bioactivity, and general effectiveness. Research is needed to form particles with defined morphological properties in their size, size distribution, surface charge, and hydrophilicity. The function of nanoparticles in terms of stability, release kinetics, antioxidant activity, and specificity will be improved by further research. Bio-interaction properties of nanoparticles, including absorption, distribution, metabolism, and excretion, will be evaluated. Finally, research must consider the safety of nanoparticles on a cellular level and in terms of affecting animals, people, and the environment. 

A case study involving nanoparticle delivery of the antioxidant vitamin E was conducted. The reason for focusing on the delivery of antioxidants is because they can scavenge the free radicals that are linked to the pathophysiology of diverse diseases including cancer, cardiovascular disease, and diabetes. After vitamin E is ingested, it is exposed to low pH (1.5) in the stomach and then transported to the small intestine (6.5 pH) where it is absorbed. Just 36 percent of free vitamin E is absorbed in subjects, justifying the research to improve bioavailability. Encapsulating α‑tocopherol in a polymeric nanoparticle facilitates dispersability and transport of the vitamin in aqueous media, controlled release of the lipophilic substance from the matrix, and with the right particle design may increase uptake by enterocytes (Murugesh et al., 2011).
Polymer poly (lactic-co-glycolic acid) (PLGA), which is approved by the FDA for use in therapeutic devices, was used in preliminary studies to evaluate the nanoparticle delivery of vitamin E. An emulsion was made from a biodegradable and biocompatible polymer (PLGA) and alpha-tocopherol dissolved in an organic solvent, and a surfactant water solution. This emulsion was homogenized, sonicated, and the solvent was evaporated to form the nanoparticles. The nanoparticles were evaluated on the basis of their size and size distribution, surface properties, stability, functionality, and toxicity. The properties of the nanoparticles as a function of changing pH were investigated because the nanoparticles would be exposed to a pH of 1.5 in the stomach and 6.5 in the intestine (Russell et al., 1993). PLGA particles are negatively charged and approach a zero potential below a pH of 2, but PLGA particles mixed with chitosan (Chi/PLGA) particles approached zero potential between pH 5 and 8. The size of the Chi/PLGA particles is stable at low pH, but not at intestinal pH.

Because the instability of Chi/PLGA in the intestinal environment is problematic, a comparison of the behavior of a positively charged nanoparticle with one that is negatively charged was made (Mittal et al., 2007). Chitosan was chemically modified by adding two methyl groups to form N-trimethyl chitosan (TMC). Combining TMC with PLGA resulted in a constant particle size (120 to 140 nm) that maintained a positive charge across the range of physiologically relevant pH. There was no significant difference between PLGA and Chi/PLGA in the bioavailability of vitamin E over 24 hours. Thus, it appears that charge does not make a difference in bioavailability under the conditions studied.

PLGA nanoparticle distribution was discussed further. The majority of nanoparticles were detected in the liver, followed by the kidney, brain, and heart (Semete et al., 2010). The biodistribution levels of PLGA nanoparticles remained consistent over the course of a week, and there was no obvious morphological pathology, even at high doses of PLGA. When a hydrophobic bioactive such as vitamin E is delivered, it will rarely leave the bilayer but can move fairly rapidly from one leaflet of the bilayer to the other, as shown by Molecular Dynamics Simulations (MD). Future MD research will focus on the transport of polymeric nanoparticles through cellular membranes. The uptake of free versus an emulsified form of vitamin E indicated that the antioxidant activity of the vitamin could be enhanced when delivered in nanoform  (Hatanaka et al., 2010). 

Important points to consider when designing nanoparticles include material selection, processing conditions, fluorescent labeling, and targeting. Collaborations for investigations are needed to understand physiology and function to determine what happens to the particles as they are ingested, where they are directed, and their toxicity profiles.

Nucleic Acid-Based Hydrogel Delivery Systems

Dan Luo, Ph.D., Professor, Department of Biological and Environmental Engineering, Cornell University, Ithaca, NY
DNA-based nanomaterials are suggested as a method of drug (or other material) delivery. DNA is a polymer that has many properties that make it useable for constructing nanomaterials. It is flexible to a point, small (~2 nm), chemically and physically stable, machineable, and highly manipulable (Luo, 2003). In working with DNA at the nano level, it has been found to be very manageable and controllable. A problem, however, is that all DNA is linear or circular, compared to synthetic polymers, which can be linear, branched, dendritic, or networked. 
DNA may be constructed as a bulk-scale nanomaterial much the way tinker toys are constructed, by adding complementary bases or other materials at binding sites to make infinite numbers of branching structures (anisotropic DNA dendrimers) (Li et al., 2004). The end branches are able to attach different moieties. This meets the design requirement for real world applications in that they must be robust and stable, high yield on a bulk scale, precisely controllable, and modular. One of DNA’s most enduring properties is that it is biodegradable, which makes its use as a delivery vehicle compelling; as long as DNA is exposed to water and enzymes, it will not persist in the bodily environment.
A DNA-barcode nanosystem can be used for diagnostics, for example to have a strip change colors under certain conditions. It even is possible to have color ratios that detect the presence of different pathogens simultaneously. This type of system could be used in packaging; in fact studies show that they can detect human anthrax and Ebola and many other pathogens at the same time (Li et al, 2005; Um et al., 2006).
An example of an emerging point-of-care diagnostics is target-driven polymerization polymers, which form only in the presences of a target DNA/mRNA. Signal amplification is enzyme-free, detection is equipment-free, it is inexpensive (i.e., $0.00001 for DNA monomers), and they have room temperature operation. 

