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The ChemMatters CD includes an Index that covers all issues from February 1983 to April 2008.
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Student Questions 
(from the articles)
Living with an Artificial Bladder
1. What caused kidney failure in Luke Massella?
2. How was Luke’s new bladder produced?
3. List two reasons that scientists want to be able to engineer replacement organs and tissues rather than use transplants?
4. What are the two essential components of an engineered organ?
5. What two materials are often used for making the scaffold?
6. Why is the collagen, used in making a scaffold, combined with the chemical, glycosaminoglycan?
7. List three key properties shared by the different polymers used in organ scaffolds.

8. What is the challenge in engineering more complex organs compared with building a bladder, wind pipe, or knee cartilage?
In the Fog about Smog: Solving the Smog Puzzle on Earth and from Space
1. According to the article, when did the first serious smog incident occur in Los Angeles?
2. Name the NASA satellite that is responsible for monitoring smog from space.
3. Name the chemist who is credited in the article with spearheading the effort to determine the gases involved in smog and what was his background?
4. What are the three substances that usually make up photochemical smog?
5. Why is Los Angeles especially prone to smog events?
6. What are three of the steps taken by the U.S. following the LA smog attacks to alleviate severe smog incidents? 
7. Of the monitoring instruments aboard the NASA satellite, which one tracks ozone?
8. Explain the role VOCs played in discovering the cause(s) of smog.
9. Why would pumping gas only early in the morning or at night reduce the amount of VOCs emitted at the pump?
10. Propose a chemical rationale to explain why VOCs are so volatile.
11. Why is ground-level ozone still a big problem in the U.S.?
12. What questions might you want to ask about the world maps of 2005 and 2010 on page 11 of the article that would help to clarify the information provided about global nitrogen dioxide concentrations?

Ozone: Our Global Sunscreen
1. In the simulation of the Earth’s atmosphere described in the article, what was “removed” from the atmosphere?
2. In that same simulation, what did the researchers add to the atmosphere?
3. How much of the Earth’s ozone layer disappeared by 2065 during the simulation? 
4. Which chemical element in CFCs is identified in the article as the element involved in destroying the ozone layer?
5. How many atoms of oxygen make up a molecule of ozone?
6. Who first measured the wave lengths of UV light reaching the Earth’s surface?
7. Name the international agreement that limits the production of CFCs.
8. Argue for or against the following statement: “Chemists never should have been allowed to make chlorofluorocarbons for refrigeration in the first place.”
9. Explain why the term “ozone hole” is not really accurate.
10. Name one factor that was not considered in the computer simulation that might affect the results of the simulation.
11. What is a possible source of the ozone in the upper atmosphere—the “good” ozone?
12. List three reasons the ozone concentrations in the stratosphere did not rebound immediately to close the ozone “hole”, after the Montreal Protocol agreement was signed.
13. List two facts about the chlorine atom that make it such a big problem in the destruction of ozone in the stratosphere.
14. From a strictly scientific viewpoint, what conclusion(s) can you draw from the experiment Dr. Newman and his group of scientists did with the basil plant subjected to UV light?

Barbecue: The Chemistry is in the Heat!
1. Name two ways people might enhance the flavor of meats used for grilling.

2. According to the article, what one factor is most responsible for the flavors that occur from grilling meat?
3. Describe the process of combustion.

4. What happens to wood as it burns in the barbecue pit?

5. What two things happen to some of the gaseous molecules that condense on the heating meat?
6. Describe what two events occur to the meat as the temperature of the barbecue pit increases?
7. Name the process that occurs in proteins as the meat grills. Describe the changes that occur in the process.
8. What are the results of the Maillard reactions?

9. Explain how marinades work.

10. Why do marinades contain oils, herbs and spices?

11. Name three ways to make barbecued meat healthier and explain how each works.

Not Milk? Living with Lactose Intolerance
1. What symptoms can a person with lactose intolerance experience when they consume dairy products?

2. What is lactose?

3. What is lactase?
4. What causes lactose intolerance?

5. Describe what happens if undigested lactose passes into the large intestine.

6. Describe two ways that we can test for lactose intolerance.

7. How are people with lactose intolerance able to consume dairy products?
Answers to Student Questions 
(from the articles)
Living with an Artificial Bladder
1. What caused kidney failure in Luke Massella?
Kidney failure occurred in Luke Massella because his bladder could no longer contract enough to pass urine. As a result, urine backed up to his kidneys from the overloaded bladder, causing kidney failure.

2.  How was Luke’s new bladder produced? 

Luke’s new bladder was produced by first taking some of Luke’s bladder cells, and then growing those cells in a laboratory to form a bladder.
3. List two reasons that scientists want to be able to engineer replacement organs and tissues rather than use transplants?
Recipients of engineered organs and tissues avoid some of the biggest risks that conventional organ transplants pose: 

a. they don’t have to wait for an available donor organ,

b. and since engineered organs are built from a patient’s own cells, the patient’s immune system will not reject the new organ or tissue.
4. What are the two essential components of an engineered organ?
The two essential components of an engineered organ are a scaffold to provide a shape to the new organ and living cells from the patient that stick to the scaffold, multiplying and differentiating as needed.
5. What two materials are often used for making the scaffold?
Two of the more common materials used for scaffolds are collagen and polyglycolic acid.
6. Why is the collagen, used in making a scaffold, combined with the chemical glycosaminoglycan?
The glycosaminoglycan molecules help new tissue to self-assemble on the scaffold.
7. List three key properties shared by the different polymers used in organ scaffolds.

a. They must be biocompatible, that is, they need to be tolerated by the body and not rejected.

b. The material must also be porous in order for new cells to fill in the spaces and to access blood vessels that are coaxed to grow and connect to the developing organ tissue. 

c. Additionally, scaffold materials must be biodegradable, that is, they are gradually absorbed by the body as the engineered organ develops.

8. What is the challenge in engineering more complex organs compared with building a bladder, wind pipe, or knee cartilage?

Building more complex organs such as a kidney requires the use of a wider variety of cells to be placed in specific destinations on a scaffold. It may be possible to do this with a modified inkjet printer that “prints” cells onto a three-dimensional matrix. 

In the Fog about Smog: Solving the Smog Puzzle on Earth and from Space
1. According to the article, when did the first serious smog incident occur in Los Angeles?
Numerous accounts and weather records indicate that the first serious photochemical smog incident occurred in LA in 1943—70 years ago. This was not the first known smog incident. The article also mentions London smog, which dates back as far as the 1300s.
2. Name the NASA satellite that is responsible for monitoring smog from space.
The satellite that monitors smog from space is called Aura.
3. Name the chemist who is credited in the article with spearheading the effort to determine the gases involved in smog and what was his background?
The name of the chemist credited is Arie “Haagy” Haagen-Smit. He was a flavor chemist and he used his analytical skills to sample polluted air to identify both volatile organic compounds and ozone as key components of smog.
4. What are the three substances that usually make up photochemical smog?
Photochemical smog requires 

a. volatile organic compounds (VOCs), 

b. oxides of nitrogen (NOx), and 

c. ozone. 

The chemical components react when exposed to ultraviolet radiation from the sun.
5. Why is Los Angeles especially prone to smog events?
LA is prone to smog because the city is located in a geographical “basin” with mountains on three sides that tend to trap pollutants above the city for longer periods of time than usual.
6. What are three of the steps taken by the U.S. following the LA smog attacks to alleviate severe smog incidents?
The article cites many actions taken to prevent or remediate the effects of smog. Among them are:

a. the Clean Air Act of 1970, 

b. reformulated gasoline, 

c. sleeves of gas pump nozzles to prevent VOCs from escaping, 

d. increasing the fuel efficiency of cars and 

e. the addition of catalytic converters, 
7. Of the monitoring instruments aboard the NASA satellite, which one tracks ozone?
The instrument that tracks ozone is called the ozone-monitoring instrument (OMI) and it is designed to detect ozone in the upper atmosphere—not the ground level ozone that contributes to smog. But OMI is able to detect oxides of nitrogen in the atmosphere and in this way pinpoint possible smog locations.
8. Explain the role VOCs played in discovering the cause(s) of smog.
VOCs had been discovered in smog by Arie “Haagy” Haagen-Smit in the 1950s, as described in the article. He had had prior experience as a chemist, extracting odor-producing compounds (VOCs) from fruits. He noticed bleach-like odors in LA smog, so he analyzed the smog using the instruments that he had used previously in his lab. He discovered the presence of oxidized VOCs. When he tried to create synthetic smog in the lab he inadvertently created ozone, which oxidized the VOCs present in his artificial smog. Knowing that ozone was not likely to be the cause of L.A.’s smog, he pursued further research that eventually led him to find that the chemicals that were oxidizing the VOCs in L.A. smog were, in fact, oxides of nitrogen.
9. Why would pumping gas only early in the morning or at night reduce the amount of VOCs emitted at the pump?
Pumping gas only early in the morning or at night would reduce the amount of VOCs emitted at the pump because the temperature at both times is likely to be lower than during the heat of the day, and lower temperatures results in lower vapor pressures for the VOCs in gasoline. Thus the concentration of gaseous molecules coming from the pumping process would be lower at those times.
10. Propose a chemical rationale to explain why VOCs are so volatile.
One can propose a chemical rationale for the volatility of VOCs using concepts of chemical bonding. Most VOCs are relatively small organic molecules of low molecular mass. The principal bonds within these molecules are carbon-carbon and carbon-hydrogen bonds, both of which are covalent bonds. The small or non-existent electronegativity differences between these atoms results in most of these compounds being non-polar and, as a result, there is very little force of attraction between their molecules. Very weak van der Waals forces account for most of the attraction. With little intermolecular attractive force, molecules at the surface of these VOCs can easily vaporize, escaping as gases into the atmosphere, giving them high vapor pressures. This minimal intermolecular attractive force also explains VOCs’ relatively low boiling points, roughly in the 50–250 oC range (122–482 oF).

11. Why is ground-level ozone still a big problem in the U.S.?
Despite huge gains made in the reduction of VOCs and other pollutants due to the Clean Air Act, ground-level ozone is still a big problem in the U.S. because cars still burn gasoline that emits NOxs, power plants still burn coal, oil and natural gas that produce NOxs, gas pumps and refineries still emit large quantities of VOCs, and sunlight still catalyzes the reactions that produce ground-level ozone. Probably the only way we will really reduce ground-level ozone is if we switch to electric cars, or find another energy source that does not use combustion.
12. What questions might you want to ask about the world maps of 2005 and 2010 on page 11 of the article that would help to clarify the information provided about global nitrogen dioxide concentrations—and why?

Questions that might help clarify the information about global nitrogen dioxide concentrations might include:
· At what time of day or night were these images recorded? Numbers of people driving, as well as energy usage of various industries, varies with time of day. Also, nitrogen dioxide concentrations, like those of ozone, might have “natural” diurnal/nocturnal variations. Both of these factors could affect the images if they were not taken at the same time of day.
· What day of the year do these images represent? Fewer drivers may be on the roads, and fewer workers at their jobs if this were a national/international holiday.
· If these images reflect more than one day, what time span is represented? Nitrogen dioxide concentrations, like those of ozone, might have “natural” diurnal/nocturnal variations.
· What season of the year does this represent? Nitrogen dioxide concentrations, like those of ozone, might have “natural” seasonal variations.
Ozone: Our Global Sunscreen
1. In the simulation of the Earth’s atmosphere described in the article, what was “removed” from the atmosphere?
The researchers “stripped away” the protective ozone layer in the computer simulation.
2. In the same simulation, what did the researchers add to the atmosphere?
They added chlorofluorocarbons (CFCs) to the atmosphere in the simulation.
3. How much of the Earth’s ozone layer disappeared by 2065 during the simulation? 
Two thirds of the Earth’s ozone disappeared by 2065.
4. Which chemical element in CFCs is identified in the article as the element involved in destroying the ozone layer?
Chlorine was the element linked to destruction of the ozone layer.
5. How many atoms of oxygen make up a molecule of ozone?
Three atoms of oxygen are bonded together in an ozone molecule.
6. Who first measured the wave lengths of UV light reaching the Earth’s surface?
Gordon Dobson in the 1930s was the first person to measure UV wavelengths reaching the Earth’s surface. Ozone levels are measured in Dobson units in his honor.
7. Name the international agreement that limits the production of CFCs.
The agreement, signed in 1987, that limits production of CFCs is called the Montreal Protocol.

8. Argue for or against the following statement: “Chemists never should have been allowed to make chlorofluorocarbons for refrigeration in the first place.”

· For: If chemists had never produced chlorofluorocarbons, the ozone hole might never have developed.

· Against: At the time that Midgley and the other chemists developed chlorofluorocarbons, their relative inertness seemed to assure that they would have no ill effects on our environment, and their usefulness as coolants in refrigeration were needed by society. Chemists had no way of knowing these chemicals would eventually prove to be detrimental to the upper layers of the atmosphere. All mankind benefited from CFC use in refrigerants and in aerosol sprays—until their adverse effects were proven, at which time their future production was banned by the Montreal Protocol. At that time chemists (again at the forefront of research) began looking for replacement chemicals for CFCs—chemicals that would not harm the atmosphere as CFCs had done. Air conditioning—in homes, offices and cars—is often cited as one of the most influential discoveries/inventions of all time, and aerosol sprays using CFC propellants were/are ubiquitous in developed countries (think cans of spray paint, hair spray, etc.). 
9. Explain why the term “ozone hole” is not really accurate.

There is no actual hole in the stratosphere, merely an area (albeit large) that contains a lower-than-normal concentration of ozone, resulting in less UV protection than that to which we are accustomed.
10. Name one factor that was not considered in the computer simulation that might affect the results of the simulation.

The effect of man-made climate change was not included in the computer simulation. Students may present other answers.
11. What is a possible source of the ozone in the upper atmosphere—the “good” ozone?

A possible source of upper atmosphere ozone is ozone produced in the troposphere (the part of the atmosphere in which we live) that circulates through the atmosphere until it rises into the stratosphere. 

A more probable source, however, is oxygen molecules that are struck by ultraviolet light and split into oxygen atoms, which are very reactive. When they collide with other oxygen molecules, the product is ozone, slightly more stable than the oxygen atoms (but less stable than oxygen molecules).
12. List three reasons the ozone concentrations in the stratosphere did not rebound immediately to close the ozone “hole”, after the Montreal Protocol agreement was signed.

Reasons why the ozone concentrations didn’t rebound immediately after the Montreal Protocol include:

· The agreement called for phasing out manufacture and sale of CFCs—not immediate cessation of manufacture and sale, meaning that CFCs were still used even after the agreement;
· CFCs were still contained in existing products using them as propellants and refrigerants, and these could still escape into the atmosphere, and
· CFCs (and chlorine atoms produced from UV destruction of CFCs) still remained in the stratosphere—and will continue to exist in the stratosphere for many decades, since they are regenerated in the ozone-destroying chemical cycle.
13. List two facts about the chlorine atom that make it such a big problem in the destruction of ozone in the stratosphere.

Two reasons chlorine atoms are such a big problem in ozone destruction are:

a) Chlorine atoms are highly reactive with chlorofluorocarbons and
b) Chlorine atoms are regenerated after reacting with two ozone atoms, leaving them available to react again for further ozone destruction.
14. From a strictly scientific viewpoint, what conclusion(s) can you draw from the experiment Dr. Newman and his group of scientists did with the basil plant subjected to UV light?

Conclusions that can be drawn from the basil plant-UV bombardment experiment include:

a) Perhaps UV radiation of the type that reaches Earth kills plants such as basil. (More work would need to be done to ensure a cause-and-effect relationship.)
b) More experiments are necessary before any far-reaching conclusion(s) can be made. No scientists worth his salt would base major conclusions on only one test.
Barbecue: The Chemistry is in the Heat!
1. Name two ways people might enhance the flavor of meats used for grilling.

Adding oils, spices and herbs (in a marinade) and selecting special types of wood chips for the fuel can enhance the flavor of meats.
2. According to the article, what one factor is most responsible for the flavors that occur from grilling meat?

Heat is “the most important ingredient that produces flavor in meat.”
3. Describe the process of combustion.

“In combustion, oxygen (O2) and fuel (burning wood) combine to create carbon dioxide (CO2), water (H2O), and heat.”
4. What happens to wood as it burns in the barbecue pit?

Two things happen as wood burns: 

a. First, at about 150 oC, wood begins decomposing into materials that are released as smoke.

b. Then at higher temperatures, about 260 oC, these compounds break apart and their atoms recombine with oxygen to produce water, carbon dioxide and other products. The “other products” are responsible for the special odors and flavors that come from the wood.
5. What two things happen to some of the gaseous molecules that condense on the heating meat?

The condensing gaseous molecules are trapped by moisture on the surface of the meat and are then absorbed into the meat. 
6. Describe what two events occur to the meat as the temperature of the barbecue pit increases.
a. As the temperature of the meat increases, water trapped inside the meat is forced out, resulting in the meat shrinking.
b. The meat also becomes firmer and more rigid.
7. Name the process that occurs in proteins as the meat grills. Describe the changes that occur in the process.

The process occurring in proteins as meat grills is called denaturing. With added heat, protein molecules unfold as intermolecular forces break down. The proteins lose their original shape, although their chemical structures remain intact. Myoglobin, the protein that makes meat red, loses its original shape at around 120 oF, resulting in the release of the heme molecule and in the meat losing its red color.

8. What are the results of the Maillard reactions?

Maillard reactions result in the browning of meats, breads, etc. These reactions also result in the production of many flavorful chemicals, resulting in changes in taste of the original material.
9. Explain how marinades work.

Acids in the marinade break down or denature the proteins, allowing the flavors and seasonings that the marinade contains to seep in to the meat. 

10. Why do marinades contain oils, herbs and spices?

Oils, herbs and spices are added to marinades to enhance flavors in the meat. This is necessary because marinades are typically acidic. In addition to the advantages acidity brings to grilling (denaturing protein), it also has one disadvantage: it results in less browning of the meat, due to its lower pH. Maillard reactions that cause browning (and the yummy flavors) occur most readily in high pH (more basic) environments.

11. Name three ways to make barbecued meat healthier and explain how each works.

To make barbecued meat healthier, do any/all of the following: 

a. Keep the grill temperature low. Grilling at lower temperatures reduces the chances of flare-ups and thus the number of heterocyclic amines (HCAs or HAs) produced from amino acids, sugar and creatine found in muscle. HAs are carcinogenic.
b. Avoid fatty cuts of meat, or trim the fat. Fat dripping on the hot grill produces polycyclic aromatic hydrocarbons (PAHs) which adhere to the grilled meat. PAHs are carcinogens.
c. Marinate the meat before you grill. Marinade on the surface keeps flames from directly reaching the meat, reducing the amounts of HAs and PAHs produced. Ingredients in marinade, such as acids and oils also protect the meat.
d. Trim any charred meat or avoid charring altogether. The highest concentrations of HAs and PAHs are found in charred meat.

e. Pre-boil the meat before grilling. This reduces the amount of fat and thus PAHs.

f. Grill fish. Fish has less fat, reducing PAHs. Plus, it grills faster, so there’s less exposure to HAs and PAHs.

g. Add fruits and vegetables to the barbecue. Even grilled, there’s no fat and little protein in fruits, so there are no HAs or PAHs—but Maillard reactions still happen, so there’s lots of flavor!
Not Milk? Living with Lactose Intolerance
1. What symptoms can a person with lactose intolerance experience when they consume dairy products?

A person with lactose intolerance might experience stomach pains, bloating, flatulence, nausea, and diarrhea.
2. What is lactose?

Lactose is a natural sugar found in milk and dairy products. It is a disaccharide formed from the monosaccharides glucose and galactose. It has the formula C12H22O11.
3. What is lactase?

Lactase is a special enzyme that breaks the bond between the glucose and galactose monosaccharides that make up the disaccharide lactose.
4. What causes lactose intolerance?

Lactose intolerance is caused by a deficiency of the enzyme lactase. Either your body does not produce it at all, or it produces too little of it.
5. Describe what happens if undigested lactose passes into the large intestine.

Bacteria in the large intestine begin to break down the lactose. During this process, bacteria secrete waste in the form of gas, which causes flatulence, bloating, and pain. Lactose in the large intestine also draws in water through osmosis, causing diarrhea and watery stools.
6. Describe two ways that we can test for lactose intolerance.