A DNAsome is a drug delivery vehicle that is constructed by attaching a specific molecule (e.g., a lipid) to a single strand of DNA, hybridizing it to a double-stranded, branched DNA and a drug (e.g., doxorubicin) with small, inhibitory-RNA (siRNA) complement before self-assembly of the nanoparticle (Roh et al., 2011). Studies have shown that this is a viable approach, and it can be used for drug delivery including immunostimulatory purposes. Excretion studies in mice also have shown that the branched unit DNA are renally excreted within 24 hours post-injection, which is a benefit for use in human nanomaterials. Some accumulation occurs in the liver with DNA dendrimer injections, and this increases with dendrimer size.
Other nanomaterials with promise for use in drug delivery are gels. Hydrogels may be constructed from DNA by exposure to light or enzymes. These hydrogels are inexpensive (< $5 per mL) and can be used to deliver drug and adjuvant in one dose. Studies in mice have shown that implanted hydrogels may deliver insulin safely and efficiently. A model was described using hydrogels to encapsulate live cells in 3-D cell culture. An example was shown using CaCo-2 cells, with encapsulation under physiological conditions and maintenance of cell function after encapsulation (Sung et al., 2011). Examples also were shown of protein-producing gels that do not need to be in the presence of cells (Park et al., 2009). 
Session 3:  Q&A and Discussion 

Moderator:  Dr. Chen

The overriding question from this session is how to identify the best nanotechnology for delivering nutrients. This must be answered in context of what is the purpose and target of specific nanoparticles.

Regarding the use of DNA, consumer sentiment is likely to be important if DNA nanoparticles are developed as a delivery vehicle. It may not be enough to assure consumers that the DNA used in delivery systems are very short strands of DNA that do not code for a gene; this level of understanding is difficult to transmit to consumers. Another issue is toxicity of double-stranded DNA, but investigations are ongoing using single-strand DNA that is 100-fold less toxic. Another possibility is to use the term “adenosine compounds” or such instead of “DNA.” A study of how to approach the consumer regarding the use of DNA, or other types of nanoparticles, will need to be conducted to assuage consumer concerns. One area of research yet to be conducted is whether DNA nanoparticle delivery constructs are integrated into the natural genome, although the FDA already has approved the use of single-stranded DNA in drug formulations.
A concern in the use of quantum dots that contain heavy metals, such as gallium, arsenite, and cadmium, is whether at physiological concentrations of these metals delivered to epithelium, would there be negative biological consequences. It was noted that delivery systems for nutrients using heavy metals would have to have a higher standard of safety regarding toxicity, and quantum dots would not meet that standard because most are meant to deliver their payload within the intestinal tract and not be absorbed. This is a complicated issue that the regulatory agencies will have to address, especially if there are persistent materials. 

A needed approach for the use of quantum dots is clarity regarding those that are soluble. The example of polylactides, which degrade to form a reservoir of acid (e.g., lactic and glycolic), that must be buffered by the body during diffusion. An example of why this is important information is that the FDA will approve systems that are able to be buffered at the diffusion barrier, but will deny approval for systems that have a buildup of acids that raise the pH of the diffusion barrier and potentially could degrade the cargo. Given that there are no consistent regulations and varied definitions, this is something that should be of concern. Given this fact, an example such as the antimicrobial peptide PGLa illustrates the problem. PGLa is not approved, but it could be if it is replaced by a non-toxic substance such as chitosan.
Recent research indicates that people who consume large amounts of curcumin over a long period of time can suffer liver damage. This is the type of research finding that should be a concern if nanotechnology is going to increase bioavailability and efficacy of curcumin. There needs to be a good model available for finding liver damage before the field moves ahead. It was noted that in animal model investigations, there have been no reports of toxicity in original reports in the use of nanoparticles containing curcumin. There is, however, a reason to be concerned for the observational reports in humans, and it may be that there is a subpopulation that could benefit from increased amounts of curcumin but another subgroup that would suffer liver damage at increased doses. This will be continuing challenge as more nanoparticles make it to the retail market.
The controlled release and particle size of chitosan nanoparticles was discussed for their potential for toxicity. This was brought up in context of what has been seen in the study of neutraceuticals such as vitamin E and the differential response seen in those studies for toxicity. Much has been known about where vitamin E targets in the human system, and in developing polymers for use in nanotechnology, this needs to be understood before wide use. It is not just the particle size but also components of the nanoparticles that should be of concern, and these are the types of unanswered questions the NIH may encourage for possible grant applications (e.g., R01 and R21) for nanotechnology studies. Molecular dynamics are at the forefront of the nanotechnology issue. What has been seen from past research is that nanoparticles tend to show up in nonintuitive locations, such as the extracellular matrix, which was not thought possible in designing the research. 
WEDNESDAY, NOVEMBER 30, 2011
WELCOME, RECAP OF DAY 1, AND OUTLINE OF DAY 2
Dr. Ross

In the first session yesterday, it was shown that there have been changes in demographics in the United States and the challenges in nutrition in which nanotechnology may be able to assist. Animal models were discussed as a key component of disease-prevention research although it is important to understand differences in human and animal disease processes and construct investigations that show what we want to learn. A significant challenge in using nanotechnology for nutrition is gaining consumer acceptance. It must be clear whether we are talking about food-specific, diet-specific, or nutrient-specific changes and the benefits and risks. In addition, nanotechnology approaches can be used to evaluate and understand the mechanisms of the U-shaped risk curve; nanotechnology, therefore, can be used for discovery as well as delivery of nutrient actions and interactions. Some of the discussions after the first session brought up critical questions, such as whether nanotechnology should be used with foods or supplements. Suggestions were made to begin supplements in target populations but use nanotechnology for whole foods that benefit everyone. Perhaps the most provocative question is whether foods developed with nanoparticles for specific health reasons should be classified as drugs, and undergo the same regulatory scrutiny as drugs for disease treatment. The concept that nanotechnology is really colloidal chemistry, and should be treated as such, was discussed as an approach.

In the second session, highlights included information showing that nanotechnologies are difficult to make and control in certain situations. Characterizing nanoparticles is difficult, and a number of materials are being investigated; the compelling question is whether a nanoparticle can be designed to be degradable. Examples of nanoparticles designed with starches and proteins were given, some designed for self-assembly. Nanocarriers were shown with various properties that carry “guest molecules,” a term not common but one that exemplifies the relationship of nanoparticle to nanocarrier. A discussion of the National Characterization Laboratory showed progress being made in understanding nanoparticles and lessons learned that can be applied to nanoparticles for nutrition. A challenge for delivery of nanoparticles in the GI tract was illustrated, and barriers for absorption were discussed in detail. The fact that such a small percentage of nutrients or other compounds are absorbed in the GI tract (1% in some cases) is something that must be considered if bioavailability is to be increased through the use of nanoparticles. What does this mean for increasing the risk of too much of the nutrient being delivered? Another key question is where the nanoparticle goes once absorbed.

In session three, many of the same issues were raised as in the previous sessions. These included competing goals of the food industry versus the drug industry in developing nanotechnology to deliver specific compounds. Issues of communication to the consumer are paramount, and regulation of nanoparticles, especially persistent nanoparticles, is of great concern and must be solved before more widespread use of nanotechnology in either drug or nutrient delivery. Much of the remainder of the session focused on examples of new materials and carriers of nanoparticles, such as chitosan/CPP nanoparticles to enhance the mineral absorption and bioavailability of polyphenols in the intestine as well as new polymeric constructs (i.e., PLGA) that were discussed in context of a study of vitamin E. The use of DNA-based nanoparticles closed the session and showed the variability in materials being investigated for nanoparticles. During the discussion of the various types of materials used for nanoparticles, the conclusion was that which material is used will depend on the research question being investigated and where one wants the nanoparticle to be distributed. There are many applications for nanoparticles, and one material will not meet the requirements for every use. The challenges of regulation, safety, and definitions also were discussed, with each area being identified as a major challenge for increasing the use of nanotechnology in nutrition or drug delivery. Increasing bioavailability may not always be positive for everyone; this highlights the need to make sure the right questions and answers are found before wide use of these technologies. 

Dr. Ross introduced the topics for the final session of the workshop and asked participants to be thinking about what types of research projects may be needed to answer questions raised by presenters and discussants. She stressed that research in nanotechnology must be transdisciplinary and everyone needs to think in that context.
SESSION 4:  ETHICAL, LEGAL, AND SOCIETAL IMPLICATIONS OF NUTRITIONAL NANOTECHNOLOGY
Moderator:  David W. K. Acheson, M.D., Managing Director, Food and Import Safety Practice, Leavitt Partners, LLC, Salt Lake City, UT
Broader Issues of Toxicity Management:  Safe by Design

Nina Shapley, Ph.D., Associate Professor, Department of Chemical and Biochemical Engineering, School of Engineering, Rutgers University, Piscataway, NJ 
Safety needs to play a larger role in the nanotechnology design process. Many innovations involve inorganic materials and detailed chemical processing; however, a significant number of nanotechnological inventions are likely impractical for applications in medicine, the environment, or food, all of which uphold strict regulatory constraints and necessitate large quantities. To meet this challenge, researchers should work with materials that are abundant and FDA-approved, test the materials for toxicity thoroughly and frequently, and seek applications that exhibit some crossover in health, food, and the environment. 

Fundamental discoveries in multiphase fluid mechanics and colloid science have been advanced toward these applications:  biosorbent nanomaterials aid in water purification; antimicrobial nanoparticulate contrast agents can be used to enhance food purification; and chitosan nanoparticles can aid food handling and storage. Chitosan can be cross-linked to form biocompatible, biodegradable, edible, and naturally abundant biopolymers (polysaccharides) on a nanometer scale and used in encapsulation and development of core-shell structures that are ideal for drug delivery. 

Low energy, mild technologies are needed to reduce microbial food dangers rapidly and reliably in minimally processed foods. Because most food preservation methods are not suitable for fresh or fresh-cut produce (current practice:  chlorine wash), a project supported by the USDA was initiated to eliminate food borne pathogens using “green nanotechnology.” Intended to act synergistically with other sanitizing practices, a “green” nanoparticle suspension was created that has the potential to flocculate and destroy bacteria (Larsen et al., 2009). This suspension was used to wash produce immediately prior to the packaging process. Nanoparticle potency is derived from:  (1) cationic forces that attract the oppositely charged bacterial surface, (2) the use of antimicrobial peptides attached to the nanoparticle surface, and (3) the controlled release of lysozyme at the cell membrane. Particle synthesis was designed from “generally recognized as safe” (GRAS) materials, which present minimal health risks and a potentially faster transition to a working prototype. The GRAS materials used in the nanoparticle suspension include a chitosan gel base cross-linked with tripolyphosphate, lysozyme in the encapsulation, and antimicrobial peptides (nisin) attached to the surface. 

The chitosan nanoparticle is characterized as mild treatment with low toxicity. Compared to chitosan in solution, the nanoparticle has been shown to act as a highly effective flocculant, causing rapid aggregation and clustering of bacterial contaminants. Also, the chitosan nanoparticle synergistically increases the bacterial inhibition resulting from an electric field (Seward et al., in preparation). Nanoparticles enable the electric field strength to be an order of magnitude lower with the same degree of inhibition maintained. Plain chitosan nanoparticles were tested for minimum inhibitory concentrations against several bacterial types, but none have been identified yet; higher concentrations presently are being tested. To date, the microbial efficacy of chitosan used in conjunction with other single substances has not demonstrated any synergism. 