The presence of lactic acid in the stool is one way to test for lactose intolerance, as it makes the stool acidic (pH=5.5 or less). A hydrogen breath test is a common way to test for lactose intolerance. An elevated amount of hydrogen will be present in the breath.
7. How are people with lactose intolerance able to consume dairy products?

People with lactose intolerance may be able to eat yogurt, which could be due to the presence of live cultures in yogurt. They can also take lactase supplements to aid digestion when they consume dairy products. Lactose-free dairy products are also available on the market.
ChemMatters Puzzle: Trailblazing with the Elements
Here’s an interesting variant of a word search puzzle. In the grid below there are 11 names of elements. 

Below the grid are 11 clues that help identify each. The clues deal with physical properties, roots of their names, uses, position in a periodic table, etc., rather than any chemical property such as electron arrangements or valency. We will also tell you how many letters are in its name.

The 11 names form a TRAIL of letters from name #1 to name #2 to name #3, etc. Look for the next letter placement to be horizontally or vertically in line… no diagonals! For example, if element #1 was SODIUM (it isn’t!) reading downwards, the first letter of name #2 would  be placed in the square either directly  below the M, or to its left or to its right. Similarly, within any one name there may be 90o direction change(s) such as SO   M.   Again, note that diagonal moves are not allowed.

      D I U   

Any box in the grid is used just once. The trail will not cross itself, and will end with a letter on the perimeter of the grid. You do not have to start with name 1; hop in and out wherever you like!
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The CLUES:











letters in its name

1. The element in period 5, group 14 of the periodic table.



3

2. The only alkali metal with just one letter in its symbol.




9

3. Its Latin name is argentum
.






6

4. The burning of this period 3 alkaline earth metal makes for an excellent flare!

9

5. Of elements 21-31, the one that is red-brown in color.




6

6. Two of its three isotopes are named deuterium  and tritium.



8

7. A metalloid used in some p-type semi-conductors.




5

8. The halogen noted for fighting tooth decay.



.

8

9. A star’s energy source is the conversion of hydrogen into _____.


6

10. A common metal extracted from BAUXITE ore.  



 
8

11. TIN has just 3 letters in its name. Which element name has the MOST letters?
???

Hint: you may need a relatively up-to-date periodic table or textbook to consult.

Happy trailblazing!

Answers to the ChemMatters Puzzle
	U  →
	M →
	A

10→
	 L →
	U    ↓
	N  →
	U    ↓
	U  →
	M

	 I

↑
	L  ←
	R    ↓
	O  ←
	M  →
	I      ↑
	M   ↓
	I       ↑
	D  ←

	H

9 →
	E    ↑
	O    ↓
	B    7↑
	N  ←
	E   ←
	R    11 ↓
	O  →
	R    ↑

	E     ↑
	N  ←
	N    ↓
	T    1 ↓
	O  →
	G    ↑
	U     ↓
	F     ↑
	R  ←

	R   →
	I      ↑
	F     8 ↓


	I       ↓
	R     ↑
	D  ←
	 T

→
	H   →
	E    ↑

	O    ↑
	U   ←
	L  ←
	N    ↓


	H 

 6 →
	Y    ↑
	 P 

 ↓
	O   ←
	C  

5  ←



	A    ↓
	T  ←
	O  ←
	P   

2  ←
	R    ↑
	E   ←
	P    ←
	U  →
	M   ↑

	S     ↓
	U  →
	M      ↓
	L  →
	V    ↓
	M  4 →


	A    ↓
	I      ↑
	S   ←

	S

→
	I       ↑
	S   3→


	I      ↑
	E  →
	R    ↑
	G    ↓
	N   →
	E    ↑


A square with a number in it is the starting letter of that element‘s name.

Here are the names that match the number of the clue:

1. tin

5.  copper

9.    helium

2. potassium
6.  hydrogen

10.  aluminum

3. silver

7.  boron

11.  rutherfordium  (element 104 ,13 letters)

4. magnesium
8. fluorine


NSES Correlation
	National Science Education Content Standard Addressed

As a result of activities in grades 9-12, all students should develop understanding 
	Artificial Bladder
	Smog
	Ozone Layer
	Barbecue
	Lactose Intolerance

	Physical Science Standard A: about scientific inquiry.
	(
	(
	(
	
	

	Physical Science Standard B: of the structure and properties of matter.
	(
	(
	(
	(
	(

	Physical Science Standard B: of chemical reactions.
	(
	(
	(
	(
	(

	Physical Science Standard B: of the interaction of energy & matter.
	
	(
	(
	
	

	Life Science Standard C: of matter, energy, and organization in living systems.
	(
	
	
	
	(

	Science and Technology Standard E: about science and technology.
	(
	(
	(
	(
	(

	Science in Personal and Social Perspectives Standard F: of personal and community health.
	(
	(
	(
	
	(

	Science in Personal and Social Perspectives Standard F: of environmental quality.
	
	(
	(
	
	

	Science in Personal and Social Perspectives Standard F: of science and technology in local, national, and global challenges.
	(
	(
	(
	
	

	History and Nature of Science Standard G: of science as a human endeavor.
	(
	(
	(
	
	

	History and Nature of Science Standard G: of the nature of scientific knowledge
	
	(
	(
	
	

	History and Nature of Science Standard G: of historical perspectives.
	(
	(
	(
	
	


Anticipation Guides

Anticipation guides help engage students by activating prior knowledge and stimulating student interest before reading. If class time permits, discuss students’ responses to each statement before reading each article. As they read, students should look for evidence supporting or refuting their initial responses.

Directions for all Anticipation Guides: Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

Living with an Artificial Bladder
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Artificial bladders are made from a person’s own cells.

	
	
	2. Artificial organ transplants have a higher incidence of rejection than traditional organ transplants.

	
	
	3. All polymers used in organ scaffolds are found naturally in the body.

	
	
	4. Organ scaffold materials must be biodegradable.

	
	
	5. New printers can create three-dimensional images.

	
	
	6. The engineered organs produced so far have hollow structures.

	
	
	7. The artificial bladder recipient described in the article drinks less water than is typical for young adults.

	
	
	8. The artificial bladder recipient described in the article cannot yet compete in competitive sports.


In the Fog about Smog: Solving the Smog Puzzle on Earth and from Space
Directions:  Before reading, in the first column, write “A” or “D,” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Los Angeles has documented smog problems since the 1940s.

	
	
	2. Once air pollution controls were put in place, the smog in Los Angeles was eliminated.

	
	
	3. Volatile organic compounds (VOCs) come from man-made and natural sources.

	
	
	4. Ozone can be produced through reactions combining car exhaust chemicals, catalyzed by sunlight.

	
	
	5. The Clean Air Act has been in place for more than 60 years.

	
	
	6. The NASA satellite Aura has monitored air quality since 2004.

	
	
	7. Air quality has improved over the entire planet during the past decade.

	
	
	8. Ground-level ozone is no longer a problem due to air quality regulations.

	
	
	9. Burning coal for heat puts particles into the air that cause respiratory problems.


Ozone: Our Global Sunscreen
Directions:  Before reading, in the first column, write “A” or “D” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. If UV intensity levels doubled, mutations in animal cells, skin cancers, and cataracts would increase.

	
	
	2. If the atmospheric ozone layer disappeared, plants would be unaffected. 

	
	
	3. Chlorofluorocarbons (CFCs) are nontoxic compounds developed to be used in refrigeration systems.

	
	
	4. Most of the Earth’s ozone layer is at an altitude of about 25 miles above the Earth’s surface.

	
	
	5. The ozone layer filters out UV-B and UV-C light, preventing it from reaching the Earth’s surface.

	
	
	6. UV light causes CFCs to become more reactive.

	
	
	7. “Good” ozone and “bad” ozone have the same chemical formula.

	
	
	8. After the Montreal Protocol to stop production of ozone-depleting chemicals was signed in 1987, the ozone “hole” over the Antarctic began to lessen. 

	
	
	9.  Climate change and ozone depletion are caused by the same gases.


Barbecue: The Chemistry Is in the Heat!
Directions:  Before reading, in the first column, write “A” or “D” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Combustion produces carbon dioxide.

	
	
	2. When wood combusts, as many as 100 different compounds can be produced, depending on the type of wood.

	
	
	3. The pink layer beneath the surface of cooked meat is produced by a reaction of nitrites with meat protein.

	
	
	4. Uncooked meat is about 25% water.

	
	
	5. Heat causes the bonds in proteins to break.

	
	
	6. Powdered eggs have glucose added to prevent browning.

	
	
	7. Acidic marinades denature proteins and slow down Maillard reactions that promote browning of meat.

	
	
	8. Marinated meat has fewer carcinogens than meat that is not marinated.

	
	
	9. Barbecue sauces containing sugar should be added near the end of grilling for healthier meat.


Not Milk? Living with Lactose Intolerance
Directions:  Before reading, in the first column, write “A” or “D” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Lactose is a monosaccharide like glucose.

	
	
	2. People who are lactose intolerant do not have sufficient lactase enzyme to break down lactose.

	
	
	3. Lactase is found in the stomachs of people who are not lactose intolerant.

	
	
	4. If lactose enters the colon, bacteria break down lactose, producing lots of gas along with fermentation of lactose to lactic acid.

	
	
	5. Lactose causes the colon to absorb water through the process of osmosis.

	
	
	6. Everyone exhales small amounts of H2 gas, but people who are lactose intolerant have higher levels of H2 gas in their breath.

	
	
	7. People who are lactose intolerant can usually eat yogurt with active cultures. 

	
	
	8. Lactose intolerance is most common among people of European descent.


Reading Strategies  
These matrices and organizers are provided to help students locate and analyze information from the articles.  Student understanding will be enhanced when they explore and evaluate the information themselves, with input from the teacher if students are struggling. Encourage students to use their own words and avoid copying entire sentences from the articles. The use of bullets helps them do this. If you use these reading strategies to evaluate student performance, you may want to develop a grading rubric such as the one below.

	Score
	Description
	Evidence

	4
	Excellent
	Complete; details provided; demonstrates deep understanding.

	3
	Good
	Complete; few details provided; demonstrates some understanding.

	2
	Fair
	Incomplete; few details provided; some misconceptions evident.

	1
	Poor
	Very incomplete; no details provided; many misconceptions evident.

	0
	Not acceptable
	So incomplete that no judgment can be made about student understanding


Teaching Strategies: 

1. Links to Common Core Standards for writing: Ask students to develop essays (explanatory texts) explaining how an understanding of biological, chemical, and engineering concepts helps people understand the problems described in one of the articles in this issue.

2. Vocabulary that is reinforced in this issue:

a. Polymer

b. VOCs (Volatile Organic Compounds)

c. UV radiation

d. Ozone 

e. Carcinogen

f. Maillard reaction

g. Saccharide 

h. Enzyme 

3. To help students engage with the text, ask students what questions they still have about the articles.

Living with an Artificial Bladder
Directions:  As you read the article, complete the chart below describing important biology, chemistry, and engineering topics involved in creating artificial bladders for people.

	Discipline
	Topics
	Description related to engineered bladders-- 

How are these created or used?

	Biology
	Cells
	

	
	Tissues
	

	
	Organs
	

	Chemistry
	Collagen
	

	
	Polygycolic acid
	

	Engineering
	3-dimensional scaffold 
	


In the Fog about Smog: Solving the Smog Puzzle on Earth and from Space
Directions: As you read, complete the time line below describing how scientists learned what smog is, and how to avoid creating smog.

	Years
	What happened?
	How is chemistry involved?

	1940s
	
	

	1950s
	
	

	1970
	
	

	21st Century
	
	


Ozone: Our Global Sunscreen
Directions: As you read, compare “good” ozone to “bad” ozone, including possible solutions to solving problems with each form of ozone. Please note that you will need to read the entire article to complete the chart, in addition to the information on page 14.

	
	“Good” Ozone
	“Bad” Ozone

	Where is it found?
	
	

	How do we know it exists?
	
	

	How is it produced?
	
	

	What evidence is there for problem(s) related to ozone?
	
	

	What possible solutions are there to problems related to ozone?
	
	


Barbecue: The Chemistry Is in the Heat!
Directions: As you read, complete the chart below to describe the chemical changes produced when barbecuing meat. You should be able to find at least two examples for each topic.

	Topic
	Chemical Changes

	Heating
	

	Browning
	

	Flavor
	

	Healthy Grilling
	


Not Milk? Living with Lactose Intolerance
Directions: As you read, complete the chart below, describing the chemistry involved in lactose intolerance.

	Chemical Process
	How is this involved in lactose intolerance?

	Glucose
	

	Lactose
	

	Lactase
	

	Osmosis
	

	Lactic acid
	

	Hydrogen gas
	


Living with an Artificial Bladder
Background Information 
(teacher information)
More on Artificial Organs
 The artificial bladder that is described in the ChemMatters article is an example of what is known as “regenerative medicine”. This method consists of three strategies:

· Replacement, which is the transplanting of cells, tissues or organs into a recipient.

· Regeneration, which is reprogramming a person’s own cells in the laboratory and delivering them back into the recipient’s body.

· Rejuvenation, which is stimulating the recipient’s own body cells to self-renew.

Regenerative medicine has the potential to affect millions of people. The statistical importance of developing the science of regenerative medicine is indicated here:

… Nearly 50 million people in the U.S. are alive because of various forms of artificial organ therapy, and one in every five people older than 65 in developed nations is very likely to benefit from organ replacement technology during the remainder of their lives.
(http://www.scientificamerican.com/article.cfm?id=how-to-grow-new-organs)

In the case of organ replacement, there are several strategies that are used, depending on whether or not we are dealing with the cellular level as opposed to an entire organ or the tissue associated with an area of the body such as muscle, skin, or nerve tissue. Many times, the replacement biological material is developed from what are known as stem cells. Stem cells are described as cells that have the potential to be “converted” into specific types of cells. They can be obtained from embryos, umbilical cord blood, and from bone marrow, among other sources. But it has been found in recent years that other non-stem cells, also known as somatic (body) cells, can be converted to cells with stem cell characteristics. Popular somatic cells for this conversion include skin and blood. Most recent has been the retrieval of somatic cells from urine. In turn, these cells can then be reprogrammed into the specific cell types desired. The cells culled from urine (kidney epithelial cells) have been reprogrammed into nerve cells. These reprogrammable cells are called iPSCs or induced pluripotent somatic cells. Their conversion is done through the introduction of several genes that are known to make the cell into one with the potential to become any number of different types of cells, depending on the cellular environment to which it is introduced. The 2012 Nobel Prize in Medicine was awarded to two investigators, Gurdon and Yamanaka who, in different research some 50 years apart, showed by different techniques that cells could be forced to become a different type of cell. Gurdon showed that all cells carry DNA-based information for making different kinds of cells (all cells in an organism have the same genes). Yamanaka genetically altered cells to act as stem cells, that is, they could be forced to become different cell types. These were designated iPSCs. 

In the case of designing or engineering replacement tissue and organs, a key component for creating the new tissue or organ is finding the right type of material to act as a scaffold onto which cells can grow. In the case of organ scaffolds, the most interesting source of scaffold material is actually another organ, such as a heart, kidney, or liver. These organs may in fact come from a non-human source, such as a pig. The donor organ is then cleansed of its cells by a continual washing with soapy water until just the original biological matrix remains. It is onto this non-cellular matrix that new cells (from the recipient, programmed to develop into that organ) are introduced to grow (multiply) under the right cultivating environment (nutrients and oxygen). For instance, in the case of growing a new heart, the cells introduced 

onto a heart matrix eventually develop contractile characteristics! On the other hand, the organ does not develop vascular or neuronal characteristics because it is still not known how to make the organ connect to blood vessels, nerve and other tissues. This problem remains a challenge for researchers. On the other hand, regenerated skin tissue when grafted absorbs plasma, and blood vessels eventually grow into it. Another successful tissue replacement procedure has to do with replacing a damaged esophagus (due to cancer). In this particular case, the matrix is an artificial material, used for sutures, upon which the patient’s own cells are cultured in place, producing a new esophagus in about 90 days. Slowly the matrix dissolves away, leaving the new esophageal tube. 


The regeneration of cells (first grown in a laboratory from the recipient’s own cells, and then introduced back into the body) can be done to replace cells that are missing because of physical injury or cells damaged or killed by a disease like Alzheimer’s. This cell regeneration is also used in patients with damaged heart tissue, in which their stem cells are injected into the heart to grow replacement heart muscle cells. Another regeneration technique is used in patients who suffer from bladder incontinence because of a weak sphincter muscle. To develop a stronger sphincter muscle, stem cells from the patient’s thigh muscle are cultivated, and then injected into the sphincter muscle to grow and add to the strength of the sphincter. A second strategy is to use this technique, of growing new cells that are genetically programmed, to produce a missing substance in a tissue or organ, such as in the case of juvenile or Type 1 diabetes. Again, a starting point for cultivating these cells is to use adult stem cells that have been fashioned from somatic cells that are first converted to the induced pluripotent somatic cell (iPSC) state from which they can be programmed to behave as a specific type of cell.


For rejuvenation, we are looking at stimulating an organism to essentially regenerate lost cells such as those contained in a complete structure such as a limb or an eye or parts of it, for example. The idea is to utilize cells already present in an animal and redirect (induce) cells into duplicating a specific structure. Some animals already have that ability but not humans—yet.

More on stem cells and induced pluripotent somatic cells (iPSCs)


When trying to replace cells that have been irreversibly damaged, it is necessary to produce a large quantity of cells through the biologically natural process of cell duplication. But to get cells to duplicate into a particular type of cell, it is necessary to start with a cell that can become any type of cell. As mentioned above, such a cell is called a stem cell. There are three main types of stem cells: adult stem cells, embryonic stem cells and induced-pluripotent stem cells, or iPSCs. Stem cells can be genetically programmed to replicate themselves as a specialized cell such as a blood cell, muscle cell (cardiac, smooth, striated), or liver cell. The normal sources of stem cells are embryos, umbilical cord blood and bone marrow. But for practical reasons, it would be better to have a more ubiquitous source of stem cells that is easily accessible. Such is the case with the use of ordinary body cells or somatic cells (think skin cells or kidney epithelial cells cast off in our urine) that can be genetically reprogrammed into stem cell equivalents through what is known as genetic induction. Certain genes called pluripotency genes are transferred into ordinary somatic cells to convert the cells into cells with stem cell characteristics, that is, the cells can now be “forced” into converting themselves into specialized cells—those desired heart, muscle or liver cells. These cells that have been converted to stem cells are known as the induced pluripotent stem cells (iPSC). 

The work in this field was originally begun in the 1960s by John Gurdon. He showed that all adult cells (somatic cells) retain all the necessary genetic information found originally in the egg and sperm cell. Therefore, in theory, an adult cell with one set of characteristics (heart cell, muscle cell, liver cell) would not have to remain as that particular cell—it could be changed into another cell type. This was shown by Gurdon experimentally when he removed the nucleus of a frog’s egg cell and replaced it with the nucleus taken from a tadpole’s intestinal cell. The egg cell still developed into a normal frog. 

Forty years later, Shinga Tamanaka showed that mature adult stem cells could be reprogrammed into pluripotent stem cells using just four genetic factors or pluripotency genes. Yamanaka also identified and isolated the so called transcription factors that change somatic cells into iPSC cells. The original 24 genes thought necessary for the transcription were reduced to just four. One important use of such cells taken from a person with a genetic disease is to use those diseased cells, convert them to the iPSC form for growing cells outside the body. In so doing, researchers can investigate the disease process and/or develop drugs to treat it. For their separate work some 40 years apart, the pair was awarded a Nobel Prize in Physiology or Medicine in 2012 The Nobel Prize Committee Web sites that describes the work of these two investigators are found at http://www.nobelprize.org/nobel_prizes/medicine/laureates/2012/advanced.html and http://www.nobelprize.org/nobel_prizes/medicine/laureates/2012/advanced-medicineprize2012.pdf. 
More on 3-D printing

One approach to constructing an organ, other than depositing cells on a matrix, is to actually build a structure much like laying a brick wall, layer upon layer. A process known as 
3-D printing or bioprinting uses a standard laser printer. But instead of using ink, the jets on the printer “spray” out specialized living cells, depending on the organ that is desired. The program sets out the blueprint’s deposition pattern (computer-based) and the organ is built up, layer upon layer of cells. A variety of tissues and organs has been produced, including tubes for blood vessels, contoured cartilage for joints, and patches of skin and muscle used as living “band-aids”. 
An important process that has not yet been perfected is to produce the critical microscopic network of capillaries that would be positioned between layers of cells to keep tissue alive. This is essentially the one roadblock—figuring out how to feed the tissues through a blood supply that carries oxygen and nutrients—that prevents the development of an organ like the heart or kidney through bioprinting. The technique of 3-D printing using metals and plastics has been in use in industry for several years now, building all kinds of physical things, from engine pistons and disk brakes to statues. The technique allows for quick assembly of a device to test the design characteristics that were first developed on a computer. 