In summary, chitosan nanoparticles have been shown to:  (1) flocculate bacteria effectively, but inhibit bacteria only slightly, (2) yield no synergistic effects or reduction of minimum inhibitory concentrations when mixed with nisin or ɛ-polylsine, (3) result in significant synergism when used in the presence of an electric field, and (4) have use in a number of potential applications, including image-contrast agents and water-purification adsorbents (Hester-Reilly et al., 2007).

Regulatory Considerations 

Teresa Croce, Ph.D., Staff Fellow, Consumer Safety Officer, Center for Food Safety and Applied Nutrition, U.S. Food and Drug Administration, Riverdale, MD
[Note:  Dr. Croce stood in for Dr. Annette McCarthy, FDA]

The FDA does not have a formal definition of nanotechnology, nanoscale, or other related terms. Although one definition for nanotechnology or a related concept may offer meaningful guidance in one context, that definition may be too narrow or broad to be of use in another, considering the wide range of products that FDA regulates. 

In June 2011, FDA released a draft Guidance for Industry document entitled “Considering Whether a FDA-Regulated Product Involves the Application of Nanotechnology,” which helps stakeholders determine when they should consider the implications from nanotechnology, including regulatory status, safety, and public health impact. The draft guidance is applied when an engineered material has at least one dimension in the nanoscale range or when an engineered material exhibits properties or phenomena, including physical or chemical properties or biological effects, which are attributable to its dimensions, up to one micrometer. The message to stakeholders is that FDA does not categorically judge that all nanotechnology is inherently benign or harmful. The application of nanotechnology may result in product attributes that differ from those of conventionally-manufactured products, and thus may merit examination..

Nanotechnology was discussed in relation to food ingredients. Nanostructures can be used to improve taste, color, flavor, texture, and consistency of food; nanosized or nanoencapsulated nutrients and ingredients can be produced to increase absorption and bioavailability; nanomaterials can be incorporated into food packaging for improved mechanical, barrier, and antimicrobial properties; and nanosensors can be employed for traceability and for monitoring the conditions of food during transport and storage (Chaudry et al., 2008). Nanotechnology products are regulated using current regulatory pathways; for example, although nanotechnology is not specifically mentioned, guidance developed for chemical food additives can be applied. 

The FDA is willing to talk with industry to address any questions related to the regulatory status, safety, or effectiveness of and will give advice in the absence of formal guidance. New dietary ingredients guidance entitled “Dietary Supplements:  Dietary Ingredient Notifications and Related Issues” was released in July 2011. According to the aforementioned guidance document,  application of nanotechnology that results in new or altered properties of the dietary ingredient is an example of processes that FDA would likely consider to involve a chemical alteration. Manufacturers planning a manufacturing change are encouraged to consult with FDA on any questions as to whether such a change would be viewed as having created a different NDI. 
Ethical Issues in Research and Early Development of Nutritional Nanotechnology

Rebecca Susan Dresser, J.D., M.S., Professor of Law and Ethics in Medicine, Washington University Law School, Washington University in St. Louis, St. Louis, MO 

Ethical principles for human research from a legal perspective were presented with attention to their applicability to the use of nanotechnology. Ethical research optimizes respect for people by getting informed consent and disclosing information about study risks and potential benefits; beneficence by minimizing risks as much as possible through study design and justifying unavoidable risks by the value of the research and knowledge gained; and justice through equitable subject selection and distribution of research benefits. 

Within nanotechnology lies uncertainty, novelty, and questions about the adequacy of safety tests. Many innovations have not been sufficiently tested in animals to the degree necessary to establish a proper basis for human trials of nanotechnology-enhanced foods. One consideration is the adequacy of preclinical evidence that serves as the basis for proceeding with clinical trials. Other considerations involve the selection of an appropriate study population, the use of surrogate markers as an indication of intervention effectiveness as well as safety, and the difficulty of conducting studies that require many years of subject participation. Also at issue is the quality of subjects’ decisions to enroll in research studies and the value of research objectives to determine the acceptable balance of risk and potential benefits. An important question is whether alternative approaches to cancer prevention could be more safe and cost effective. Finally, public attitudes toward modified foods will affect the health impact of foods enhanced through the use of nanotechnology. 

No matter how good preclinical research is, it cannot predict every risk. Other safeguards are needed to reach the ethical goal of minimizing risk to human subjects, such as limiting exposure to unexpectedly toxic novel agents. This can be accomplished by closely monitoring a small number of patients treated with low doses of the agent in preliminary human studies. The choice of study population is another relevant question that depends on ethical judgments in addition to scientific objectives. For example, it is generally accepted that higher risks are acceptable in trials involving people who are at risk already, such as Stage I cancer chemotherapy trials that involve patients who have not benefited from existing therapies. Altruism is the main reason to volunteer for Phase I trials for individuals who have exhausted all other options. 

Considering public attitudes toward modified foods is another important component in designing ethical research studies. In terms of ethics, people harbor some distrust about modified foods; they want accurate information and proper labeling. Focus groups are needed to evaluate the public acceptance of nanotechnology-enhanced foods so that limited research resources are not consumed in testing products that people are unwilling to use. It is important to consider all of these issues early in the process to ensure an ethical research process and maximize public benefit.

Consumer Acceptance of Revolutionary Technologies for Foods 

Christine M. Bruhn, Ph.D., Cooperative Extension Specialist, Department of Food Science and Technology, Director, Center for Consumer Research, University of California, Davis, CA 

Three emerging food technologies (irradiation, genetic modification, and high pressure processing) provide context for topics to be considered when evaluating how to most effectively position nanotechnology-enhanced foods. There are many benefits of food technologies. Improved safety is high on the list for many food technologists, along with improving quality and appeal, availability, and convenience. However, consumers think that taste is most important, followed by price, healthfulness, convenience, and sustainability (International Food Information Council, 2011). 

Safety is not mentioned because people consider it to be a basic factor. Yet, even vegetarians are not immune from food safety concerns, which can be associated with fresh produce. Irradiation is an opportunity to enhance safety by destroying pathogens in leafy greens without significantly affecting quality or nutritional value (Tauxe et al., 2001). Many scientifically based organizations and agencies endorse the safety and wholesomeness of irradiated food. However, some organizations strongly oppose food irradiation, and one challenge is that industry is unsure if consumers will buy irradiated products. These and other concerns limit the use of irradiation.

Genetic modification of food is another controversial topic. Advocates for the labeling of genetically modified foods argue that the safety of genetically modified foods has not been proven. However, humans have been modifying food products for a very long time by breeding for certain characteristics (e.g., modern corn is drastically different from its diminutive Mexican precursor, teosinte). In one study, consumers preferred locally grown apples over genetically modified apples, but genetically modified apples were preferred when they were described as having a reduced environmental impact.

High-pressure processing is a third technology that can be used as a comparison to nanotechnology (Hicks et al., 2009). This gentle process, which uses pressure and temperature to act instantaneously and uniformly throughout the food, kills microbes and does not affect the product significantly. Attitudes toward high pressure processing are positive in European countries but in the United States, consumers are neutral or negative towards high-pressure processing. 

When introducing or promoting a new product, communication messages must be crafted carefully. Messages should include opinions from trusted experts, make sense to people, and be actionable so that people can follow the recommendations. People want to know why a new approach is needed, what benefits they will receive, and what risks they may experience. Different target audiences view benefits differently, and research should explore attitudes towards specific words such as “nanotechnology.” It was noted that although the workshop participants are familiar and comfortable with the term “nanotechnology,” the general public still needs to be educated. The majority of the public (67%) have not heard anything about food applications of nanotechnology, but approximately half of the public harbor a favorable impression of nanotechnology if it were to be used to extend freshness, decrease the risk of food-borne illness, and improve nutrition (International Food Information Council, 2010). 

Session 4:  Q&A and Discussion 

Moderator:  Dr. Acheson

The experience of the food industry in the 1980s concerning the irradiation of food should be instructive for the current food nanotechnology movement. An issue during the 1980s was the amount of consumer resistance to irradiation of food, but it still was thought that it would be designated genetically modified plants (GMP) by the USDA. Since the 1980s there has been a wealth of study on irradiated foods that showed they are safe at the levels of radiation being used. How this is related to the current issue of nanoparticles in food is that today there is a wealth of information from studies on nanoparticles showing their safety.
One of the problems in microbial and enteromicrobial research is that gram-negative organisms are treated as a generic species, which leads some to treat lab-based Escherichia coli (E. coli) as irrelevant. It is possible to have E. coli strains change from gram-negative to gram-positive by changing the medium or pressures. This suggests that it may not be predictive to use electrostatic attraction mechanisms, even though most pathogenic bacteria have negative potentials, in studies of E. coli. It may not be correct to assume that all strains ordered from the American Type Culture Collection (ATCC) mimic clinical strains. This may be a critical flaw in all clinical microbiology experiments in terms of developing antimicrobial approaches. The same caution should be considered when studying nanoparticles in different media. For example, in a standard medium, chitosan nanoparticles may not aggregate; however, by changing the medium to a sodium chloride-based media, they may aggregate. Unfortunately, the sodium chloride-based medium does not reflect the conditions to which nanoparticles will be exposed in vivo. This makes the bench experiments interesting, but it may not reflect the real environment. Another issue is doubling time with respect to E. coli and antimicrobial nanoparticles. E. coli can typically replicate every 12 minutes, and an antimicrobial can reduce E. coli populations to 103 (a 104 reduction); that is good but within a few hours it is back to 106 and able to cause problems. This may lead to a false sense of security that is not real, even if the antimicrobial can reduce the concentration of E. coli to 101 for a short period of time. The intent of the electric field exposure described in the presentation is to get below the 103 threshold may be a simple system to address efficacy, but this still does not answer questions relevant at this time for a system for use in food safety or whether it works in an in vivo system. As for the three order of magnitude reduction, the most recent literature indicates that sanitizing fruits and vegetables with a chlorine wash only gives a two log reduction in the pathogen (or bacteria) population, which is less than what was discussed here (i.e.,  three log reduction). The aim is to achieve a 3-log reduction through new methods. The question is how much of a reduction would one need to feel the product is safe. The point is that the current level of antimicrobial technology is inadequate and the use of the standards has not made things safer. These failed policies require a new approach. There still is no consensus on what level of pathogenic bioburden is acceptable in food products, and how to address that issue.
It was noted that humans need a certain level of microbes in the gastrointestinal tract, and killing all E. coli would have severe consequences. E. coli is a positive factor for most people most of the time, even if one gets a little ill from some incident exposure, but not for those who are immune compromised or other select populations. The message here is that one size does not fit all in this arena.