As for assembling an organ such as a bladder, referred to in the ChemMatters article, you can see in the URL listed below the 3-D printer in action constructing a kidney on stage with the physician who developed the construction technique, Dr. Anthony Atala. He also introduces his patient who received a bioprinted bladder some eight years before this lecture. The patient is the same person mentioned in the ChemMatters bladder article. Refer to the following URL: http://www.ted.com/talks/anthony_atala_printing_a_human_kidney.html.

More on culturing cells and developing matrices (scaffolds, or extracellular matrices, (ECM))

In order to produce replacement tissue or an organ, one needs to provide cells that will multiply and develop into the tissue or organ. In terms of an organ, one also needs a scaffold or matrix on which the cells will grow. Currently, scaffolds are being made both from synthetic materials such as hydrogels and polymerics, as well as silk fibers. But there is the more recent idea that one can use the natural scaffold found in an organ that the regenerative process is to replace. For something like a kidney, a heart or an ear for instance, it is found that the cells in these organs can be removed by continuous purging of the organ with soapy water. What remains is the natural scaffold of the original organ. The source of these scaffold-producing organs can be from both human and other mammalian sources, such as a pig.


Whatever the source of the scaffold, the structure is then imbued with the particular type of cell needed to grow, be it heart muscle cells, liver cells, or nerve cells. In addition, a mix of growth-promoting chemicals is provided in the matrix. 


The use of hydrogels for growing cells provides the opportunity to literally print patterns on the material’s surface that can both control and influence the growth of the particular cells that are imbedded in the gel. These patterned surfaces mimic the natural tissue surface of the tissue being regenerated. These printed surfaces are accomplished through the process of photolithography, a process utilized in the electronics business for printing microcircuits. The process can create extremely small patterns (down to a few tens of nanometers in size), which provides precise control over the shape and size of objects being created. The cells embedded in the gel multiply once in contact with the various physical and chemical clues provided by the structure. 

An example of tissue engineering using hydrogels is the growth of capillary-like tubes from endothelial cells. The hydrogel is originally “etched” with channels through photolithography. These channels are then lined with endothelial cells, the type of body cell that is the basis for growing into capillary tubes. The tubes are formed from multiple epithelial cells that look like pancakes in shape. If you take one “pancake” and fold it so that opposite edges of the disk meet, you have produced a hollow structure. Connecting multiple rolled “pancakes” end to end produces a long tube. Capillaries are just one cell thick in order to be able to allow transfer of nutrients from the blood to tissue cells adjacent to any one capillary. The hydrogel environment in which the capillaries are grown can then be “seeded” with the specialized cells that will produce a functioning tissue or organ. Growing capillaries within a matrix is important to the construction of a tissue or organ, because any such device must have a blood supply. And this remains one of the challenges for regenerative medicine—providing a blood supply within the organ when the organ or tissue is connected to host tissue.


A more recent idea that incorporates several different materials into one type of scaffold 

that capitalizes on the collective properties of the individual materials is known as a hybrid scaffold. The scaffold uses collagen or gelatin because these materials are ideal for promoting tissue regeneration but are, by themselves, not mechanically strong. For strength, a biodegradable synthetic material, poly-L-lactic acid (PLLA) is used. By itself, it does not support tissue growth. The hybrid, funnel-shaped porous scaffolding then is constructed with both the collagen or gelatin material along with a PLLA-based mesh. A video (7 minutes) that illustrates the culturing of cells and the use of different types of matrices is found at http://www.youtube.com/watch?v=ofiLcTs7_Ys. 

A different tact on stem cell culturing is the future goal of growing meat (e.g., cow, pig, and chicken protein) through cell culturing. It is currently possible but very expensive. If the technique can be made cost-effective, there are compelling reasons (environmental*, convenience) to abandon animal husbandry in order to produce meat and other derived animal products (e.g., leather) for human use. See http://en.wikipedia.org/wiki/In_vitro_meat and an article in Scientific American: Bartholet, J. Inside the Meat Lab. Scientific American 2011, 304 (6), pp 64–69.

*(Some animal meat statistics: from Scientific American: Bartholet, J. Inside the Meat Lab. Scientific American 2011, 304 (6), pp 64–69.

 The world consumed 122 billion pounds of beef and veal in 2011 [there are some 1.5 billion cattle alive worldwide]. An additional 223 billion pounds of pork were consumed in 2011. This total of animals places large demands on the environment, uses up large amounts of resources, including energy. And these animals (such as chickens) expose people to infectious diseases. Calculations done by some researchers suggest that cultured meat could reduce energy usage on farms by 7–45%; produce 78–96% fewer greenhouse gases, use 99% less land for housing and crop cultivation, and require 82–96% less water.) 

The same idea is being researched for tissue-engineered leather. The steps involved in the culturing of cells destined to produce leather in the laboratory are detailed at http://www.scientificamerican.com/article.cfm?id=tissue-engineered-leather-could-be-mass-produced-by-2017.

More on limb replacement or rejuvenation


One tantalizing goal of researchers in the field of regenerative medicine is to be able to coax the body into growing a complete limb to replace one that has been lost. In the animal world, there are very few that have this ability. Although we say that humans cannot regenerate a lost limb, we can actually regenerate the first part of an amputated finger. Refer to a news video showing the re-growth of an amputated finger tip using collagen powder from a pig’s bladder at http://www.cbsnews.com/8301-3445_162-3960219.html. 

One animal that has been studied in depth to decipher the clues that prompt limb regeneration is the salamander. A lot has been learned, some of it counterintuitive for a biologist. The big difference between what happens in a human and in a salamander after they have lost a limb is that the salamander goes about starting the limb regeneration process; in a human, a large scar is generated which prevents limb regeneration. So what signals are missing in humans that would normally prevent the scar formation and initiate cell division to form the various components of a limb—muscle, nerve, blood vessels, bone and skin? 


Research has determined that limb regeneration in salamanders can be divided into three stages:

· First is a wound-healing response in which fibroblast cells migrate to the wound site and proliferate. Fibroblasts are embryonic-like cells that can develop into connective tissue. 

· This is followed by the formation of something called a blastema, a conglomerate of cells that can change back to an embryonic state which means they can become any type of cell. 

· Finally, there is a stimulus to develop a new limb through cell multiplication and differentiation. 

In humans, scar tissue is developed after the loss of a limb rather than the important blastema, from which new limb tissue could develop. What is needed then is to understand the signaling in humans and other mammals that causes fibroblasts to go the route of scar tissue formation rather than producing the important blastema with its embryonic cells. Knowing this signaling and its source would mean that the process could be modified to cause fibroblasts to behave like those at the salamander’s wound site. In experiments with mice, it has been determined that there is a chemical signal, a specific growth factor called bone morphogenetic protein 4, (BMP4), that is needed for limb regeneration to take place. It is under the control of a specific gene, Msx1. It has been shown that this protein, if provided at a wound site, will initiate a regeneration-like response in a mouse. 

Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Organic compound—Any chemical that contains carbon (except carbon monoxide, carbon dioxide and metal carbonates) is considered an organic compound. Because of the bonding based on the carbon atom, organic compounds have an almost infinite number of configurations with important “functional” groups attached. Because there is need for large molecules in biological structures, a carbon-based molecule such as a protein provides structural material for individual cells (cell membrane), for long fibers in muscle tissue, and for protein-based collagen, a connective tissue utilized in organ construction and support.
2. Hydrolysis—This process is important for the biodegradation of the scaffold materials used in the bioengineering of tissue and organs. For example, the polyglycolic acid chain (polymer) that is part of an bioengineered scaffold is broken apart by hydrolysis in which a water molecule along with a specific enzyme split the ester bond in the polymer into the original glycolic acid molecules. The glycolic acid can be further degraded by passing through the Krebs or citric acid cycle which is an energy generating cellular process, also known as respiration. 

3. Ester bonds—An ester bond occurs between the hydroxyl end of a molecule and the carbonyl group of a second molecule. In the formation of the ester, a molecule of water is split out. In the specific case of the polymer polyglycolic acid (also known as polyglycolide or PGA), the acid used, glycolic acid, has both a carbonyl group as well as a hydroxyl group. [ HOOC-CH2-OH] An ester-type reaction occurs between two glycolic acid molecules. The PGA molecule resulting is an important biodegradable molecule used in sutures as well as scaffolding material for bioengineered tissues and organs. An interesting aside is that a preferred route for making the polymer, polyglycolic acid (PGA), starts with an ester reaction between two glycolic acid molecules. The resulting molecule still has both a hydroxyl as well as a carbonyl group available for further bonding, forming a diester ring compound called a glycolide. Taking a group of these glycolides and adding a catalyst plus heat causes the rings to open and multiple ester bonds to form resulting in a lengthy chain. 

4. Enzymes—Enzymes are a particularly important category (catalytic) of biological molecule, accelerating biological processes that would ordinarily be too slow to be of any value to a living organism without enzymes being involved. Enzymes are involved in the degradation of the polymer, polyglycolic acid, the stuff of sutures, producing glycolic acid, carbon dioxide and water. That is the chemical reaction that is associated with digestible sutures and lattices of artificial organs. 
5. Protein—This particular category of organic molecule comes in so many iterations of a basic structure that is built from amino acids into relatively large molecules, biologically speaking. Such large molecules are particularly useful in structural materials in living organisms. These large molecules are possible because a peptide bond forms between the carbonyl end of one amino acid and the amine group of a second amino acid. The order of the amino acids gives rise to a specific molecular structure that in turn contributes specificity to that molecule if involved in an enzymatically regulated biochemical reaction. Collagen is one of the components of the scaffold (matrix) used in engineering a replacement organ, such as the bladder. Collagen, an insoluble protein, accounts for about one third of the protein in a mammalian body. 
6. Polymer—This is a category of structures that consists of individual chemical units bonded together ad infinitum, so to speak. There are many biological structures and compounds that are polymeric including proteins of the cell membrane, enzymes, starch (in plant cells), glycogen (in animal liver cells), nucleic acids, and the connective tissue called collagen (a protein) among other examples. 

7. Organic Acid—While retaining the classic definition of a molecule that can donate a proton or hydrogen ion, an organic acid is distinguished from an inorganic acid by the fact that it contains a carboxyl or carbonyl group, -COOH. This end of an organic acid is important both as a proton donor, but also in reactions that result in bonding between multiple acid molecules to form polymeric molecules. Examples include the formation of polypeptides (ex., protein) and the polymer polyglycolic acid used as scaffolding in bioengineered organs.
Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “It is not possible to regenerate nerve tissue once nerve cells die.” Although this was an accepted idea for years, recent studies show that the brain is capable of replacing some lost brain cells. And with the use of stem cells that are cultivated and stimulated into forming nerve cells, these cells have been injected into damaged nerve cord tissue with some successful re-growth of nerve tissue. Electrical stimulation is also found to assist in some cases of nerve regeneration. Nerve grafts are also possible for certain types of nerve injury. There are a number of different biochemicals that are also known to stimulate cell growth. It all depends on the location in and type of injury to the nervous system. A recent research article on reprogramming brain cells into other types of neurons is found at http://news.harvard.edu/gazette/story/2013/01/new-avenue-in-neurobiology/. 
2. “Humans are not capable of regenerating or replacing a lost limb.” Yes and no. Humans do not have the capability for replacing a complete limb (bone, muscle, cartilage, nerves and blood vessels) as does a salamander. But with the help of some procedural techniques, humans can replace the first section of a finger. (see a CBS video at http://www.cbsnews.com/8301-3445_162-3960219.html )

Anticipating Student Questions 
(answers to questions students might ask in class)
1. “Are there different types of stem cells?” There are actually two types of stem cells—multipotent and pluripotent. Multipotent stem cells can give rise to only a small number of different cell types. Pluripotent stem cells can produce any type of cell in the body except those needed to support and develop a fetus in the womb.
2. “What is meant by a stem cell line, and why do scientists want to use them?” A stem cell line is a family of constantly dividing cells, the product of a single group of stem cells. They are obtained from human and animal tissues and can replicate for long periods of time in vitro. Once a stem cell line is established, regardless of the source (from a potential recipient or another donor, including embryos), this cell source can be used to multiply new cells “forever”—it is immortal! Researchers can then tap into this line of cells for growing multiples of a cell ad infinitum without having to go through the original, rigorous isolation procedure.

3. “Have stem cells actually been used to successfully treat any human diseases?” Embryonic stem cells have been used to treat a number of disease conditions. Stem cells from bone marrow have been used for decades to treat blood cancers. Umbilical cord blood is another source of these stem cells for treating blood disorders. Human spinal cord stem cells are being used to treat Amyotrophic Lateral Sclerosis (ALS)—Lou Gehrig’s Disease. Human mesenchymal stem cells are being used to treat several different conditions. One use of these cells is to protect beta islet cells in adults and children with recently developed Type 1 diabetes. These stem cells are also used to repair heart tissue and lung tissue (in patients with chronic obstructive pulmonary disease, COPD). Currently there are trial tests for using retinal cells from embryonic stem cells to treat patients with macular degeneration. 
4. “How do researchers make stem cells divide into specific cell types?” Cells are stimulated into cell division and specialization by adding certain proteins and/or introducing specific genes into the stem cells. Additionally, cells can be stimulated into dividing into specialized cells simply by being in the physical (chemical?) presence of a particular type of cell (muscle, nerve, blood cell) that is included in the mix of stem cells. This is known as induction and is a natural process that takes place in a developing embryo. 
5. “If a particular disease is being studied in an animal, like a lab mouse, how do they know that a human will respond the same way either to the development of the disease or to treatments (e.g., using stem cells)?” Researchers have been able to follow the progress of a human disease condition in lab animals because they are able either to genetically alter the animal for a particular disease condition of humans (e.g., diabetes) or introduce into the test animal human stem cells programmed for a particular disease (done in the cells’ early embryonic stages). They then follow the development of that disease in the test animal. They can also test drugs that might prevent the disease from developing. The same type of research can be done on human stem cells in vitro (sterile culture conditions) rather than in the cells of a lab animal.
In-class Activities 
(lesson ideas, including labs & demonstrations)
1. There are two video lectures on organ and tissue replacement that you could use in your classroom. One is by the scientist who has been working on fabricating organs, Dr. Anthony Atala. In his TED lecture video, Dr. Atala talks about the state of affairs in organ replacement. It includes an on-stage demonstration of a 3-D printer that fabricates a bladder. And you are introduced to his artificial bladder recipient who is mentioned in the ChemMatters article. This video can be accessed at http://www.ted.com/talks/anthony_atala_printing_a_human_kidney.html. 

A second video lecture by another researcher in the same field at the University of Pittsburgh (McGowan Institute) can be found at http://www.youtube.com/watch?v=xvLdtqIUx7w&feature=youtu.be. This lecture gives a very good overview of regenerative medicine and addresses the question: “Is Regenerative Medicine Hype or Hope?”

2. For students to understand and visualize what is involved in the bioengineering of tissues and organs, the following video is an excellent self-contained lesson. If using in class, it is important to first preview the video, then create questions on paper for students to answer while viewing the video. Otherwise, students tend to be passive learners and not focus on the issues you think are important. The comprehensive video (1 hour) from National Geographic details the work involved with creating a new heart (“How to Build a Beating Heart”) and can be found at http://channel.nationalgeographic.com/channel/explorer/videos/how-to-build-a-beating-heart/. Students need visual materials when studying the biological realm.

3. Other videos for students that demonstrate 3-D printing are listed further on in this guide under the section called “Sites for Additional Information (Web-based information sources)” The whole idea of 3-D printing sounds like science fiction, particularly when it comes to fabricating an organ. Can this really be done—a living organ fashioned on a laser printer? These videos might help to show students that it is a reality, not fiction.

4. A very comprehensive video (1 hour) from the Nova Science Now series investigates the question, “Can We Live Forever?”, with lots of information on artificial organs and investigations into the role of genes in the aging process. This video can be used to illustrate, with good examples, what is going on in the research world of bioengineering. It could also be used as a basis for students to discuss the ethical and biological imperative for extending life. Do we want to live “forever”? Should the human race not have death as part of life? Who decides who is to live and who is denied life-saving bioengineering? Go to http://video.pbs.org/video/1754457671.

5. Another video that can serve as a full lesson for the classroom on regenerative medicine that is being done at the McGowan Institute for Regenerative Medicine can be accessed at http://www.mirm.pitt.edu/Portal/60mins.asp?id=5975132n&tag=contentMain;cbsCarousel. The lecturer is a principle investigator in bioengineering and provides several rationales for the need to develop techniques for growing tissues and organs to replace defective ones. And there are a number of real life examples of successful bioengineering that are illustrated. Bioengineering is a field that students should be exposed to as a possible science career. It melds the disciplines of biology, chemistry and physics, giving students lots of avenues to pursue in their future scientific academic careers. 

6. There is a lesson plan for students on tissue engineering (building a bone structure) that follows from a 7-minute video on cell culture and the use of matrices. The video is part of a series developed for students called “Secrets of the Sequence” (http://www.sosq.vcu.edu/Default.aspx). The lesson plan for the tissue engineering exercise is found at http://www.sosq.vcu.edu/lessons/sots_lesson_112_2.pdf. The video that goes along with this activity is accessed from http://www.youtube.com/watch?v=ofiLcTs7_Ys (and the collection of videos on biotechnology for this program can be found at http://www.sosq.vcu.edu/videos.aspx).
Out-of-class Activities and Projects 
(student research, class projects)
1. For capable and interested students, there are kits available for cell transformation/culturing at http://www.carolina.com/transformation-dna-transfer-kits/dnalc-colony-transformation-kit/FAM_211140.pr?catId=&mCat=&sCat=&ssCat=&question=Cell+Culturing 

2. The whole realm of stem cell research and its application involves some issues of both an ethical and legal nature. If embryos are used as a source of stem cells, then how are the human embryos obtained? Does this violate civil or religious laws and beliefs? What are the alternatives to using embryos for stem cells? A very good reference for student research and a source of questions about stem cells is found at the Web site of the Stem Cell division of the National Institutes of Health (NIH), http://stemcells.nih.gov/info/Regenerative_Medicine/Pages/Default.as px. Another very good reference for students to use is from the National Academy of Science at http://dels.nas.edu/resources/static-assets/materials-based-on-reports/booklets/Understanding_Stem_Cells.pdf. All of these materials can be used by students to prepare Power Point presentations. It is helpful if the teacher prepares a series of issues or topics from which students choose, or the teacher can be arbitrary and assign students a particular topic, particularly if the teacher knows the academic strengths and weaknesses of individual students. On a different tact, selected topics about the economic and ethical issues of bioengineering could be the basis for a classroom debate though there might be time constraints for including class debates and their preparation. 

3. One other very important use of stem cells, not for their use in generating new tissue and organs, is for studying disease and testing drugs that might be used against a particular disease. Students could research the techniques used and the benefits as well as limitations for using such a system rather than dealing with an entire animal system. For starters, students could observe a short video at http://www.ted.com/talks/susan_solomon_the_promise_of_research_with_stem_cells.html.
References 
(non-Web-based information sources)
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The three articles listed below relate to the kidney, urine (the chemistry of), and kidney dialysis, which makes it clear why we need to be able to engineer replacement kidneys.

This article provides the technical and chemical details behind the operation of a dialysis machine that is used when a patient’s kidneys are no longer able to perform the important biochemical functions that control the levels of vital chemicals in our blood. A build-up of these chemicals will prove to be fatal. But for people on dialysis machines, it is not a pleasant experience. Kidney transplants are possible, but there is a scarcity of the organs; hence the desire of researchers to perfect the engineering of replacement kidneys. (Thielk, D. Kidney Dialysis: The Living Connection. ChemMatters 2001, 19 (2), pp10–11)

A Teacher’s Guide is available online and on the CD.