The labeling of irradiated fruits and vegetables is controversial, and may even be more so for meat and poultry. An issue is the level of burden on industry. At the present time, irradiation must be indicated on the labels by both a symbol and a statement. As for the regulatory burden, the problem of food contamination may be illustrated by relating a study that used observations to see how well food preparers cook food and how sanitary they are. The results suggest that the industry telling people to “just cook it” is not a complete message because there is a wide range of preparation skills and attention to detail in the kitchen. This is especially true for the hygienic methods used by food preparers, such how often and well people wash their hands and they use to dry their hands. By having more of an effort to educate people, this could be corrected.
The study of nutrition is being fragmented into the study of nutrition, supplementation, and medical nutrition, which suggests that the intake of certain nutrients can prevent disease. Given that the food industry works on a slim profit margin and the fact that they cannot patent foods, is there an incentive for the food industry to introduce new nanotechnology processes to improve foods? It sounds as if there are two worlds that are being discussed regarding foods. One suggests that some foods could be classified as drugs for FDA purposes, with the other that foods are for general nutritional health. The FDA definition of a drug is something that treats or mitigates disease. If that is something that will be claimed for foods, it no longer would be regulated by the USDA but by the FDA’s Center for Drug Evaluation and Research. An issue is that with foods one is treating a healthy population but one that may be at higher risk for some cancers or other diseases. For example, if an individual was tested and found to have BRCA1 or BRCA2 mutations and that individual was put on a polyphenol- and catechin-rich diet, this gets into a different type of preventive scheme. By morphing foods into the drug world, the efficacy bar and costs are dramatically raised. This would effectively eliminate this technology from the market. It may be a better strategy to look at the most pressing medical problems in society, such as obesity, and at what food science can do to minimize those problems without claiming benefits that move into the drug world.
FDA regulations for food may be viewed in context of FDA regulations for cosmetics. An example is that skin products that claim to cause skin wrinkles to disappear or to prevent skin wrinkles are widely marketed, especially to middle aged women. Many of these products contain substances that may be regulated by the FDA. It was noted that the FDA does not regulate cosmetics the way they do foods. There is an FDA office that regulates cosmetics, especially for claims and specific ingredients if they have been investigated by the FDA for safety. The FDA also could take into account adverse-event reports. This is an issue of premarket approval versus postmarket surveillance..

Medical foods have some oversight by the FDA at this time. If the food is marketed for medical purposes, it will be regulated as a drug, although that line between drug and functional food or supplements is not clear even in the regulations. The definition of medical foods from the FDA states:
“The term medical food, as defined in section 5(b) of the Orphan Drug Act (21 U.S.C. 360ee (b) (3)) is "a food which is formulated to be consumed or administered enterally under the supervision of a physician and which is intended for the specific dietary management of a disease or condition for which distinctive nutritional requirements, based on recognized scientific principles, are established by medical evaluation.” (From the FDA website at http://www.fda.gov/Food/FoodSafety/Product-SpecificInformation/MedicalFoods/default.htm)
If nanotechnology is to meet its potential decades from now, there will have to be evidence that the food (or nanoparticles in food) can delay, mitigate, or prevent disease. Otherwise it will just be something added to foods that will have health claims. This is not an inconsequential standard for the food industry. The past experience with folic acid supplementation should be instructive for the current discussion of nanoparticles. Folic acid supplementation was implemented for a specific population (pregnant women) based on solid evidence from research that showed the U.S. population was deficient in folic acid and that this was responsible for the increased risk of neural tube defects in newborns. However, at the time there was little understanding of the role of methylenetetrahydrofolate reductase (MTHFR) gene mutations or the fact that women with certain MTHFR mutations accounted for a majority of neural tube defects in offspring. Therefore, the policy to increase folic acid for everyone probably was not the wisest solution for a problem that could have been addressed by a more targeted strategy. This is an argument for how to be guided in the future for using foods and supplementation, which may not be far off the mark.
Another question about increasing the level of a BFC from that normally found in a food, and whether this constituted moving into the “food as drug” realm was discussed. In the case of catechins from tea, there may be a benefit for the use of nanoparticles to increase the bioavailability of catechins in tea. The question is whether this would then be considered a drug from the regulatory and consumer sides because it would be marketed in a different manner. Tea, which already is viewed as a positive product, could be altered through nanotechnology, and consumers could accept it if they are told why the changes were made. In may even be that the FDA might consider this a manufacturing change and initiate a review for new regulation. In any case, it is strongly suggested that companies that want to use nanotechnology seek advice from the FDA before moving into the market so that everyone understands what is going to be claimed. It also needs to be clarified that the FDA does not regulate technology but, in this case, safety related to technological change. 

As for the issue of GRAS-based technology, there would already be a safety profile for these substances within the FDA, although GRAS also includes the manufacture, handling, and the precursors. If one is changing the manufacture, these other factors need to be considered by the FDA. There is a debate within the nutritional science community about the need to review what is meant by GRAS, especially given the changes occurring in the field of food technology.
To close the discussion, the overarching challenge remains making foods that might be considered drugs, and would have to go through the FDA drug approval process. The food industry is concerned about not participating on a level playing field with regard to nanotechnology and food. It may be helpful to consider different regulations for foods that account for the unique properties of foods in health and disease. Not having a clear standard for regulation of foods developed with nanotechnologies is the worst of all worlds for the food industry and for the consumer, and could effectively kill nanotechnology use for foods. The mission for NCI’s DCP includes researching foods for cancer prevention, primarily through the reduction of disease risk with nutrition. There may be semantic issues that must be addressed. The consumer wants to think in terms of using foods for health benefits and prevention; but it needs to be decided if foods are considered drugs.
CLOSING DISCUSSION 
John Milner, Ph.D., Chief, Nutritional Sciences Research Group, DCP, NCI, NIH, Bethesda, MD and Dr. Chen
Dr. Milner began the closing discussion by restating that one of the main goals of the Joint NIH and USDA workshop was to discuss the use of nanotechnology and to stimulate research in this area. There were some interesting discussions about the title of the workshop; the word efficacy was added to stimulate discussion about the need to understand how BFCs developed through nanotechnology will be viewed within the regulatory environment. One of the critical areas of research involving nanotechnology is to use it to find out what BFCs are doing in the body. It is important to view nanotechnology as a tool for delivery.