This article makes for a good reference on the chemical content of urine—lots of different chemicals being excreted, in part to rid the body of potentially toxic substances (e.g., ammonia) if they accumulate. The kidneys also control the pH of the blood and the concentrations of non-toxic substances such as sodium, potassium, and chloride ions that must be kept at a particular maximum for proper cell function. (Kimbrough, D. Urine: Your Own Chemistry. ChemMatters 2002, 20 (3), pp 10–11)

There is also a Teacher’s Guide available for this particular article.

This article describes the research behind the development of a series of colorimetric tests contained on one paper surface. This paper chemical device remains a useful tool for people who suffer from diabetes; they are able to monitor the condition of their urine, detecting unhealthy levels of glucose as well as ketones associated with diabetes. The paper tester can also detect other chemicals that would indicate kidney problems. There is also an interview with one of the researchers (a husband-wife team), Helen Free, that might prove of value to some students who may be interested in a science research career. (Brownlee, K. Lab on a Stick. ChemMatters 2004, 22 (3), pp 9–11)

A Teacher’s Guide is available.

Web Sites for Additional Information 
(Web-based information sources)
More sites on artificial organs

 
The “ins and outs” of developing artificial organs and tissues are nicely illustrated in a lecture by one of the pioneers in growing organs, Dr. Anthony Atala at http://www.ted.com/talks/anthony_atala_growing_organs_engineering_tissue.html. 
Another video that shows how scientists are trying to build a heart is found at http://channel.nationalgeographic.com/channel/explorer/videos/how-to-build-a-beating-heart/.
More sites on regenerative medicine


A comprehensive lecture (Dr. Alan Russell, Univ. of Pittsburgh, 1 hour) on regenerative medicine is found at http://www.youtube.com/watch?v=xvLdtqIUx7w&feature=youtu.be. Included in this lecture is the recent history of scientific progress in trying to extend the human life span through curing diseases and restoring or replacing human organs and tissues. 

Another video on regenerative medicine (20 minute lecture by the same professor, Alan Russell of the Univ. of Pittsburgh on Regenerative Medicine) is found at http://www.youtube.com/watch?v=tijEl8I38mo.

More sites on stem cells

The Nobel Prize in Medicine or Physiology for 2012 was awarded to two investigators, John B. Gurdon and Shinya Yamanaka, doing research some 50 years apart but connected in terms of understanding cell specialization that starts from stem cells. A description that summarizes their work and how their ideas are related is found at 

http://www.scientificamerican.com/podcast/episode.cfm?id=the-2012-nobel-prize-in-physiology-12-10-08. 

The complete description of the work of Gurdon and Yamanaka by the Nobel Committee is found at http://www.nobelprize.org/nobel_prizes/medicine/laureates/2012/advanced-medicineprize2012.pdf. 
The Web site for the Nobel Prize with news about the 2012 Medicine award to Gurdon and Yamanaka is found at 

http://www.nobelprize.org/nobel_prizes/medicine/laureates/2012/.


An excellent reference from the National Academy of Sciences on all aspects of stem cells including the ethical and moral issue surrounding the use of embryonic stem cells is found at http://dels.nas.edu/resources/static-assets/materials-based-on-reports/booklets/Understanding_Stem_Cells.pdf. 

A useful source of stem cells has been found in the urine of humans. A good description how urine can ultimately provide stem cells is found at

 http://www.scientificamerican.com/article.cfm?id=brain-cells-made-from-urine.


An extensive article on the use of stem cells in curative situations other than for engineering tissue and organs is found at

 http://science.nationalgeographic.com/science/health-and-human-body/human-body/stem-cell-divide/. Included in the article are some of the issues associated with using stem cells for various medical treatments, especially with regard to the source of stem cells—embryo versus tissue cells that are reversed to the pluripotent state, the iPSCs. And the competition that exists between countries for developing medical cures requiring stem cells is also discussed. 

A very good source of questions and answers about stem cells and stem cell research, developed by the Stem Cell division of the National Institutes of Health (NIH) can be found at http://stemcells.nih.gov/info/pages/faqs.aspx. The biological fundamentals of stem cells are addressed. Part of the information might be useful for a class discussion that gets into the ethical considerations of the source of stem cells as well as their application in a variety of medical conditions.


A Power Point presentation on the history of cell cultivation as well as current practices is found at http://www.pitt.edu/~super7/32011-33001/32721.ppt.


An eleven-chapter reference from the Stem Cell division of NIH that provides information on all aspects of stem cells, their sources and usage is found at http://stemcells.nih.gov/info/Regenerative_Medicine/Pages/Default.aspx.
More sites on 3-D printing

Two useful outlines (overviews) of 3-D printing are found at http://www.cnbc.com/id/49348354/How_3D_Printers_Are_Reshaping_Medicine and http://online.wsj.com/article/SB10000872396390443816804578002101200151098.html?mod=djemHL_t#articleTabs%3Darticle. Two videos that complement the overview articles on bioprinting are found at http://www.youtube.com/watch?v=80DhBLEhdzk and http://www.youtube.com/watch?v=9D749wZSlb0.


 A short video that diagrammatically shows bioprinting of a section of replacement bone is found at http://www.youtube.com/watch?v=ukul0bi9ytI. 


Another video that clearly shows how 3-D printing can produce cartilage and its incorporation into an ear structure is narrated by one of the researchers in the field. The video can be viewed at http://www.youtube.com/watch?NR=1&v=-RgI_bcETkM&feature=endscreen.


If you want to see a representative collection of non-biological objects created by 3-D printing, visit this Web site: http://www.pcmag.com/slideshow/story/307689/the-coolest-3d-printer-projects.

More sites on extracellular matrices (ECM)

An excellent video that deals with the use of matrices on which to build organs is available at http://www.youtube.com/watch?v=5_91_nARa0E. In the documentation, real life organ construction on different types of extracellular matrices is well illustrated. This includes constructing a mouse heart, an ear, a pair of functioning lungs (mouse) and growing a replacement windpipe for a woman in Spain. 

A complete lecture (Beckman Center, Columbia Univ.) on the use of stem cells and gels (for matrices) for tissue engineering and regenerative medicine is found at

http://www.youtube.com/watch?v=a1CNotI7b60.
More sites on limb replacement


An extensive and detailed article on the current understanding of the biochemical mechanisms involved with limb regeneration is found at the Howard Hughes Medical Institute Web site, http://www.hhmi.org/bulletin/aug2007/pdf/Regeneration.pdf.


For those with a biological background, there is a videotaped lecture by a principle investigator, David Gardiner, who explains what is going on in limb regeneration at the cellular level in salamanders. This illustrated lecture can be found at http://www.youtube.com/watch?feature=endscreen&NR=1&v=QqgjB3qsdfE. 


A video lecture (1 hr) on stem cells and regenerative medicine at http://www.youtube.com/watch?NR=1&v=2vFQJpxabQ4&feature=endscreen contains a 
14-minute section that details what is happening at the cellular level in limb regeneration in salamanders. Begin that section at 0:46 and continue to 0:60. Continuing beyond minute 60 to 1:10 provides additional information about the concept of creating pluripotent cells from body (somatic) cells that can then act as stem cells.
In the Fog about Smog: Solving the Smog Puzzle on Earth and from Space
Background Information 
(teacher information)
More on the Los Angeles smog story 


The smog that “attacked” Los Angeles in 1943, as the article describes, did not suddenly appear overnight. During the late 1800s the first signs of industrialization began to appear—development of railroads, street cars, the discovery of oil in the region, automobiles and the rapid increase in population that resulted from jobs created by industrial development. By the turn of the century the city experienced frequent periods of smoke and smog pollution as a result of the new industries and automobiles. One day in 1903, for example, the smoke and fumes were so bad that many LA residents thought there was an eclipse of the sun. These kinds of events prompted the city to enact clean air measures, which today seem primitive because the chemistry behind smog was not known at the time.


As World War II approached and the city grew, the air pollution situation got progressively worse. The city continued its search for the real cause, or causes, of its air pollution. In 1947, California established the Los Angeles County Air Pollution Control District and gave officials the power to try to control “smog” as it was now being called. (An interesting side note is that then California Governor Earl Warren signed the bill into law. Warren, of course went on to become Chief Justice of the United States Supreme Court.) 

In 1948, Los Angeles hired Arie Haagen-Smit, a flavor chemist, to find the root cause of the problem. City officials believed at the time that smoke from factories was the cause of their pollution problem. Examining plants that were destroyed by the local pollution, Haagen-Smit discovered, however, that the composition of the LA pollution was different than the smoke-laden industrial air pollution over eastern U.S. cities. The plants were being severely bleached, and during smoggy days in LA people complained of a bleach odor in the air. Haagen-Smit knew that, chemically, bleaching was an oxidizing process and so he was looking for an oxidizing agent as the cause. Haagen-Smit soon found the unique ingredient in LA pollution was ozone, an oxidizing agent. But he also knew that ozone is not found naturally in the troposphere, the layer of the atmosphere nearest the Earth’s surface. Some argued at the time that the ozone must have migrated from the stratosphere where it does occur naturally, but that theory was quickly disproven.

Through the 1950s Haagen-Smit and other scientists isolated the components of smog in addition to ozone. The 1952 London smog event that killed 12,000 people worried Los Angeles. The city feared that the same smog would strike their city. At the same time they began to realize that gasoline, then critical to the increasing auto traffic in the LA region, was part of the problem. Gas evaporated from refineries, storage tanks and gas pumps at alarming rates. Oil companies estimated that 120,000 gallons of gasoline were evaporating into the air daily. Cars themselves were emitting unburned hydrocarbons into the air, along with oxides of nitrogen produced in internal combustion engines. And Southern California fruit growers burned more than 1 million smudge pots when temperatures dropped. The fuel for the pots was used motor fuel, and this, too, led to increased pollution. 

You can read an extensive article written by Haagen-Smit and published by the National Academies of Science in 1970. (http://www.arb.ca.gov/research/hsawards/a_lesson_from_the_smog_capital_of_world.pdf)

In 1953, California appointed a committee headed by Arnold Beckman of Beckman Instruments to come up with recommendations to avoid a repeat of London. Beckman’s committee made these recommendations:

· Reduce hydrocarbon emissions by eliminating vapor leaks

· Establish emission controls for automobiles

· Slow the growth of industries that emit heavy pollutants

· Eliminate open burning of trash, both by individuals and at landfill sites

· Develop a rapid transit system to reduce automobile use.

Later efforts during the 1960s saw California reduce pollution from volatile organic solvents (like many of the petroleum hydrocarbons), from toxic gases emitted from landfills and nitrogen oxides from power plant combustion. Despite these efforts, ozone levels persisted. So the state began to regulate automobile tailpipe emissions by requiring that unburned hydrocarbons in internal combustion engines be recycled back to the engine rather than emitted into the air. Catalytic converters would eventually be required in 1975 car models. The state also regulated gasoline and other fuels in order to reduce the amount of alkenes in fuels. Alkenes are easily modified by ozone during the complex chemical reactions that form smog. Many of these measures were tightened over time, and even now California has the toughest air pollution laws in the country.
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Two other factors in the Los Angeles area contribute to the smog problem. One of the factors is its geography. The city lies in a basin 35 miles long and 15 miles wide (see photo at right). It is bordered by the Pacific Ocean to the west, the San Gabriel Mountains, with maximum elevation of 10,000 feet, to the north, and the Santa Ana Mountains to the south and east. Beyond the mountains are desert regions. Air masses entering this low-lying basin from the west (prevailing winds are west-to-east) are easily trapped by the surrounding mountains, creating stagnating weather conditions. The gases necessary for smog to form



      (http://earthobservatory.nasa.gov/IOTD/view.php?id=2343)
are often present in the atmosphere for longer-than-usual time periods.

The other natural factor contributing to smog is frequent temperature inversions in the LA basin. When an inversion occurs an air mass is trapped for an extended time in a region. If that air mass contains pollutants they are also present for an extended period. Ordinarily the temperature of air near the Earth’s surface is warmer than air aloft. Another way of saying this is that the temperature of the atmosphere decreases with elevation. The reason for this is that the Earth’s atmosphere is actually heated indirectly by the Earth. Energy from the sun passes through the atmosphere with little effect. The energy, however, heats the Earth, which re-radiates some of the energy back into the atmosphere. Naturally, then, the gases near the earth’s surface will be warmer. Some of this air, being less dense than the cooler air above it, rises by convection and is cooled, and the denser, cooler air from above descends. The net effect of all this is continual mixing of air masses and resulting dispersion and dilution of any gaseous pollutants in the air.
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Under special circumstances, however, a layer of warmer air forms above cooler air below. This occurs in the Los Angeles area when warm air flows westward from the nearby desert region to the east of the city, and colder air moves into the LA basin from the Pacific Ocean, which lies to the west. Now the mixing of the air masses is temporarily halted because the colder air is denser and so tends to remain in place without rising in the atmosphere. 

Normally the air near the Earth’s surface is warmed by radiation absorbed by the ground and objects on the ground. This warm air is less dense than cooler air above, so the warm air typically rises through the upper, cooler layers of the atmosphere, thus providing mixing of the air and preventing build-up of pollutants in any one parcel of air.

But in the case above, the normal temperature of the air masses is reversed—warmer above cooler—and this is what is known as a temperature inversion. The warmer air aloft acts like a lid over the LA Basin, trapping air near the surface of the Earth—along with the smog that forms. 

And if a high pressure system is in the vicinity simultaneously, this forces the warm air down onto the colder air layer (called subsidence, indicated by the two red arrows in the diagram above), maintaining the stability of this inversion for unusually long time intervals, exacerbating the effects of the smog layer on the populace and the environment. These prolonged periods in which higher smog concentrations linger are an added danger to public health. Other areas of the United States that experience this effect are Denver, Colo., and Salt Lake City, Utah.
More on ultraviolet radiation
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Ultraviolet radiation is a form of electromagnetic energy. The various forms of energy, or radiation, are classified according to wavelength, measured in nanometers (nm). The shorter the wavelength, the more energetic the radiation. In order of decreasing energy, the principal forms of radiation are gamma rays, X rays, ultraviolet (UV) radiation, visible light, infrared (IR) radiation, microwaves and radio waves. 

Although the Sun produces gamma rays and X-rays, none of these reach the Earth, as they are absorbed by gases in Earth’s upper atmosphere. The same is true of many of the shorter wavelength radio waves, absorbed in the stratosphere, while the longer wavelength radio waves are reflected back into space by the ionosphere. A sizeable portion of the middle wavelengths of radio waves do get through the atmosphere and reach Earth, but they are of no known consequence relative to smog formation.

(http://www.windows2universe.org/earth/Atmosphere/earth_atmosph_radiation_budget.html)

The rest of the sunlight entering our atmosphere is composed of approximately 50% infrared, 40% visible and 10% ultraviolet. However, much of the UV radiation is absorbed by ozone in the stratosphere so sunlight reaching the Earth is 53% infrared, 44% visible and about 3% UV. The 3% of solar radiation that is UV is very important to life on Earth.

There are three categories of UV radiation: 

UV-A, wavelength between 320 and 400 nm 

UV-B, wavelength between 280 and 320 nm 

UV-C, wavelength between 200 and 280 nm 

Generally, the shorter the wavelength, the more biologically damaging UV radiation can be if it reaches the Earth in sufficient quantities. UV-A is the least damaging (longest wavelength) form of UV radiation and reaches the Earth in greatest quantity. 
Most UV-A rays pass right through the ozone layer in the stratosphere. Most (about 90%) UV-B radiation and all UV-C radiation is absorbed by stratospheric oxygen and ozone.

Small amounts of UV radiation are beneficial for people and essential in the production of vitamin D. UV radiation is also used to treat several diseases, including rickets, psoriasis and eczema. These treatments take place under medical supervision and the benefits of treatment versus the risks of UV radiation exposure are a matter of clinical judgment. Prolonged human exposure to solar UV radiation may result in acute and chronic health effects on the skin, eye and immune system. Sunburn and tanning are the best known acute effects of excessive UV radiation exposure; in the long term, UV-radiation-induced degenerative changes in cells, fibrous tissue and blood vessels lead to premature skin aging. UV radiation can also cause inflammatory reactions of the eye, such as photokeratitis.

More on smog

The term “smog” is a combination of “smoke” and “fog” and was first used in 1905, even though the conditions we refer to now as smog likely occurred wherever there was concentrated industrialization. Whenever combustion takes place, gases and particulates are emitted into the atmosphere, creating pollution. However, only where combustion sites are concentrated or where cars are plentiful will smog occur. The reason is that ordinary temperature and pressure conditions in the atmosphere create movement of air masses that tend to dissipate any pollutants that are emitted locally. Only if the rate of emission is greater than the natural movements of the atmosphere will pollutants begin to concentrate and cause smog.


There are two types of smog—industrial and photochemical. Industrial smog is the result of combustion products and by-products emitted into the atmosphere in a concentrated way. It was industrial smog that blanketed London in 1952. Photochemical smog is the type discussed in the article. It results from the interaction of volatile organic compounds and oxides of nitrogen with ultraviolet light from the sun. 

Smog is a mixture of gases, none of which occur naturally in the troposphere. The gases that form smog are ozone, nitric oxide, nitrogen dioxide and a wide variety of volatile organic compounds (VOC), which are, of course, gases. As the article notes, the oxides of nitrogen are contained in auto exhaust and the volatile organic compounds are the result of organic liquids like gasoline evaporating into the atmosphere. Often there are nano-size solid particles in the mixture as well, but for this article the focus is on gases. In addition to the necessary gases as chemical reactants, required conditions are plentiful sunlight and a relatively stable air mass. Los Angles has the required ingredients—millions of cars emitting exhaust, sunny days (the per cent of annual sunshine for LA is 79%, and in the summer months the per cent is even higher) and a topography that tends to trap air masses in the region for days at a time.

In the simplest chemical reactions that are part of smog formation, nitrogen dioxide gas, NO2, from vehicle exhaust is decomposed by photolysis into nitric oxide, NO, and an oxygen free radical. Light in the ultraviolet range photolyzes the reaction:

(1)
NO2   ➙   NO  +  O•
(Note that free radicals are molecular fragments that have an unpaired electron. They are identified in chemical reactions by means of a dot representing the unpaired electron.) The oxygen radical then combines with molecular oxygen from the air to produce ozone, O3.

(2)
O•  +  O2   ➙   O3   (Note that radicals are indicated with a dot to the right of the symbol.)

Under normal conditions the ozone produced reacts with the nitric oxide to produce nitrogen dioxide and molecular oxygen:

(3)
O3   +  NO   ➙   NO2  +  O2

You will note that this set of reactions is cyclical and produces only a temporary increase in ozone concentration near the ground. However, when volatile organic compounds are added to the mix, the chemistry gets much more complex. The exact mechanisms are not completely understood, but the next series of reactions shows the effect of VOC’s on smog chemistry. 


Volatile organic compounds are able to react with hydroxyl radicals that are formed when an oxygen radical reacts with water in the atmosphere. Volatile organic compounds are represented in the equations below by RH, since most VOC’s are hydrocarbons.

(4)
O•  +  H2O   ➙   2 OH•
(5)
OH•  +  RH   ➙   R•  +  H2O

The reactive VOC then combines with an oxygen molecule to form an oxidized VOC:

(6)
R•  +  O2   ➙   RO2
And very quickly the oxidized VOC reacts with the NO produced in equation (1) to produce another reactive VOC radical and nitrogen dioxide.

(7)
RO2   +  NO   ➙   RO-•  +  NO2

In this series of reactions NO that is produced in reaction (1) is oxidized to NO2 in reaction (7), rather than being oxidized by ozone in reaction (3). That means the net results of these reactions is a build-up of ozone in the atmosphere via reaction (2), a build-up of nitrogen dioxide via reaction (7) and a build-up of reactive VOC’s capable of keeping the reactions going. 


This series of reactions are just the fundamental reactions in smog formation. Other available reactants undergo more complex reactions as smog forms. For example, there are unsaturated hydrocarbons like ethylene, C2H4, in gasoline. When ethylene evaporates (it’s one of the VOC’s) in smog-forming conditions it undergoes a series of reactions beginning with the hydroxyl radical, OH•, to produce formaldehyde, CH2O. Another compound making up the smog mixture is peroxyacetylnitrate, C2H3NO5, (PAN).


As the article suggests, smog presents health risks for humans. Ground level ozone is known to irritate the respiratory system resulting in coughing and chest pain. It can also reduce lung function—that is, it can reduce the volume of air a person can take into the lungs, and it can damage lung tissue. It aggravates respiratory diseases like asthma. Older people and children are especially susceptible to ozone. Nitrogen dioxide has many of the same risks as ozone, but NO2 can also irritate eyes and cause long-lasting eye damage. Longer term expose to smog can cause death, as witnessed in the London smog event. 


The Los Angeles smog eventually led to air quality regulations outside of the LA region and the state of California. The current Federal Clean Air Act of 1990 is the latest regulatory effort, but it is the descendant of a long line of federal legislation aimed at preventing smog and other forms of air pollution. The Air Pollution Control Act of 1955 appropriated funds for air pollution research, partly as a result of the LA smog events. The Clean Air Act of 1963 was the federal government’s first attempt to control air pollution. According to the U.S. Environmental Protection Agency, the Clean Air act of 1970 first established restrictions on emitted pollutants from both stationary and mobile sources. 

Clean Air Act of 1970 

The enactment of the Clean Air Act of 1970 (1970 CAA) resulted in a major shift in the federal government's role in air pollution control. This legislation authorized the development of comprehensive federal and state regulations to limit emissions from both stationary (industrial) sources and mobile sources. Four major regulatory programs affecting stationary sources were initiated: the National Ambient Air Quality Standards (NAAQS, pronounced "knacks"), State Implementation Plans (SIPs), New Source Performance Standards (NSPS), and National Emission Standards for Hazardous Air Pollutants (NESHAPs). Furthermore, the enforcement authority was substantially expanded. The adoption of this very important legislation occurred at approximately the same time as the National Environmental Policy Act that established the U.S. Environmental Protection Agency (EPA). The EPA was created on December 2, 1970 in order to implement the various requirements included in these Acts.

Clean Air Act Amendments of 1977 

Major amendments were added to the Clean Air Act in 1977 (1977 CAAA). The 1977 Amendments primarily concerned provisions for the Prevention of Significant Deterioration (PSD) of air quality in areas attaining the NAAQS. The 1977 CAAA also contained requirements pertaining to sources in non-attainment areas for NAAQS. A non-attainment area is a geographic area that does not meet one or more of the federal air quality standards. Both of these 1977 CAAA[s] established major permit review requirements to ensure attainment and maintenance of the NAAQS. 
Clean Air Act Amendments of 1990 


Another set of major amendments to the Clean Air Act occurred in 1990 (1990 CAAA). The 1990 CAAA substantially increased the authority and responsibility of the federal government. New regulatory programs were authorized for control of acid deposition (acid rain) and for the issuance of stationary source operating permits. The NESHAPs were incorporated into a greatly expanded program for controlling toxic air pollutants. The provisions for attainment and maintenance of NAAQS were substantially modified and expanded. Other revisions included provisions regarding stratospheric ozone protection, increased enforcement authority, and expanded research programs. 
(http://epa.gov/oar/caa/caa_history.html)

The U.S. EPA has also created an Air Quality Index in an attempt to communicate to the general public how safe or dangerous air pollutants are on any given day. The AQI has a set of special notes about ground level ozone. Ozone concentrations are given in parts per billion and they are then indexed on a scale of 0–300. See left hand column below for concentrations and index.
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(http://airnow.gov/index.cfm?action=aqibasics.aqi )


For an interactive map of the United States and the Air Quality Index for each state and cities in that state, see http://www.airnow.gov/.


Since the chemical reactions that produce smog are dependent on ultraviolet light from the sun, smog is produced during daylight hours. The graph below from the Environmental Protection Agency (http://www.epa.gov/apti/bces/module6/ozone/formation/formation.htm) shows the cyclic nature of smog formation. The EPA describes the graph:

Figure 1, Courtesy of the EPA, depicts concentrations and constituents of photochemical smog throughout the course of an average work day. In the morning, NO and VOC concentrations are high, as people fill their cars with gas and drive to work. By midmorning, VOC's begin to oxidize NO into NO2, thus reducing their respective concentrations. At midday, NO2 concentrations peak just before solar radiation becomes intense enough to photolyze the NO2 bond, releasing an oxygen atom that quickly gets converted into O3. By late afternoon, we see peak concentrations of photochemical smog. 
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So smog is a mixture of ozone, volatile organic compounds and nitrogen dioxide. Each is more dense than air so smog tends to remain near the surface of the Earth. NO2 gives smog its characteristic reddish-brown color (see photos below). The photo at left is a tube filled with nitrogen dioxide. Note its dark reddish-brown color. The photo at right is photochemical smog in the atmosphere. The reddish-brown color is apparent but less concentrated because there are gases in addition to NO2 in the smog.
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(Photo sources: Left, http://intro.chem.okstate.edu/1014/lecture/lec82699.html; 
Right, http://schoolworkhelper.net/photochemical-smog-history-summary/)
More on ozone


It is very important that you make clear to your students that although all ozone molecules are the same, the behavior of ozone molecules depends on where they are found in the atmosphere. Ozone is found in the stratosphere, that part of the atmosphere immediately above the troposphere nearest the Earth’s surface. The stratosphere extends from 18 to 50 km in altitude and the ozone in this layer absorbs ultraviolet radiation from the sun. In doing so it protects the Earth from excessive radiation. We tend to think about this as “good” ozone since it benefits living things on Earth.

However, ozone also exists near the surface of the Earth. The Teacher’s Guide from the April, 2008 ChemMatters article “Chemicals in the Air: Latest Results from NASA’s Aura Satellite” explains that:
. . . ozone also appears in the troposphere, down here where we live. This “ground-level” ozone accounts for about 10% of all the ozone in the entire atmosphere. Since the ozone in the stratosphere is useful to us as a UV shield, it is usually considered “good” ozone, while ground-level ozone is usually considered “bad” ozone because it can damage cells and cause the deterioration of certain materials; e.g., plastics.

Ozone in the stratosphere is produced primarily by natural processes.… While there are several natural sources of ground-level ozone, they account for only a tiny fraction of the 10% of all ozone that is ground-level ozone in the atmosphere. The bulk of the ground-level ozone comes from man-made processes; e.g., automobile emissions and industrial emissions. This ozone is not produced directly, but it is produced as UV light interacts with the hydrocarbons and nitrogen oxides produced by our industrialized society. Ozone production is pretty much a daily cycle, with much sunlight in late afternoon reacting with the pollutants spewed out all day long by cars and industries causing increasing concentrations throughout the afternoon and early evening, until sunlight wanes and the processes slow down. Ozone concentration diminishes overnight, and the cycle begins anew the next day.

The effects of ground-level ozone are numerous. Growth of crops and forests is adversely affected in two ways: 1) Plants close the stomata on their leaves when exposed to high concentrations of ozone, and this reduces photosynthesis and thus plant growth; 2) Ozone itself can get into plants through the stomata, and this will cause cellular damage within the plants. Ozone can also cause cellular damage in animals, especially in humans. It is also an irritant to those with respiratory ailments. Ozone also accelerates the decomposition of inanimate organic materials, like plastics and rubber, which decreases the life expectancy of products made of these materials.

One of the most important steps in dealing with air pollutants like those that cause smog is to measure the concentration of the gases over time to determine if control methods are successful. That article says that one way of measuring air pollutants is from space. The article briefly describes NASA’s Aura satellite which has four instruments, each monitoring different chemical pollutants. The instrument that measures tropospheric pollutants is the Tropospheric Emission Spectrometer (TES). It measures ozone concentration as well as oxides of nitrogen, both of which are involved in smog formation. It measures concentration indirectly by measuring infrared radiation from the earth’s surface and the troposphere. Every gas molecule in the atmosphere emits infrared radiation at a specific wavelength (or combination of wavelengths). TES reads the emitted radiation and so can identify gases in the troposphere and their altitude, based on the temperature corresponding to the IR radiation signal. 

 If you read about the Aura satellite you will see that other on-board instruments also measure stratospheric ozone, the ozone that protects the earth from excessive UV radiation from the sun, Distinguish that from the tropospheric ozone in this article. In addition, Aura measures stratospheric nitrogen dioxides, nitric acid, chloro-fluorocarbons, ozone, chlorine monoxide, aerosols and dust.


There are other ground-based or locally oriented methods of measuring tropospheric ozone. According to the U.S. National Oceanic and Atmospheric Administration (NOAA):

Local measurements - Local measurements of atmospheric ozone abundance are those that require air to be drawn directly into an instrument. Once inside an instrument’s detection chamber, ozone is measured by its absorption of ultraviolet (UV) light or by the electrical current or light produced in a chemical reaction involving ozone. . . . Local ozone-measuring instruments using optical or chemical detection schemes are also used routinely on research aircraft to measure the distribution of ozone in the troposphere and lower stratosphere.
(http://www.esrl.noaa.gov/csd/assessments/ozone/2010/twentyquestions/Q5.pdf) 
The overall regulation of air pollution, including chemicals that produce smog, are derived from the Clean Air Act of 1970 and its 1990 amendments (see above for more detail). The Clean Air Act (CAA) requires monitoring and controlling these six major pollutants: particulate matter, sulfur dioxide, carbon monoxide, nitrogen dioxide, ozone, and lead. The CAA sets air quality standards for these pollutants and enforces emission controls for each one.
Currently the major monitoring effort is called the Ambient Air Monitoring Program (AAMP). Via a network of air monitoring stations nationally, air quality samples are generally collected and analyzed for pollutants so that remedial measures can be taken when necessary and ensure the overall air quality throughout the country. The graph from the U.S. Environmental Protection Agency below shows the trend in ozone concentrations from 
2001–2010 as determined at 180 U.S. monitoring stations. The red line shows the actual average ozone concentrations measured at monitoring sites and the blue line represents EPA’s estimate of the expected ozone concentrations adjusted for weather conditions. 
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(http://www.epa.gov/airtrends/weather.html)
Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Chemical reactions—Although many of the reactions involved in atmospheric chemistry are not “standard” reactions found in chemistry textbooks, students should understand that atmospheric chemistry is complex and often involves multiple-step reactions.

2. Environmental chemistry—High school students tend to engage with environmental issues easily, so this article is a good way to pique student interest in chemistry.

3. Oxidation-reduction reactions—Key reactions in smog formation are redox reactions. If you have not studied redox when you use this article, you can de-emphasize this concept. On the other hand, these reactions are great examples for the redox chapter.

4. Light absorption—The formation of smog can only take place in the presence of sunlight. This is a good opportunity to point out to students how matter and energy interact in the environment, and you can compare the smog interaction with the UV-ozone interactions described in another article in this edition.

5. Free radicals—Students may have heard of the term “free radical” in ads and commercials and this is a good opportunity to explain what they are and why they are important.

6. Remote sensing—The article describes how satellites are able to detect and measure ozone and oxides of nitrogen involved in smog formation. This is one of many recent ChemMatters articles that deals with remote sensing of various chemicals.

Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “Smog is a single chemical substance.” The article refers to “pieces of the [smog] puzzle.” The “pieces” are individual chemical compounds like ozone, nitrogen dioxide and carbon monoxide and the result—the “puzzle” called smog—is a mixture of all of the gases involved. So smog is not one substance but a mixture of substances.
2. “‘Good’ ozone is different than ‘bad’ ozone.” Ozone always has the chemical composition of three oxygen atoms bound together, O3. So in one sense ozone is ozone. However, we know that ozone in the stratosphere absorbs UV radiation from the sun and so protects humans from its harmful effects. We refer to this as “good” ozone. On the other hand, ozone that occurs near the surface of the earth can damage the human respiratory system, and so we called this ozone “bad” ozone. But remember, ozone is ozone.
Anticipating Student Questions 
(answers to questions students might ask in class)
1. “How is the oxygen we breathe related to ozone?” Atmospheric or molecular oxygen is composed of two atoms of oxygen united by a chemical bond. Ozone is three oxygen atoms chemically combined. The two forms are called allotropes of oxygen. In the stratosphere shorter wavelength UV rays break some of the oxygen-oxygen bonds and the resulting oxygen atoms (free radicals) then combine with O2 molecules to form ozone. Nearer the earth as smog forms, UV rays of longer wavelengths break the oxygen-nitrogen bonds in NO2 and the oxygen atoms produced in this process then combine with O2 to form ground-level ozone, which contributes to smog. 
2. “Why does smog have a brownish color?” Nitrogen dioxide, NO2, is one of the main ingredients in smog. In its pure form, NO2 is a reddish-brown gas. Diluted in the atmosphere, it provides the reddish-yellow-brown color typical of smog.
3. “How can a satellite in space measure how much ozone exists near the surface of the earth?” The process is complicated, but NASA provides a basic explanation in its summary of the Tropospheric Emission Spectrometer (TES), which is one of the instruments on the Aura satellite mentioned in the article:

TES is a spectrometer that measures the infrared-light energy (radiance) emitted by Earth's surface and by gases and particles in Earth's atmosphere. Every substance warmer than absolute zero emits infrared radiation at certain signature wavelengths. Spectrometers measure this radiation as a means of identifying the substances.

TES has very high spectral resolution, which gives it the ability to pinpoint the wavelengths at which the substances are emitting. This enables precise identification of the substances, and also provides information about their location in the atmosphere. Emission wavelengths can vary with temperature and pressure, so seeing the emissions with great precision enables scientists to infer the temperature and pressure of the chemicals from which they came. This, in turn, implies that the chemicals being observed are at a certain altitude where those temperatures and pressures apply. The ability to determine the altitude of the observed chemicals enables TES to distinguish radiation from the upper and lower atmosphere, and focus on the lower layer—the troposphere.

Since it observes light in the infrared range of the electromagnetic spectrum, similar to night-vision goggles, TES can observe both day and night. Its spectral range overlaps that of HIRDLS, another of the instruments aboard the Aura satellite. So, in addition to its work in the troposphere, TES can supplement HIRDLS measurements of chemicals in the stratosphere that are common to both instruments, as well as help scientists measure additional constituents of the stratosphere.
(http://tes.jpl.nasa.gov/instrument/)
4. “I read about smog incidents in places like London, England, and Donora, Pennsylvania. They don’t have the kind of automobile traffic that Los Angeles has. Where did the smog come from in those locations?” There are two kinds of smog. The first is called photochemical smog (sometimes called oxidizing smog), the kind that is discussed in this article. It forms from reactions between oxides of nitrogen, volatile organic compounds and ozone. The second type of smog is called industrial smog, and it forms as a result of emissions from factories that burn sulfur-containing coal as a fuel. The main components of industrial smog are soot and sulfur dioxide. The London smog of 1962 and the Donora smog of 1948 were examples of industrial smog. 
In-class Activities 
(lesson ideas, including labs & demonstrations)
1. You can show students a video on temperature inversions. Here are two possible sources: http://www.youtube.com/watch?v=LPvn9qhVFbM or

http://www.sciencelearn.org.nz/Contexts/Enviro-imprints/Sci-Media/Video/Temperature-inversion.

2. There is a variety of real-world reports and information here, as well as simulations for students and a modeling simulation called Smog City that students can engage in. http://esa21.kennesaw.edu/activities/smog-city/smog-city.pdf. 
3. This activity from UCAR, the University Corporation for Atmospheric Research, illustrates how ozone near the Earth’s surface can deteriorate materials: http://www.ucar.edu/learn/1_7_2_28t.htm. 

4. Chemistry students can prepare Schoenbein paper using filter paper, potassium iodide, starch and water to measure local concentrations of ozone in this UCAR activity: http://www.ucar.edu/learn/1_7_2_29t.htm.

5. In this EPA activity students can monitor the Air Quality Index (AQI) in their area over a period of time: http://airnow.gov/. (This can also be done as an out-of-class activity.)

6. An activity from the Texas Natural Resources Conservation Commission involves students as characters in a play about air pollution, including ozone. (http://uncw.edu/smec/gk_fellows/Documents/TheAwfulEightLessonPlan.pdf)

7. Although this role-play activity focuses on industrial rather than photochemical smog, it engages students in the roles of scientists like chemists who investigate the causes of and remedies for smog. (http://www.vcapcd.org/AirTheFilm/pubs/AirPollutionTragedyLessonPlan.pdf)

Out-of-class Activities and Projects 
(student research, class projects)
1. Students can research the history and objectives of the Air Quality Index and report on their work.
2. In this EPA activity students can monitor the Air Quality Index (AQI) in their area over a period of time: http://airnow.gov/. Note the links to other research areas at bottom left of this page. (This can also be done as an in-class activity.)
3. Students can be assigned research on ways in which governments have regulated polluting gas emissions—catalytic converters in cars, etc.

4. Students can be assigned to monitor the air quality in Los Angeles, using the map located here: http://www3.aqmd.gov/webappl/gisaqi2/VEMap3D.aspx and record results in a data table. They can then graph trends in LA air quality over a period of time.

5. You can assign some students to read this extensive National Academies of Science original article by Arie Haagen-Smit, who is profiled in the ChemMatters article, and analyze it from any of several points of view—his personal work, obstacles to discovering the components of smog, difficulties in remediating smog, etc. (http://www.arb.ca.gov/research/hsawards/a_lesson_from_the_smog_capital_of_world.pdf)

6. It might be interesting for students, working in teams, to produce PowerPoint or video presentations about smog using images found at Google Images. (https://www.google.com/search?q=ground+level+ozone+pollution&hl=en&sa=N&rlz=1G1TSNB_ENUS387&tbm=isch&tbo=u&source=univ&ei=JGQ7UcmsPNS_0QGy94C4CA&ved=0CDAQsAQ4Cg&biw=1600&bih=799) Students can access information from the sites that house the images. You will need to remind students to “fact-check” all information accessed in this manner.
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Web Sites for Additional Information 
(Web-based information sources)
More sites on Los Angeles smog 

This southern California KCET television Web site houses photos from the 1940s era in Los Angeles as described in the article. (http://www.kcet.org/updaily/socal_focus/history/los-angeles-smoggy-past-photos-31321.html) 


A detailed history of the Los Angeles smog “attack” is described in this Web site: http://www.aqmd.gov/news1/Archives/History/marchcov.html, from the Orange County, CA Air Quality Management District.


The real-time air quality of the LA basin can be monitored at this site: http://www.aqmd.gov/smog/index.html.


This short article updates the LA smog picture: http://green.autoblog.com/2012/08/22/la-smog-has-less-of-a-chokehold-than-years-ago-noaa-study-says/. 
More sites on smog 

From the U.S. Environmental Protection Agency comes this description of the health effects of smog: http://www.epa.gov/airnow/health/smog.pdf. 


The Centers for Disease Control’s Agency for Toxic Substances and Disease Registry provides this description of the health effects of oxides of nitrogen: http://www.atsdr.cdc.gov/tfacts175.pdf. 


This University Corporation on Atmospheric Research (UCAR) site on climate has very informative sections on ozone and smog: http://www.ucar.edu/learn/1_2_1.htm.


Kennesaw State University has an excellent and complete Web site on smog. It has activities, simulations and background information. (http://esa21.kennesaw.edu/activities/smog-city/smog-city.pdf)


This site from the University of Nebraska-Lincoln describes the chemistry of photochemical smog and its effects in the Okanangan Valley in British Columbia, Canada, where the geology is similar to that of the Los Angeles Basin. (http://dwb4.unl.edu/Chem/CHEM869J/CHEM869JLinks/royal.okanagan.bc.ca/mpidwirn/atmosphereandclimate/smog.html) 


Windows to the Universe provides a section on its site about photochemical smog. (http://www.windows2universe.org/earth/Atmosphere/smog.html)
More sites on ozone

This booklet from the Environmental Protection Agency gives background on both “good” and “bad” ozone: http://www.epa.gov/oar/oaqps/gooduphigh/. 


The EPA provides a lot of information on ground level ozone here: http://www.epa.gov/glo/. 
Ozone: Our Global Sunscreen
Background Information 
(teacher information)

More on the Earth’s ozone layer and ultraviolet radiation

Ozone is an allotropic form of oxygen that contains three atoms, instead of the two found in the oxygen gas that we breathe. It was discovered in 1839 by a Swiss chemist, Christian Friedrich Schoenbein. In high concentrations ozone is a bluish green gas with very strong oxidizing properties. It condenses to a liquid at -112 oC. It has a density of 2.144 g/L and its solubility in water at 20 oC is about 14 parts per million. It is a toxic, irritating gas, often encountered in tropospheric air pollution, where it can have serious health effects. (See “In the Fog about Smog” in the current edition of ChemMatters.) Dry air consists of 78% nitrogen and 21% oxygen, and there are normally trace amounts of other gases, principally argon, water and carbon dioxide, and ozone present. The concentration of ozone is usually only a few parts per million and even in the ozone “layer” it is only one part in 100,000. In addition to its ability to absorb UV radiation, ozone is also a greenhouse gas.