One of the interesting comments heard at the workshop is that there may be as many as 170 different foods, or many more according to some presenters, already being marketed that have been developed with nanotechnologies. This raises the awareness that now is the time to figure out how to use these technologies. 

Dr. Milner informed participants of the context for viewing the importance of nutrition and the use of nanotechnology in nutrition to address global health. In 2010, cancer became the world’s leading cause of death, surpassing ischemic heart disease (WHO data). In addition, if health trends are not reversed for the five common, noninfectious diseases─cancer, diabetes, heart disease, lung disease, and mental health problems─the world is facing a $47 trillion expense for treatment costs and lost wages over the next 20 years. A question addressed at the workshop is whether prevention strategies, including the expanded use of nanotechnologies, will help prevent the increase in cancer mortality during the next two decades? Also, can we use foods instead drugs to reduce some of the future burden on the health care system? Is development of medical foods the answer?
In order to develop the knowledge that will be needed to address the future use of nutrition as a strategy for reducing disease and disease risk, three questions need to be answered in context of biomarkers. They are:

1. What kind of exposure (to BFCs and/or diets) do we need, and what biomarkers can be used to determine exposure (biomarkers of exposure)? 

2. What susceptibility factors can be influenced by nutrition (biomarkers of susceptibility)?

3. What do we know about gene-gene interactions regarding nutrition?

Dr. Milner indicated that discovery of the action of BFCs may be one of the most valuable uses for nanotechnology. It is clear that nanotechnology now is capable of increasing bioavailability, which may be very important in the developing world and may be a strategy for reducing intake (and by association obesity) in the developed world.

Review of Session Highlights

Dr. Milner reviewed highlights from the four topic-specific workshop sessions. They are listed below by presenter, with comments from Dr. Milner and other workshop participants. 

Session 1 (Introduction and Framing the Issue): 
Dr. Russell:  
Food for health promotion-disease prevention is well understood. Issues to be considered are global food availability, the aging world population, the benefits and risks of foods versus supplements, and nutrigenomics.
Dr. Hursting:
Models, while having limitations, can assist in identifying molecular targets under multiple conditions which are relevant to humans, including genetic variations and excessive caloric intake.
Dr. Keen:  
There has been a long history of adding food components to promote health. Issues for research on this topic include developing a better understanding of nutrient-nutrient interactions.

Dr. Brannon:
The U-shaped curve occurs in many BFCs, as it does in many drugs. There is clear evidence of high adverse event levels of at certain intake levels for multiple food components. A concern exists regarding the use of nanotechnology for increasing risks in vulnerable populations. Use of nanotechnology may increase our understanding of the U-shaped relationships of BFCs.
Dr. Milner commented that animal models are important for nanotechnology research. He said that a colleague of his made an interesting comment at a previous workshop that the FDA will use animal data for determining safety, but will not use animal data for health benefits. There are reams of data showing the health benefits of BFCs, and there should be some way to have this considered in discussions on developing strategies in humans.

The issue of the U-shaped curve is not unique to the study of nutrition and is likely to be seen in most studies of BFCs. This means that there is a vulnerable subgroup of the population that may be able to be identified by biomarkers to determine if certain levels of BFCs would be beneficial or harmful.

Session 2 (Knowledge Gaps in Effective Nutrition and Disease Prevention): 
Dr. Philbert:  
This is one of the first conferences to deal with nanotechnology and foods for prevention. Making the particles is the easy part; detecting what is made is the difficult part. Particles can detect redox hot spots in the cell. 

Dr. Hamaker:
Natural products can be used to create nanoparticles. There is evidence for the use of some flavor compounds using nanoparticles. The site of hydrolysis may be an issue. 

Dr. McNeil:  
There is a wealth of experience with drug delivery. Complex analytical studies need to characterize the particles, their efficacy, and potential ill-consequences. The NCI NCL is at the forefront of this analytical research.  

Dr. Grainger:
Surface area and site of absorption are important variables in the use of nanoparticles. Absorption of nanoparticles is far less than most believe. Disease, local inflammation, and permeability enhancers can change the distribution of particles and possibly efficacy.
Dr. Milner commented that one of the things he heard in Dr. Grainger’s presentation indicates that there may not be as much progress as he assumed before the workshop. Specifically, Dr. Milner said he was perplexed by the fact that many of these drugs only have 10 percent absorption; it may be that we do not want to improve the absorption of nutrients. It may be better to leave it the way it is because if we administer it by intravenous administration, it may be considered a drug. Another issue is if the drug is not getting absorbed, how it is stimulating a biological response?
The analytical problems are very critical to the use of nanotechnologies and nanoparticles for nutrition. It may be that the best strategy is to encourage more natural products being offered to consumers. There would not be the same issues of determining if it is a drug or a nutrient. Another issue for the use of nanoparticles is the development of ways to get nutrients past the mouth (for flavors) and to the GI tract to be digested. 

Session 3:  Opportunities and Challenges for Nanotechnologies in the Food Sciences
Dr. Kampers:
There are multiple opportunities for new products and food safety monitoring, but there is concern about consumer acceptance. Nanoparticles currently are being used in foods consumed by humans. Care should be taken on the definitions used for nanotechnology. Nanoparticles should be destroyed before being absorbed.  