Ozone’s formula is O3 and its molecular mass is 48 g/mol. The molecule is angular, polar and diamagnetic, which means that all of ozone’s electrons are paired. It can be formed by the photolysis of molecular oxygen into two atoms of oxygen, which then each combine with molecular oxygen to form ozone. It is not nearly as stable as molecular oxygen, having a half-life of about three months at temperatures found in the stratosphere (about -50 oC). It can also be formed by passing a strong electric charge through oxygen. This process is easily detected after a strong lightning storm because the odor of ozone is easily noticeable then. The term “ozone” is derived from the Greek “ozein” which means “to smell.”
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A quick review of the strata of the Earth’s atmosphere is in order because ozone can be found both in the Earth’s troposphere and the stratosphere. The ozone discussed in this article occurs in the Earth’s stratosphere. The stratosphere is the layer of the atmosphere just above the troposphere (see diagram at right). The troposphere is the layer of gases extending from the surface of the Earth to 9 km (about 30,000 feet) in altitude at the poles and 17 km (56,000 feet) at the equator. Most of the mass of the atmosphere is in the troposphere, which is the warmest air. 

Remember that, in general, the temperature of air in the troposphere decreases as altitude increases, because most atmospheric heating is the result of energy absorbed and then re-radiated from the Earth’s surface. An interactive site that shows the heights of the various layers of the atmosphere and how temperature changes with altitude can be found here: http://outreach.physics.utah.edu/Labs/OurAtmosphere/ozone/atm_layers_solo.swf.
The stratosphere, where most ozone exists, extends from the troposphere to about 50 km (160,000 feet, or 31 miles). In the stratosphere, temperature increases with altitude due to ultraviolet radiation from the sun being absorbed by ozone. Above the stratosphere are the mesosphere, ionosphere, thermosphere, and exosphere. The diagram above does not show all layers of the atmosphere. However, for the sake of any discussion of ozone, only the troposphere and stratosphere are important. For an excellent summary of the Earth’s atmosphere from the Goddard Earth Sciences Data and Information Services Center, see http://disc.sci.gsfc.nasa.gov/ozone/additional/science-focus/about-ozone/atmospheric_structure.shtml. 


According to NASA, a concentration of ozone sufficient to protect living things from excessive UV radiation has likely existed in the stratosphere for between 600 million and one billion years. When algae first began to engage in photosynthesis, the oxygen that resulted began to accumulate in the Earth’s atmosphere. Some of it recombined with carbon to form CO2 but most remained as molecular oxygen. Eventually the O2 concentration reached levels sufficient to sustain aerobic life. With the Earth blanketed by an atmosphere that included oxygen, conditions were right for the formation of ozone. High in the atmosphere ultraviolet energy from the sun began to convert some of the molecular oxygen to ozone, which then protected the Earth from the dangerous UV rays. Up to this point life existed only in the oceans, but the formation of the protective ozone layer made life on land possible. 
Current ozone concentrations in the stratosphere are relatively small, usually no more than 10 parts per million. Ozone is measured in Dobson Units. One Dobson Unit (DU) corresponds to 2.69 x 1016 molecules per square centimeter, which is equivalent to the amount of gas in one square centimeter at 1 atmosphere of pressure. Average ozone levels are 300 DU, which would be equivalent to a layer three millimeters thick if compressed to the planet's surface. Levels may range from less than 100 DU to over 500 DU globally. 
As the article states, measuring ozone concentration in the stratosphere has been (and is) done by means of instruments aboard satellites. Beginning in 1978 with the Total Ozone Mapping Spectrometer (TOMS), continuing with second and third generation TOMS in 1991 and 1996, then followed by the Ozone Monitoring Instrument (OMI) aboard the Aura satellite and now the new Ozone Mapping & Profiler Suite (OMPS), NASA has provided ways to measure stratospheric ozone.

Ultraviolet radiation is a small part of the electro-magnetic spectrum. The diagram below shows ultraviolet (UV) radiation next to the visible band of light (to the left of visible light in this diagram).The chart indicates that UV radiation has shorter wavelengths than radiation in the visible range, and so it has greater energy. Planck’s equation, E = h, which considers light in its particle form tells us that the energy (E) of a particular photon of light is proportional to the frequency () of the radiation. So UV radiation has a higher frequency than visible light. UV radiation, therefore, has greater energy than visible light, sufficient energy to break chemical bonds in biomolecules like DNA. UV radiation, then, can cause both somatic damage (readily diagnosable) and genetic damage (done to DNA). So UV can cause long-range permanent damage—typically in the form of cancer.
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The sun radiates energy ranging from longer wavelength infrared energy to visible light to shorter wavelength ultraviolet, 
X-rays and gamma rays. However, radiation reaching the Earth’s atmosphere is about 50% infrared light, 40% visible light and 10% ultraviolet light. Virtually none of the X-rays or gamma rays emitted by the sun makes it to the Earth. As noted above and in the article, it is the UV radiation—shortest wavelength and most energetic—that presents a danger to living organisms on the Earth.

The danger is greatest to human skin and eyes. NASA’s Earth Observatory provides a concise explanation of UV’s effect on living things:
UV radiation from the sun has always played important roles in our environment, and affects nearly all living organisms. Biological actions of many kinds have evolved to deal with it. Yet UV radiation at different wavelengths differs in its effects, and we have to live with the harmful effects as well as the helpful ones. Radiation at the longer UV wavelengths of 320-400 nm, called UV-A, plays a helpful and essential role in formation of Vitamin D by the skin, and plays a harmful role in that it causes sunburn on human skin and cataracts in our eyes. The incoming radiation at shorter wavelengths, 290-320 nm, falls within the UV-B part of the electromagnetic spectrum. (UV-B includes light with wavelengths down to 280 nm, but little to no radiation below 290 nm reaches the Earth’s surface). [Note: The UV radiation “below 290 nm” in this NASA summary is considered UV-C radiation—see diagram below-- and virtually all of it is absorbed by stratospheric ozone.] UV-B causes damage at the molecular level to the fundamental building block of life— deoxyribonucleic acid (DNA).
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Electromagnetic radiation exists in a range of wavelengths, which are delineated into major divisions for our convenience. Ultraviolet B radiation, harmful to living organisms, represents a small portion of the spectrum, from 290 to 320 nanometer wavelengths. (Illustration by Robert Simmon)
DNA readily absorbs UV-B radiation, which commonly changes the shape of the molecule in one of several ways. The illustration below illustrates one such change in shape due to exposure to UV-B radiation. Changes in the DNA molecule often mean that protein-building enzymes cannot “read” the DNA code at that point on the molecule. As a result, distorted proteins can be made, or cells can die.
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Ultraviolet (UV) photons harm the DNA molecules of living organisms in different ways. In one common damage event, adjacent bases bond with each other, instead of across the “ladder.” This makes a bulge, and the distorted DNA molecule does not function properly. (Illustration by David Herring)
But living cells are “smart.” Over millions of years of evolving in the presence of UV-B radiation, cells have developed the ability to repair DNA. A special enzyme arrives at the damage site, removes the damaged section of DNA, and replaces it with the proper components (based on information elsewhere on the DNA molecule). This makes DNA somewhat resilient to damage by UV-B.
(http://earthobservatory.nasa.gov/Features/UVB/)

The World Health Organization (WHO) adds a little more detail to NASA’s description of the biological effects of UV radiation: 
UV is one of the non-ionizing radiations in the electromagnetic spectrum and lies within the range of wavelengths 100 nm (which corresponds to a photon energy of approximately 12 eV) to 400 nm. The short wavelength limit of the UV region is often taken as the boundary between the ionizing radiation spectrum (wavelengths < 100 nm) and the non-ionizing radiation spectrum. UV can be classified into UVA (315 - 400 nm), UVB (280 - 315 nm) and UVC (100 - 280 nm) regions, although other conventions for UVA, UVB and UVC wavelengths bands are in use . . . 

. . . To produce any change, UV must be absorbed by the biomolecule. This involves absorption of a single photon by the molecule and the production of an excited state in which one electron of the absorbing molecule is raised to a higher energy level. The primary products caused by UV exposure are generally reactive species or free radicals which form extremely quickly but which can produce effects that can last for hours, days or even years. DNA is the most critical target for damage by UVB and UVC radiations. While a considerable amount of knowledge is available concerning the interaction of UV with nucleic acids, controversy exists as to which lesion constitutes the most important type of pre-mutagenic damage.

Cell death, chromosome changes, mutation and morphological transformations are observed after UV exposure of procaryotic and eucaryotic cells. Many different genes and several viruses (including HIV) are activated by UV exposure. The genes activated by UVB and UVC are different from those activated by UVA. Studies of DNA repair defective disorders have clearly established a link between UV induced DNA damage in skin and various types of cancer.
(http://www.inchem.org/documents/ehc/ehc/ehc160.htm#SectionNumber:1.1) 

And WHO also adds dimension to the numbers at risk: 

Prolonged human exposure to solar UV radiation may result in acute and chronic health effects on the skin, eye and immune system. Sunburn (erythema) is the best-known acute effect of excessive UV radiation exposure. Over the longer term, UV radiation induces degenerative changes in cells of the skin, fibrous tissue and blood vessels leading to premature skin aging, photodermatoses and actinic keratoses. Another long-term effect is an inflammatory reaction of the eye. In the most serious cases, skin cancer and cataracts can occur.
Between 2 and 3 million non-melanoma skin cancers, e.g. basal cell carcinomas and squamous cell carcinomas, are diagnosed each year, but are rarely fatal and can be surgically removed. Approximately 130,000 malignant melanomas occur globally each year, substantially contributing to mortality rates in fair-skinned populations. An estimated 66,000 deaths occur annually from melanoma and other skin cancers.
Worldwide some 12 to 15 million people become blind from cataracts annually, of which up to 20% may be caused or enhanced by sun exposure according to WHO estimates. Furthermore, a growing body of evidence suggests that environmental levels of UV radiation may suppress cell-mediated immunity and thereby enhance the risk of infectious diseases and limit the efficacy of vaccinations. Both of these act against the health of poor and vulnerable groups, especially children of the developing world. Many developing countries are located close to the equator and hence, people are exposed to the very high levels of UV radiation that occur in these regions.
It is a popular misconception that only fair-skinned people need to be concerned about overexposure to the sun. Darker skin has more protective melanin pigment, and the incidence of skin cancer is lower in dark-skinned people. Nevertheless, skin cancers do occur with this group and unfortunately they are often detected at a later, more dangerous stage. The risk of UV radiation-related health effects on the eye and immune system is independent of skin type.

(http://www.who.int/uv/health/en/) 


As the article notes, increasing human activity is causing more and more chemicals to be emitted into the atmosphere, and these chemicals—like CFCs—can alter the atmosphere and in doing so expose humans to greater risks. The article describes how ozone protects humans from excessive UV radiation and how increasing use of chlorofluorocarbons as refrigerants alters the amount of ozone in the stratosphere. How does that happen?

More on CFCs 

CFCs were developed originally as substitutes for toxic gases that previously had been used as refrigerants. In the 1800s and early 1900s ammonia, methyl chloride and sulfur dioxide had been used, and after a series of accidents involving leaking refrigerants, companies like Frigidaire, General Motors, and Du Pont searched for less toxic gases. Thomas Midgley synthesized the first CFCs in 1928, and in 1930 DuPont perfected Freon and produced it in large quantities. By 1936, manufacturers had sold more than 8 million refrigerators that used Freon-12. After World War II, CFCs were used as propellants for bug sprays, paints, hair conditioners, and other health care products. During the late 1950s and early 1960s, CFCs made possible an inexpensive solution for air conditioning in automobiles, homes, and office buildings. In this time period the growth in CFC usage hit its peak with annual sales of about $1 billion and more than one million metric tons of CFCs produced.

Chlorofluorocarbons (CFCs) are nontoxic, nonflammable chemicals containing atoms of carbon, chlorine, and fluorine and are derived from alkane hydrocarbons. CFCs are classified as halocarbons, a class of compounds that contain atoms of carbon and halogen atoms. Recall that the bonds around a carbon atom form a tetrahedral shape. Likewise, the shape of bonds around the carbon in CFCs is also tetrahedral, modified to some extent by the presence of chlorine and fluorine atoms. The properties of CFCs are, therefore, also derived from the parent alkanes. CFC densities are higher than the parent alkanes and their boiling points are also higher. Both properties are the result of the presence of chlorine atoms which tend to increase the polarity of the molecule and add significantly to the molar mass. Since their boiling points are higher we also know that CFCs are less volatile that the corresponding alkanes. Because of their polarity the CFCs are useful solvents. CFCs are far less flammable than methane, in part because they contain fewer C-H bonds. They are used in aerosol sprays, blowing agents for foams and packing materials, as solvents, and as refrigerants. 
It is interesting to note that CFCs are safe to use in most applications and are inert in the troposphere, but they undergo significant reactions in the upper stratosphere. So we might say that CFCs are “good” in the troposphere but “bad” when they migrate to the stratosphere. The reverse is true of ozone. Ozone has harmful effects in the troposphere but beneficial effects in the stratosphere. See the article “In the Fog about Smog: Solving the Smog Puzzle on Earth and from Space” in the current edition of ChemMatters for more on ground-level ozone. 
In 1974, University of California chemists Professor F. Sherwood Rowland and Dr. Mario Molina, along with Paul Crutzen of the Max-Planck-Institute for Chemistry in Germany, showed that the CFCs could be a major source of inorganic chlorine in the stratosphere following their decomposition by UV radiation. The trio was awarded the 1995 Nobel Prize in Chemistry for their work. Then in 1986, a team from the National Oceanic and Atmospheric Administration, led by Susan Solomon, studied the Antarctic ozone hole as it was forming and confirmed that CFCs were the cause of ozone depletion. As a result, in 1987, 27 nations signed the Montreal Protocol to Reduce Substances that Deplete the Ozone Layer. This treaty called for the reduction of 1986 CFC production levels by fifty per cent by 2000. An amendment approved in London in 1990 called for the elimination of CFC production by the year 2000. The 1992 Copenhagen Amendment further limited production, which ended in 1996, with a few exceptions. 

Chemists quickly set out to find replacement compounds for CFCs. One group of compounds is the hydrochlorofluorocarbons (HCFCs). They are less stable in the troposphere than CFCs so they tend to break down before they reach the stratosphere. These compounds do deplete the ozone layer but not as much as CFCs. Another alternative solution is hydrofluorocarbons, which have been produced since the 1980s and which do not deplete ozone. However, HFCs are thought to be greenhouse gases that contribute to climate change.

More on the ozone layer and CFCs


Ozone is both formed and destroyed by ultraviolet radiation from the sun. As noted above, the sun emits radiation in the infrared, visible and ultraviolet regions of the electromagnetic spectrum. When energetic UV radiation—wavelengths of less than 240 nm—strikes a molecular oxygen molecule, O2, it splits into two single oxygen atoms. 

(1) O2   +  UV light   ➙   2 O
These two free oxygen atoms then combine with oxygen molecules to form ozone, O3.

(2)
O  +  O2   ➙   O3 
At the same time, when an ozone molecule in the stratosphere is exposed to less energetic, longer wavelength UV and visible radiation it breaks up into molecular oxygen and a free oxygen atom. This is possible because the bonds in O3 are weaker than bonds in O2.

(3)
O3   ➙   O  +  O2 

It is this step in the process that serves to protect the Earth from harmful UV radiation. The free oxygen atom may combine with another free oxygen atom or it may recombine with O2 to reform ozone. 

It is currently believed that naturally-occurring free radicals in the atmosphere actually catalyze the natural ozone destruction phase. Free radicals such as nitrogen, hydrogen, bromine and chlorine are available in the atmosphere when they are released from soil sources, water vapor and the oceans. It is important to note that these reactions occur naturally. These processes—called Chapman reactions, first proposed by Sydney Chapman in 1930—occur constantly in the stratosphere with ozone being formed and destroyed. A natural equilibrium is set up between ozone formation and ozone destruction, resulting in a relatively constant concentration of ozone in the upper stratosphere. 


But if chemical substances not normally found in the atmosphere were injected into the stratosphere from the troposphere, say, as a result of human activity, what would happen to the equilibrium? This would be of real concern if the new substances were able to release free radicals that could then catalyze the ozone destructive reactions. This is what happened with the advent of wide-spread use of chlorofluorocarbons (CFCs), and this is the premise of the computer simulation described in the article.

With the advent and use of Freon and other CFCs in the late 1920s, increasing amounts of these gases were released into the atmosphere. Until the 1970s scientists were not aware that solar UV radiation could break down CFCs to produce chlorine free radicals that would act in a manner similar to the naturally-occurring free radicals described above to break down stratospheric ozone. The reactions proceed like this: CFC interacts with UV radiation to produce a chlorine free radical, Cl. The chlorine radical reacts with ozone to produce chlorine oxide, a very reactive compound.

Cl  +  O3   ➙   ClO  +  O2
The ClO then may react with an oxygen free radical (the product of natural ozone breakdown).


ClO  +  O   ➙   Cl  +  O2
This second reaction produces another chlorine free radical, which can continue the cycle again and again, destroying more ozone. This is the long-term danger of CFCs in the atmosphere—the chemical reactions like the two above will continue for extended periods of time, destroying ozone all the while. So any measures taken to restrict the use of CFCs will require time to take effect.

The article mentions briefly that the ozone loss increases over Antarctica every spring. This is due to another set of chemical reactions between chlorine and ozone during the winter months in the southern hemisphere when the nights are long. It turns out that polar clouds form in the stratosphere and create very cold air masses over the pole. These clouds are made of nitric acid dissolved in water and the ozone-destroying reactions take place on the surface of these cloud droplets. In the winter darkness chlorine molecules, Cl2, accumulate, and in the ensuing spring the UV radiation in the returning sunlight split the Cl2 molecules into Cl free radicals, which react with ozone molecules in a reaction like the one above to decompose ozone:

Cl  +  O3   ➙   ClO  +  O2
This helps to explain why scientists noted greater ozone loss over Antarctica every spring. And, taken together, these reactions tell us that once in the stratosphere the effects of CFCs will last for many years into the future, even if there use is completely curtailed.


For an interesting discussion about ozone and the stratosphere, go to http://earthobservatory.nasa.gov/Library/Ozone/ozone_2.html.

In discussions of ozone, the term Dobson Unit (DU) is often encountered. It is a measure of the ozone layer thickness, and is named after G. M. B. Dobson, who was an early investigator of atmospheric ozone. One Dobson Unit is defined to be 0.01 mm (0.001 cm) thickness at STP. Thus the ozone layer thickness can be expressed in terms of Dobson Units. For example, an ozone layer thickness of 300 Dobson units would mean that if the ozone over a particular section of the earth were compressed to STP, it would have a thickness of 3 mm. A good illustration of this can be found at http://www.atm.ch.cam.ac.uk/tour/dobson.html. For comparison, prior to the springtime period in Antarctica, when ozone depletion occurs, a typical ozone reading might be around 274 Dobson Units. The minimum reading when depletion is at its maximum might range from 88–98 DU. 

More on computer modeling and simulations 

The ozone simulation described in the article is called the Goddard Earth Observing System Chemistry-Climate Model. According to NASA it is a computer-based “earth system model of atmospheric circulation that accounts for variations in solar energy, atmospheric chemical reactions, temperature changes and winds, and interactions between the stratosphere, where ozone is found, and the troposphere, the layer of atmosphere closest to Earth.” (http://earthobservatory.nasa.gov/Features/WorldWithoutOzone/page2.php) Using complex computer models like the one described in the article has become a standard practice in many areas of science, including chemistry.
The general mission of NASA’s Atmospheric Chemistry and Dynamics modeling is to understand the behavior of stratospheric ozone and trace gases that influence ozone. Ozone and trace gases such as methane, nitrous oxide, and the chlorofluorocarbons influence the habitability of the Earth, even though together they comprise less than one percent of the Earth's atmosphere. Ozone itself absorbs nearly all the biologically damaging solar ultraviolet radiation before it reaches the Earth's surface. The Clean Air Act of 1977 assigns the responsibility for studying the ozone layer to NASA. Atmospheric Chemistry and Dynamics is the center for ozone and related atmospheric research at the Goddard Space Flight Center.

The Goddard chemistry climate model is based on the NASA General Modeling Assimilation Office general circulation model integrated with various chemical packages. In addition to the “World Avoided” model, at least nineteen other simulations have been run using NASA’s chemistry climate modeling. See http://acd-ext.gsfc.nasa.gov/Projects/GEOSCCM/ for details. In the case of the simulation described in the article, the purpose was to predict future behavior of the atmosphere under a given set of circumstances—continued use of CFCs.

The abstract of the “World Avoided” simulation on the site noted above, as the authors reported it in Atmospheric Chemistry and Physics., 9, 2113–2128, 2009, says:
Abstract
Ozone depletion by chlorofluorocarbons (CFCs) was first proposed by Molina and Rowland in their 1974 Nature paper. Since that time, the scientific connection between ozone losses and CFCs and other ozone depleting substances (ODSs) has been firmly established with laboratory measurements, atmospheric observations, and modeling studies. This science research led to the implementation of international agreements that largely stopped the production of ODSs. In this study we use a fully-coupled radiation-chemical-dynamical model to simulate a future world where ODSs were never regulated and ODS production grew at an annual rate of 3%. In this "world avoided" simulation, 17% of the globally-averaged column ozone is destroyed by 2020, and 67% is destroyed by 2065 in comparison to 1980. 
Large ozone depletions in the polar region become year-round rather than just seasonal as is currently observed in the Antarctic ozone hole. Very large temperature decreases are observed in response to circulation changes and decreased shortwave radiation absorption by ozone. Ozone levels in the tropical lower stratosphere remain constant until about 2053 and then collapse to near zero by 2058 as a result of heterogeneous chemical processes (as currently observed in the Antarctic ozone hole). The tropical cooling that triggers the ozone collapse is caused by an increase of the tropical upwelling. In response to ozone changes, ultraviolet radiation increases, more than doubling the erythemal radiation in the northern summer midlatitudes by 2060.
Citation: 
Newman, P. A., Oman, L. D., Douglass, A. R., Fleming, E. L., Frith, S. M., Hurwitz, M. M., Kawa, S. R., Jackman, C. H., Krotkov, N. A., Nash, E. R., Nielsen, J. E., Pawson, S., Stolarski, R. S., and Velders, G. J. M.: What would have happened to the ozone layer if chlorofluorocarbons (CFCs) had not been regulated?, Atmos. Chem. Phys., 9, 2113-2128, 2009.
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Figure 1. Annual average concentrations of global ozone are shown for the "World Avoided" (solid black), a modeled future with ozone regulation (red), atmospheric chlorine at a fixed amount (green), and a simulation of past observations (blue). The inset shows how ozone concentrations decrease as the amount of chlorine in the atmosphere -- effective equivalent stratospheric chlorine (EESC) -- grows over time.

To see a video of one of the “World Avoided” authors talking about the simulation, go to https://www.youtube.com/watch?v=wfnVz_0Pa3c. 
Another example of large-scale modeling is at the National Oceanic and Atmospheric Administration office of Oceanic and Atmospheric Research (OAR). According to their Web site:

Computer models of the coupled atmosphere-land surface-ocean-sea ice system are essential scientific tools for understanding and predicting natural and human-caused changes in Earth's climate. 

Climate models are systems of differential equations derived from the basic laws of physics, fluid motion, and chemistry formulated to be solved on supercomputers. For the solution the planet is covered by a 3-dimensional grid [see diagram below] to which the basic equations are applied and evaluated. At each grid point, e.g. for the atmosphere, the motion of the air (winds), heat transfer (thermodynamics), radiation (solar and terrestrial), moisture content (relative humidity) and surface hydrology (precipitation, evaporation, snow melt and runoff) are calculated as well as the interactions of these processes among neighboring points. The computations are stepped forward in time from seasons to centuries depending on the study.
State-of-the-art climate models now include interactive representations of the ocean, the atmosphere, the land, hydrologic and cryospheric processes, terrestrial and oceanic carbon cycles, and atmospheric chemistry.
The accuracy of climate models is limited by grid resolution and our ability to describe the complicated atmospheric, oceanic, and chemical processes mathematically. Much of the research in OAR is directed at improving the representation of these processes. Despite some imperfections, models simulate remarkably well current climate and its variability. More capable supercomputers enable significant model improvements by allowing for more accurate representation of currently unresolved physics.
[image: image36.jpg]<«—————————————— Increasing energy

HIIAVAVAVAVAVA VA VAN

Increasing wavelength —————y

0.0001 nm 0.01 nm 100m  1000am 0.0lem  lem Im 100m
! ! I h I I
Gamma rays Xays Ulia- || Infrared Radio waves
violet
Rodar TV FM AM

400 nm 500 nm 600 nm 700 nm




http://www.research.noaa.gov/climate/t_modeling.html
Still a third example is the Integrated Global System Model: Climate Component at the Massachusetts Institute of Technology. It models atmospheric chemistry for many compounds. The Web site explains:

The MIT climate model, with its 2D atmosphere/3D ocean, is capable of reproducing many characteristics of the current longitudinally-averaged climate, and its behavior and predictions are similar to those of more complex, fully 3D GCMs. Most significantly, it is twenty times faster than 3D models with similar latitudinal and vertical resolutions. Utilizing the simplified (2D atmosphere/3D ocean) climate model structure has allowed the Program to perform multiple model runs which provides a facile investigation of feedbacks between model components. The simplified climate component enables extensive testing of these phenomena, which would not be practical in a calculation incorporating a 3D chemistry/climate model. A 100-year integration of the latest version of the climate model requires 10 hours on a single 500 MHz CPU.
Atmospheric Chemistry Component  To calculate atmospheric composition, the model of atmospheric chemistry includes analysis of the climate-relevant reactive gases and aerosols at urban scales, coupled to a model of the processing of exported pollutants from urban areas (plus the emissions from non-urban areas) at the regional to global scale. For calculation of the atmospheric composition in non-urban areas, the climate model is linked to a detailed 2D zonal mean model of atmospheric chemistry. The model's grid is variable, but in standard version it contains 46 points in latitude, corresponding to a resolution of 4°, and 11 layers in the vertical. 

Urban airshed conditions are resolved at low, medium and high levels of pollution. The reduced-form urban air chemistry model provides detailed information about particulates and their precursors. The structure takes account of pollutant properties important to human health, and of the effects of local topography and possible urban development scenarios on the level of containment and thus intensity of air pollution events. This is an important consideration since air pollutant levels are highly dependent on projected emissions per unit area, not just total urban emissions. 

The 2D zonal mean model that is used to calculate atmospheric composition is a finite difference model in latitude-pressure coordinates, and the continuity equations for trace constituents are solved in mass conservative or flux form (Wang et al., 1998). The local trace species tendency is thus a function of convergence due to 2D advection, parameterized north-south eddy transport, convective transports, local true production or loss due to surface emission or deposition, and atmospheric chemical reactions. The model includes 33 chemical species (among them CO2, CH4, N2O, O3, CO, H2O, NOx, HOx, SO2, sulfate aerosol, CFCs, HFCs, PFCs, SF6, black carbon as well as organic carbon aerosols). 

The chemical reactions are processed in two separate modules: one for the 2D model grids and one for sub-grid urban fast chemistry. There are 41 gas-phase and 12 heterogeneous reactions in the background chemistry module applied to the 2D model grid. The sub-grid fast urban chemistry module is a reduced format model derived by fitting multiple runs of the detailed 3D California Institute of Technology (CIT) Urban Airshed Model (Mayer et al., 2000). The continuity equations for CFCl3, CF2Cl2, N2O, O3, CO, CO2, NO, NO2, N2O5, HNO3, CH4, CH2O, SO2, H2SO4, HFC, PFC, SF6, black carbon aerosol, and organic carbon aerosol include convergences due to transport whereas the remaining very reactive atoms, free radicals, or molecules are assumed to be unaffected by transport because of their very short lifetimes. Scavenging of carbonaceous and sulfate aerosol species by precipitation are also included using method derived based on a 3D climate-aerosol-chemistry model (Wang, 2004). Water vapor and air (N2 and O2) mass densities are computed using full continuity equations as a part of the climate model to which the chemical model is coupled. The climate model also provides wind speeds, temperature, solar radiation flux and precipitation which are used in the chemistry formulations.

(http://web.mit.edu/globalchange/www/climate.html)

These kinds of computer simulations are used in many areas of science including the analysis of air pollutant dispersion, weather forecasting, robot simulations and traffic engineering.
Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Chemical elements and their compounds—The article focuses on both elements and compounds present in the atmosphere that affect ozone concentration.

2. Electromagnetic spectrum—Students will understand the article in greater depth if they understand types of radiation on the EM spectrum.

3. Interaction of matter and energy—Central to this article is the interaction of ultraviolet radiation with ozone.

4. Chemical reactivity—The reactivity of ozone, oxygen, CFCs and other species are important for students to understand as they read this article.

5. Free radicals—Free radicals are key ingredients in processes that deplete stratospheric ozone.

6. Atmospheric chemistry—Students will be interested in trying to understand the importance of the chemistry of the Earth’s atmosphere, especially with climate change being in the news. 
7. Chemical reactions—The way in which ozone absorbs UV radiation and the way in which CFCs destroy ozone is each a series of chemical reactions. It is important for students to understand that chemical reactions like these play a key role in the behavior of the atmosphere.

8. Kinetics—The rates of ozone-related reactions, especially those that take place over the Antarctic, are important considerations in understanding the appearance and disappearance of the ozone hole.

9. Chemical Analysis—The article discusses several ways in which chemists detect and monitor ozone and other species in the atmosphere.

Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “Is there really a ‘hole’ in the ozone layer?” No, the term “hole’ should not be taken literally. What happens is that the concentration of ozone over Antarctica decreases significantly in the spring of each year (spring in the southern hemisphere) leaving less ozone molecules available to absorb the sun’s UV rays.
2. “Are there really two different kinds of ozone?” Ozone always has the chemical composition of three oxygen atoms bound together, O3. So in one sense ozone is ozone. However, we know that ozone in the stratosphere absorbs UV radiation from the sun and so protects humans from its harmful effects. We refer to this as “good” ozone. On the other hand, ozone that occurs near the surface of the earth can damage the human respiratory system, and so we called this ozone “bad” ozone. But remember, ozone is ozone. Its composition is always the same, but the role it plays in the atmosphere depends on whether it is located in the troposphere or stratosphere.
3. “All the news about problems in the atmosphere is confusing. Is ozone destruction the same as climate change?” You should think of the two issues separately. Loss of stratospheric ozone is related to the use of CFCs on Earth. The CFCs leak into the atmosphere, diffuse into the stratosphere and cause ozone destruction. Climate change, on the other hand, is the likely result of increasing atmospheric concentrations of greenhouse gases like carbon dioxide and methane. One link that connects the two issues is that CFCs are considered greenhouse gases, and, therefore contribute to both climate change and ozone loss.
Anticipating Student Questions 
(answers to questions students might ask in class)
1. “Why does the ozone hole form over Antarctica?” In the Antarctic winter clouds made of water droplets with dissolved gases form over the pole. These droplets serve as reaction sites where chlorine atoms break away from CFC molecules. And when the weather warms in polar spring, the reactions that destroy ozone take place rapidly. It is then that we detect the “hole” in the ozone layer. The clouds that are required for this process only occur at very low temperatures—temperatures not often occurring above other parts of the earth. So the ozone “hole” forms over Antarctica regularly and only occasionally elsewhere. 
2. “Is the size of the ozone hole decreasing as a result of the Montreal Protocol?” Evidence is inconclusive to date. The measured rate of ozone loss is decreasing at a rate of about 1% per year, a positive trend. But scientists believe that the fact that CFCs persist in the stratosphere for decades means that while the positive trend will continue, it will be 50–100 years before significant effects are detected. See the images and graph below.
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The sudden sharp decrease in 2002 is likely not a result of any improvement in the ozone-CFC relationship but a result of weather conditions at the pole in 2002. The graph below shows the real trend with a small decrease in size in the early 2000s.
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3. “If CFCs are so bad for the atmosphere, why did people even start to use them?” When CFCs first came into use as refrigerants, their effect on the ozone layer was not known. They looked like useful compounds because they were very stable and were good heat absorbers. Not until many years after their initial use were CFCs liked to ozone destruction.
In-class Activities 
(lesson ideas, including labs & demonstrations)
1. The University Corporation for Atmospheric Research (UCAR) (http://www.ucar.edu/learn/index.htm) has several lessons on ozone. They are designed for middle grades students, but are adaptable for older students. This one is a basic Web lesson on ozone background information. (http://www.ucar.edu/learn/1_5_2_21t.htm)

2. Here is another UCAR lesson, this one about the frequency and wave length of UV radiation: http://www.ucar.edu/learn/1_5_2_22t.htm.
3. This lesson from UCAR shows students how to detect UV radiation using tonic water: http://www.ucar.edu/learn/1_5_2_23t.htm. 

4. This UCAR lab activity includes a serial dilution to illustrate how the concentration of trace gases like ozone are measured in parts per million (billion, etc.): http://www.ucar.edu/learn/1_5_2_24t.htm. 

5. This lab demonstration from UCAR is designed to show the natural balance between ozone creation and destruction in the stratosphere in the absence or presence of CFCs. (http://www.ucar.edu/learn/1_6_2_25t.htm) 

6. Students role play the chemistry of oxygen and ozone in the stratosphere in this UCAR site: http://www.ucar.edu/learn/1_6_2_26t.htm. 

7. Screening out dangerous UV radiation is shown in this UCAR activity that uses UV-sensitive Frisbees as the UV detectors. (http://www.ucar.edu/learn/1_6_2_27t.htm) 

8. NASA’s Goddard Space Flight Center has an Ozone Hole Watch Web site that lists 12 ozone-related activities. This activity casts students in the roles of monitors of the Montreal Protocol and asks them to evaluate its effectiveness: http://www.cotf.edu/ete/modules/ozone/ozsituation.html. 

9. NASA developed a lesson plan for measuring ozone levels in various locations using real-time data sets at http://mynasadata.larc.nasa.gov/lesson-plans/lesson-plans-hs-educators/?page_id=474?&passid=77. Complete instructions and other ozone resources can be found on this page.

10. Stanford Solar Center has a procedure to monitor UV radiation using light-sensitive beads. (http://solar-center.stanford.edu/activities/uv.html)

Out-of-class Activities and Projects 
(student research, class projects)
1. Students can access this interactive Web page that shows the effects of UV radiation on the skin: http://assets.chemheritage.org/EducationalServices/pharm/chemo/activity/uvanim.htm; and then they can take the brief quiz on the page.
2. Students can do research on the development of our knowledge of ozone depletion and report on it in written or oral form. This Web site is a good place to start: http://assets.chemheritage.org/EducationalServices/FACES/env/readings/molina.htm. 

3. Investigating aspects of ultraviolet radiation—Assign students or groups of students to investigate a different use for ultraviolet radiation. In addition to the chemical applications of UV-visible spectroscopy, students can investigate ultraviolet astronomy, the use of UV in water purification, the role of UV in solar power generation, UV and skin cancer, etc. You may ask students to present their findings as written reports, presentations, posters, or some other format. 

4. Students can be assigned to read and report on the provisions of the Montreal Protocol, which can be found here: http://www.unep.org/ozone/pdfs/Montreal-Protocol2000.pdf. 
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Web Sites for Additional Information 
(Web-based information sources)
More sites on the atmosphere and ozone layer

This NASA site briefly describes the “layers” of Earth’s atmosphere. (http://disc.sci.gsfc.nasa.gov/ozone/additional/science-focus/about-ozone/atmospheric_structure.shtml) 


Another page on the NASA site is a portal with links to other NASA ozone resources. (http://disc.sci.gsfc.nasa.gov/ozone) 

The NASA Goddard Space Flight Center Web page gives daily status reports on the ozone hole over the Antarctic. (http://ozonewatch.gsfc.nasa.gov/)


This electronic textbook from Center for Coastal Physical Oceanography at Old Dominion University examines stratospheric ozone in great detail. (http://www.ccpo.odu.edu/~lizsmith/SEES/ozone/oz_class.htm)


This page from the National Oceanic and Atmospheric Administration has basic information about the ozone layer but also has links to additional information about the current status of the Montreal Protocol results and other current scientific ozone findings. (http://www.esrl.noaa.gov/csd/ozonelayer.html)
More sites on UV radiation

How ozone affects life on Earth is explained on this page from NASA’s Earth Observatory page: http://earthobservatory.nasa.gov/Features/UVB/. 


The Health Physics Society, an organization concerned with radiation safety, provides a primer on ultraviolet radiation and its effects. (http://hps.org/hpspublications/articles/uv.html)


This page from the National Science Foundation’s UV Monitoring Network has questions and answers about UV radiation. (http://uv.biospherical.com/student/page3.html) 

This accompanying page is a student guide to UV radiation. (http://uv.biospherical.com/student/default.asp)


The EPA page on UV radiation includes a description of the UV Index used in the United States. (http://www.epa.gov/sunwise/doc/uvradiation.html)


Ohio State University published this community factsheet on UV radiation and cancer: http://ohioline.osu.edu/cd-fact/pdf/0199.pdf.
More sites on CFCs and ozone 

The Centre for Atmospheric Research, University of Cambridge, UK Web site at http://www.atm.ch.cam.ac.uk/tour/index.html describes some history and chemistry of the ozone hole.


This NASA video shows annual changes in the ozone layer over the Antarctic from 1979-2006: http://ipy.nasa.gov/multimedia/m000000/m000000/m000025/ozoneminimum_79-06-lrg-H.264.mov.

The NOAA, the National Oceanic and Atmospheric Administration, Web site presents a celebration of the 20th anniversary of the discovery of the ozone hole at http://www.magazine.noaa.gov/stories/mag210.htm. The article, taken from their NOAA Magazine, updates the reader on progress that’s been made since Susan Solomon first discovered the cause of the ozone hole.


The EPA Web site provides an extensive list of ozone-depleting chemicals at http://www.epa.gov/ozone/science/ods/classone.html.


This extensive site developed by the University Corporation for Atmospheric Research (UCAR) has dozens of resources on atmospheric chemistry: http://www.ucar.edu/learn/index.htm. 


The U.S. NOAA has a page on ozone depletion with somewhat technical descriptions but useful information: http://www.esrl.noaa.gov/gmd/about/ozone.html.
More sites on modeling


This site from the “Integrated Global System Model: Climate Component” at the Massachusetts Institute of Technology explains its chemical modeling system and provides links to many simulations using the system. (http://web.mit.edu/globalchange/www/climate.html)

The Web site for NASA’s Chemistry Climate Model provides details on its modeling system here: http://acd-ext.gsfc.nasa.gov/Projects/GEOSCCM/. 


For a more general discussion of the role of models and modeling in science, go to this Stanford University site: http://plato.stanford.edu/entries/models-science/.

NOAA also has a description of its atmospheric modeling here: http://www.research.noaa.gov/climate/t_modeling.html.

This NASA site gives a brief summary of the “World Avoided” simulation and its results: http://www.nasa.gov/topics/earth/features/world_avoided.html; and this site gives a slightly different perspective: http://earthobservatory.nasa.gov/Features/WorldWithoutOzone/page2.php.

More sites on the Montreal Protocol 


The text of the Montreal Protocol is available online at http://www.unep.org/ozone/pdfs/Montreal-Protocol2000.pdf.

Barbecue: The Chemistry Is in the Heat!
Background Information 
(teacher information)
More on the history of barbecue

Barbecuing is not a new invention. Ancient man was known to barbecue his food. Probably as soon as fire was discovered, man began cooking his food over the open fire. More recently, it has been discovered that barbecued meat was shared by the attendees at the funeral feast for the legendary Greek King Midas some 2700 years ago. Archeologists discovered the burial site in Central Turkey and unearthed pottery jars containing leftover foods that had been served there. The remains were sent to University of Pennsylvania chemists who analyzed the materials and discovered that one of the main offerings was a stew. They were able to determine the contents of the stew and deduced from instrumental analysis that goat was the likely source of the meat.
They were even able to suggest the meat cooking method used by these ancient chefs. When meat is cooked over a fire, chemical changes occur near the surface of the meat, creating hydrocarbon compounds called polycyclic aromatic hydrocarbons along with some sharp-tasting compounds called cresols. Because these chemicals were present in the feast leftovers, the researchers concluded that the meat was first grilled over a fire before the other ingredients and seasonings were added.