Dr. Huang:  
The bioavailability of curcumin and green tea components (EGCG) can be increased using nanotechnology without apparent ill consequences but with expanded biological effects. Chitosan, natural cationic polysaccharide, and CPPs can increase the bioavailability of selected compounds

Dr. Sabliov:  
Smaller, polymeric-based delivery systems can enhance vitamin E absorption and may be superior to other delivery systems.  

Dr. Luo:  
DNA (nucleic acids) can be used as a polymer for delivery. DNA-based materials are cheap to produce.

Dr. Milner commented that these presentations provided excellent examples of how levels of nutrients are influenced by bioavailability. The telling statement during this session was that the food industry is not just interested in improving the absorption of nanoparticles but in improving the delivery and absorption of nutrients. The question is whether there is an advantage of using nanoparticles that absorb well but do not delivery more nutrients.  Another highlight of this session was the presentation on the use of DNA-based nanoparticles. 

Session 4:  Ethical, Legal, and Societal Implications of Nutritional Nanotechnology
Dr. Shapely:
Safety needs to play a larger role in the nanotechnology design process. The chitosan nanoparticle is characterized as mild treatment with low toxicity. There are considerations regarding safety that need to be addressed with any new food technology, especially antimicrobial nanoparticles.

Dr. Croce:  
Safety issues and population variability should be considered before moving too far in developing nanotechnologies for nutrition. FDA has issued a draft guidance document for industry on the use of nanotechnology. FDA encourages industry to speak to the agency early in the product development process to address questions related to the regulatory status or safety of products. 
Dr. Dresser:
Within nanotechnology lies uncertainty, novelty, and questions about the adequacy of safety tests. Any nanotechnology development must consider respect for consumers, minimizing of risks, and equitable subject selection and distribution of research benefits. Public attitudes are important.

Dr. Bruhn:  
Lessons learned from three emerging food technologies (irradiation, genetic modification, and high-pressure processing) should be carefully considered before recommending widespread use of nanoparticles for food. Consumers have a distrust of any new food technology unless they accept the safety and benefits from these technologies. 

Dr. Milner commented that the overall message from this session is that nanotechnology should not just be used for marketing better products; it must be developed to provide health benefits. This session showed the areas that must be addressed are ethical and societal issues, as well as how to make nanoparticles acceptable for the consumer.
Closing Discussion
Dr. Milner made a final comment in summary that nanotechnology has the potential to improve health worldwide by enhancing the bioavailability of food components, the targeted delivery of food components, innovative food packaging, food safety, and security monitoring, but hesitation about public concerns may hold back the introduction of nanofoods/products in the marketplace.
He said that governmental agencies and industry need to work together to solve many of the problems raised during the workshop. There may be funding opportunities resulting from what has been learned about nanotechnology and nutrition. 
NEXT STEPS AND ADJOURNMENT 
Dr. Milner
Before adjourning, Dr. Milner thanked the USDA, as co-sponsor of the workshop, and Dr. Ross and Dr. Philbert for organizing and providing direction for the workshop. He asked if they or anyone else wanted an opportunity to speak. Dr. Chen, co-Chair, USDA, thanked Dr. Milner, the organizers, and participants, and said the USDA is looking for ideas to identify research gaps. He added that the partnership should include academia along with the NCI, USDA, and industry.
The NCI should consider making this a cross-Atlantic partnership because many researchers in Europe are interested in this topic. The NCI can provide extramural funding to any organization, and there are no boundaries. What was heard at the workshop is that there needs to be cases of limited intake of nutrients and excess intake of nutrients, and the NCI will need to be on both sides of that. It will take government, academia, and industry to work on the problem, as well as a fourth dimension, consumers. 

The early engagement of all stakeholders, including consumers, will be critical for the use and acceptance of nanotechnology for foods. The nanotechnology community, which has been transdisciplinary for decades and considers ethical, legal, and societal implications, must be involved early in the discussion. It is difficult to have a nanotechnology project funded without having the ethical, legal, and societal issues addressed. The is a caution that everything in nutrition will not lend itself to production with nanotechnologies, but one of the priorities should be in advancing food safety and the nutrient value of food. This effort should be virtual rather than concentrated in the centers of excellence model that has been used in other endeavors. The economic impacts also need to be considered.
It was suggested that this group publish more about nutrition and nanotechnology to the target audience that is out there to distribute this information to a broader audience. Suggestions included publishing the workshop proceedings in the Journal of Nutrition Education and Behavior or other publications that are read by nutrition educators. The Executive Summary is being written and will be published somewhere; there are a few journal editors present at the workshop who have shown an interest in publishing a summary of the workshop. Publication will be accomplished in a timely manner due to the speed with which this area of research is moving.
A cautionary note was given regarding the challenge of avoiding the type of controversy seen during the introduction of genetically-modified organisms (GMOs) and genetically-modified foods (GMFs). Those interested in developing nanotechnology for nutrition need to be aware that the mistakes in GMF and GMO foods were compounded by failure to publicize the benefits and safety of those foods, and by avoiding public input during the process. 
Dr. Milner again thanked the organizers, speakers, and participants for a lively meeting and asked anyone to contact him if they have additional comments or feedback. Dr. Milner adjourned the meeting and wished everyone have a safe journey home.
FDA Disclaimer-In some cases, speakers have addressed FDA matters.  Unless otherwise noted, the opinions and information in this workshop article are those of the authors, and do not necessarily represent the views and/or policies of the U.S. Food and Drug Administration.
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