(Miller, S. King Midas: Leftovers from his Last Feast. ChemMatters 2001, 19 (4), pp 4–5)


In the U.S., barbecuing (according to some barbequing aficionados) had its roots in Spanish colonists interacting with native American Indians. The Spaniards provided the pigs and the Indians provided the know-how to slow cook the meat by suspending it (high) over hot coals and allowing the smoke and low heat to cook it until it was tender and flavorful. Pig, or pork, according to the South Carolina Barbeque Association, is the only true barbecue; all other meats are barbecued—barbecued chicken, barbecued beef, etc., but NOT barbecue. 
The incorrect use of the term barbeque on television, in movies and in magazines which is, more often than not, written or spoken by people who know nothing about real barbeque, has led to the misconception, for instance, that beef is barbeque. It's not. Don't forget, barbeque is more specifically a noun, a specific thing, and that specific thing is pork, not beef or fish, or beaver, or shrimp or anything else. It's quite possible to barbeque beef; tens of thousands of people out west do it all the time. And it's oftentimes delicious. But it's "barbequed beef" not barbeque. The term barbeque is always properly reserved for pork. …

Indeed, it was the Spanish who first introduced the pig into the Americas and to the American Indians. The Indians, in turn, introduced the Spanish to the concept of true slow cooking with smoke. So, in that first fateful coming together, way back in the 1500s, the Spanish supplied the pig and the Indians showed them how to cook it. That is when authentic barbeque was first eaten.
(http://scbarbeque.com/bbq-history/)

More on flavors and tastes
According to Shirley Corriher, biochemist and award-winning author of several cookbooks, we have five “hard-wired” taste receptors in our mouths: sweet, umami, salty, sour and bitter. They correspond to various types of foods, as follows: 

· Sweet = carbohydrates, energy giving

· Umami = proteins, also energy providers

· Salty = minerals, cells need salt for electrolytes

· Sour = acids, appealing, unless too strong, then it may signal that it’s spoiled

· Bitter = toxins, we automatically try to eliminate these (“spit it out”)

(Shirley O. Corriher, biochemist and author of Cookwise: The Hows and Whys of Successful Cooking, excerpted from a ByteSize Science video at http://www.bytesizescience.com/index.cfm/2010/6/15/Chemistry-of-Barbeque)


Science corroborates Corriher’s 5 taste receptors, but there is more to flavor than just taste. Other factors such as smell (very important), texture, color and temperature all affect how we perceive flavors. A December 2011 ChemMatters article focused on food flavors explains: 

Smell is as important if not more important than taste. For instance, when people who have a head cold try to taste salsa and chips, they feel the textural crunch of the chips and the tingle of the hot peppers on their tongues, but they cannot taste the flavor-rich salsa with its onions, tomatoes, and peppers because they cannot smell it. 

When we chew, aromas are released that activate our sense of smell by way of a special channel that connects the back of the throat to the nose. If this channel is blocked, such as when our noses are stuffed up by a cold or flu, odors cannot reach sensory cells in the nose that are stimulated by smell. So, we don’t enjoy foods the same way. Without smell, foods tend to taste bland and have no flavor.

Smelling food is different from smelling roses. To smell a rose, you would bring the flower close to your nose and inhale the flowery scent. To smell food, the aromas either go directly through your nose or enter the back of your nose—as you chew and swallow food, in which case the aromas add to the taste of food. 

Taste and smell contribute only partially to the flavor of food—other factors include texture (crunchy or soft food) and temperature (hot or cold food). For instance, some people like to put fruit in the fridge and eat it cold while others prefer to eat fruit at room temperature. And some people would only eat cooked carrots while others like to eat them raw. 

Also, the color of food can affect its flavor. Dark red beverages need less sugar to achieve an acceptable level of sweetness because people perceive dark beverages to be naturally sweeter. In this case, what you expect influences the taste of food.

(Heiss, R. Mmmm… Flavorful Food! ChemMatters 2011, 29 (4), pp 6–8)

The December 2011 ChemMatters Teacher’s Guide (available online) for the flavorful foods article provides much in-depth background material for teachers.

More on cooking meat

Harold McGee describes meat and its chemical interactions in his book On Food and Cooking: The Science and Lore of the Kitchen:

Lean meat is made up of three basic materials: it’s about 75% water, 20% protein, and 3% fat. These materials are woven into three kinds of tissue. The main tissue is the mass of muscle cells, the long fibers that cause movement when they contract and relax. Surrounding the muscle fibers is the connective tissue, a kind of living glue that harnesses the fibers together and to the bones that they move. And interspersed among the fibers and connective tissue are groups of fat cells, which store fat as a source of energy for the muscle fibers. The qualities of meat—its texture, color, and flavor—are determined to a large extent by the arrangement and relative proportions of the muscle fibers, connective tissue, and fat tissue. …

The major connective-tissue filament is the protein called collagen, which makes up about a third of all the protein in the animal body, and is concentrated in skin, tendons, and bones. The name comes from the Greek for “glue producing,” because when it’s heated in water, solid, tough collagen partly dissolves into sticky gelatin. So unlike muscle fibers, which become tougher with cooking, the connective tissue becomes softer. An animal starts out life with a large amount of collagen that’s easily dissolved into gelatin. As it grows and its muscles work, its total collagen supply declines, but the filaments that remain are more highly crosslinked and less soluble in hot water. This is why cooked veal seems gelatinous and tender, mature beef less gelatinous and tougher. (pp 129–130)


McGee also describes the results of cooking meat, rather than grilling it:

If fresh meat never gets hotter than the boiling point of water, then its flavor is largely determined by the breakdown products of proteins and fats. However, roasted, broiled, and fried meats develop a crust that is much more intensely flavored, because the meat surface dries out and gets hot enough to trigger the Maillard or browning reactions. Meat aromas generated in the browning reactions are generally small rings of carbon atoms with additions of nitrogen, oxygen, and sulfur. Many of these have a generic “roasted” character, but some are grassy, floral, oniony or spicy, and earthy. Several hundred aromatic compounds have been found in roasted meats! (p 148)

(McGee, H. On Food and Cooking: The Science and Lore of the Kitchen, Scribner, New York, NY, 2004)

And this from the December 2012 ChemMatters Teacher’s Guide: “The aging of meat also plays a role in the Maillard reaction and the softening of the collagen connective tissue. When meat is aged, enzymes in the muscles work to break down molecules in the meat, such as breaking down proteins into amino acids, and glycogen, which is a polysaccharide used to store energy in the body, into glucose. These can eventually react in the Maillard reaction when the meat is cooked. In addition, enzymes also help to break down the collagen.” (pp 51–52)
More on smoke rings in meat
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A pink layer on the outside edge of a barbecued piece of meat has long been a sign of a well-cooked, slow-cooked product. The extent of the ring can vary from 1/8 to 1/2 inch thick. Dr. Joe Cordray, a meat specialist from Iowa State University’s Meat Lab, discusses below what the layer is and how it forms.

This pink ring is often referred to as a "smoke ring" and is considered a prized attribute in many barbecue meats, especially barbecue beef briskets. Barbecue connoiseurs [sic] feel the presence of a smoke ring indicates the item was slow smoked for a long period of time. Occasionally consumers have mistakenly felt that the pink color of the smoke ring meant the meat was undercooked. To understand smoke ring formation you must first understand muscle pigment. 
Myoglobin is the pigment that gives muscle its color. … A greater myoglobin concentration yields a more intense color. When you first cut into a muscle you expose the muscle pigment in its native state, myoglobin. In the case of beef, myoglobin has a purplish-red color. After the myoglobin has been exposed to oxygen for a short time, it becomes oxygenated and oxymyoglobin is formed. Oxymyoglobin is the color we associate with fresh meat. The optimum fresh meat color in beef is bright cherry red and in pork bright grayish pink. If a cut of meat is held under refrigeration for several days, the myoglobin on the surface becomes oxidized. When oxymyoglobin is oxidized it becomes metmyoglobin. Metmyoglobin has a brown color and is associated with a piece of meat that has been cut for several days. When we produce cured products we also alter the state of the pigment myoglobin. Cured products are defined as products to which we add sodium nitrate and/or sodium nitrite during processing. Examples of cured products are ham, bacon, bologna and hotdogs. All of these products have a pink color, which is typical of cured products. When sodium nitrite is combined with meat the pigment myoglobin is converted to nitric oxide myoglobin which is a very dark red color. This state of the pigment myoglobin is not very stable. Upon heating, nitric oxide myoglobin is converted to nitrosylhemochrome, which is the typical pink color of cured meats. 
When a smoke ring develops in barbecue meats it is not because smoke has penetrated and colored the muscle, but rather because gases in the smoke interact with the pigment myoglobin. Two phenomena provide evidence that it is not the smoke itself that causes the smoke ring. First, it is possible to have a smoke ring develop in a product that has not been smoked and second, it is also possible to heavily smoke a product without smoke ring development.
Most barbecuers use either wood chips or logs to generate smoke when cooking. Wood contains large amounts of nitrogen (N). During burning the nitrogen in the logs combines with oxygen (O) in the air to form nitrogen dioxide (NO2). Nitrogen dioxide is highly water-soluble. The pink ring is created when NO2 is absorbed into the moist meat surface and reacts to form nitrous acid. The nitrous acid then diffuses inward creating a pink ring via the classic meat curing reaction of sodium nitrite. The end result is a "smoke ring" that has the pink color of cured meat.
(http://www.thesmokering.com/forum/viewtopic.php?t=1687&sid=c22185af5698de997bf2cd0eaa0c8789)

More on denaturing proteins
Four levels of protein structure are identified: primary, secondary, tertiary and quaternary. All of these structures must remain intact if a protein is to maintain biological function.

The primary structure refers to amino acid linear sequence of the polypeptide chain. The primary structure is held together by covalent or peptide bonds…
Secondary structure refers to highly regular local sub-structures. Two main types of secondary structure, the alpha helix and the beta strand or beta sheets … These secondary structures are defined by patterns of hydrogen bonds between the main-chain peptide groups. They have a regular geometry…

Tertiary structure refers to three-dimensional structure of a single protein molecule. The alpha-helices and beta-sheets are folded into a compact globule. The folding is driven by the non-specific hydrophobic interactions [non-covalent interactions], but the structure is stable only when the parts of a protein domain are locked into place by specific tertiary interactions, such as salt bridges, hydrogen bonds, and the tight packing of side chains and disulfide bonds
Quaternary structure is the three-dimensional structure of a multi-subunit protein and how the subunits fit together. In this context, the quaternary structure is stabilized by the same non-covalent interactions and disulfide bonds as the tertiary structure.
(Wikipedia: http://en.wikipedia.org/wiki/Protein_structure)

Here is a visual interpretation of the four protein structures: 
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Four Levels of Protein Structure
a) The primary structure is the succession of amino acid residues, usually abbreviated by the 1- or 3-letter codes. (b) The secondary structure is the 3-D arrangement of the right-handed alpha helix (shown here), or alternative structures such as a beta-pleated sheet. (c) The tertiary structure is the 3-D folding of the alpha helix (show as a purple ribbon), shaped by structures such as proline corners, disulfide bridges between cysteine residues, and electrostic [sic] bonds. [The inorganic heme group is part of the beta-globin polypeptide, but is not a typical part of the tertiary structure]. (d) Where more than one protein chain contributes to the protein, the quaternary structure is the arrangement of these subunits. In the case of hemoglobin shown here, the quaternary structure comprises two alpha and two beta polypeptides, held together by electrostatic bonds.
Figure after © 2010 PJ Russell, iGenetics 3rd ed.; all text material © 2010 by Steven M. Carr
(http://www.mun.ca/biology/scarr/iGen3_06-04.html)

The effect of denaturation on these four protein structures is given below:

· In quaternary structure denaturation, protein sub-units are dissociated and/or the spatial arrangement of protein subunits is disrupted.
· Tertiary structure denaturation involves the disruption of:

Covalent interactions between amino acid side-chains (such as disulfide bridges between cysteine groups)

Noncovalent dipole-dipole interactions between polar amino acid side-chains (and the surrounding solvent)

Van der Waals (induced dipole) interactions between nonpolar amino acid side-chains

· In secondary structure denaturation, proteins lose all regular repeating patterns such as alpha-helices and beta-pleated sheets, and adopt a random coil configuration.
· Primary structure, such as the sequence of amino acids held together by covalent peptide bonds, is not disrupted by denaturation.[2]
(Wikipedia: http://en.wikipedia.org/wiki/Denaturation_(biochemistry))

More on the effects of Maillard reactions on meat
The Maillard reaction is responsible for all the marvelous changes in taste and appearance that meat undergoes when it is grilled (or roasted or fried). 

When heat is applied to food, the chemicals in the food change. A lot. Heat is powerful energy. Some changes are obvious, some subtle, some invisible. The most important of these changes are the Maillard reaction and caramelization. Together they make miracles. Together they make GBD: Golden Brown and Delicious. Here's the highly technical formula:

Heat + Sugars + Amino Acids = GBD (Many different large scrumptious




brown molecules)
(http://amazingribs.com/tips_and_technique/maillard_reaction_and_caramelization.html)

Barbecuing meat is not the only way to reap the benefits of the Maillard reaction. Even stew meat, which is typically cooked for a long period of time, tastes better because of Maillard reactions, as this excerpt from the December 2012 ChemMatters article “Two is Better than One” shows:

The preferred way to cook meat in a stew is first to fry the meat in a frying pan and then to add the meat to some stock, which is the liquid part of a stew, and to let the stew simmer for a couple of hours.

So, why fry the meat first? Hot oil in a frying pan can easily reach a temperature of 180 °C (350 °F), so it can drive the Maillard reactions, which start at 115 °C (230 °F). This would not happen if the meat was added directly to the stock, which is mainly water and has a boiling point of roughly 100 °C.

When we fry meat, the proteins and sugars in the meat react through Maillard reactions that create several hundred different compounds, which add a unique combination of flavors, aroma, and appearance to the meat.

But if we continue to cook the meat this way, it becomes tough and dry, not soft and juicy. The reason for that is that the proteins inside the meat are unraveled into long chains and then line up next to each other to form fibers. These fibers squeeze out the juices between them, and the meat dries out. But you can restore juiciness to the meat by adding it to a stock and letting it simmer.

While meat simmers, something else happens that softens it. A meat protein called collagen reacts with water molecules that break it up into smaller molecules. The result is gelatin, the substance used in Jell-O. Collagen is tough and makes the meat hard to chew, while gelatin is much softer. The reason is that collagen is composed of three polypeptide chains, wound together in a tight triple helix, while gelatin is a mixture of peptides and proteins produced by partial hydrolysis of collagen. In hydrolysis, a chemical reaction takes place in which a chemical compound decomposes by reaction with water.

When gelatin forms in meat, it soaks up the juices from the stew. This adds to the juiciness of the meat. So, in the end, a juicy and tasty meat is the result of chemical changes—the Maillard reactions and the collagen becoming gelatin—and physical changes resulting from the vaporization of juices present in the meat when it was fried.
(Husband, T. Two is Better than One. ChemMatters 2012, 30 (4), pp 9–11)

More on the chemistry of Maillard reactions

The October 1, 2012 Chemical & Engineering News article “The Maillard Reaction Turns 100” discusses what the reaction(s) is (are) and why it is (they are) so important to the food industry. 

The Maillard is, by far, the most widely practiced chemical reaction in the world,” said chemistry Nobel Prize winner Jean-Marie Lehn late last month in Nancy, France, some 20 miles from the village of Pont-à-Mousson, where Maillard was born. That’s because the reaction takes place daily in households around the globe whenever food is cooked, Lehn told the group of 270 international scientists who had gathered on Maillard’s home turf to honor the reaction’s centennial and attend this year’s International Maillard Reaction Society conference. (p 58)

The reaction was first discovered and reported in 1912 by Louis-Camille Maillard, a French chemist. Because it was a very complicated reaction (or series of reactions), it was very difficult to study, Because of these difficulties, research languished for a time, before interest began anew:

Yet even with the simplest of reactants, Maillard chemistry was so complicated and produced so many products—hundreds of them—that the research world would largely ignore it until around the time of World War II, Rocke [a historian at Case Western Reserve University] said. That’s when the military became interested in producing on an industrial scale food that both was palatable and had a long shelf life. Because the Maillard reaction is responsible for the appealing aromas of freshly cooked food as well as some of the unwelcome ingredients in processed or long-stored food, scientists began to seriously study the reaction, Rocke explained.

Then in 1953, an African American chemist named John E. Hodge, who worked at the U.S. Department of Agriculture in Peoria, Ill., published a paper that established a mechanism for the Maillard reaction (J. Agric. Food Chem. 1953, 1, 928).

According to Hodge’s model, the Maillard reaction has three stages. First, the carbonyl group of a sugar reacts with an amino group on a protein or amino acid to produce water and an unstable glycosylamine. Then, the glycosylamine undergoes Amadori rearrangements to produce a series of aminoketose compounds. Last, a multitude of molecules, including some with flavor, aroma, and color, are created when the aminoketose compounds undergo a host of further rearrangements, conversions, additions, and polymerizations. (p 58)

(Everts, S. Chem. Eng. News, 2012, 90 (40), pp 58–60; 

http://cen.acs.org/articles/90/i40/Maillard-Reaction-Turns-100.html)

The Maillard reaction is described in more detail in this National Institutes of Health article, followed by the diagram of the reaction originally created by John Hodge and still used today, with a minor addition.

The Maillard reaction encompasses a complex network of reactions; it is not a typical organic “named reaction” and it is difficult to summarize succinctly. Nevertheless, the American scientist, John Hodge (1914–1996), in his seminal review of the Maillard reaction,6 constructed a diagram (Figure 1) that attempts to simplify the reaction network; this diagram still holds good today and is widely quoted. The original Hodge scheme divides the Maillard reaction into 7 steps (A–G). In 1986, Nursten recognized the work of the Japanese scientists, Namiki and co-workers,7, 8 concerning the free radical degradation of Maillard intermediates, by adding Step H to the original scheme (Figure 1).9 Step H is also known as the Namiki pathway and involves free radical-mediated formation of carbonyl fission products from the reducing sugar.7, 8
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Figure 1
The Hodge Diagram
The initial stage of the Maillard reaction (Figure 1, Step A) involves the condensation of a carbonyl group, for example from a reducing sugar such as glucose, with a free amino group, typically the epsilon amino group of lysine residues within proteins. This glycation reaction results in the formation of an unstable Schiff base (aldimine) that spontaneously rearranges (Figure 1, Step B) to form the more stable 1-amino-1-deoxy-2-ketose (ketoamine), which is also known as the Amadori product (Figure 2) after the Italian scientist Mario Amadori.10 When the initial sugar is glucose, the Amadori product is commonly known as fructoselysine (FL). The equilibrium constant for the formation of the Amadori product lies strongly in the forwards direction at physiological pH,2 but reversibility increases with increasing pH and also in the presence of phosphate.2
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Figure 2
Reaction between glucose and amino group of protein to form the Amadori product
Amadori products are degraded via various pathways (Figure 1, Steps C and D),11, 12 leading to the formation of furfurals, reductones and fragmentation products (carbonyl and hydroxycarbonyl compounds). All of these intermediates can also form directly from the sugar in uncatalyzed reactions, i.e. without the intervention of an amino compound (Figure 1). In Step C, furfural formation is favoured under acidic conditions, while alkaline media favor the production of reductones. These conjugated enediol intermediates possess moderate reducing power; they may catalyze redox reactions dependent on recycling of transition metals (e.g. Fe, Cu), but, like ascorbate, they may also contribute to antioxidant activity.

Sugar fragmentation (Figure 1, Step D) occurs mainly by retroaldolisation. α-Dicarbonyl compounds, e.g., butanedione, glyoxal, methylglyoxal, formed in Step D, are able to react with amino acids via the Strecker degradation (Figure 1, Step E) (named after the German chemist Adolph Strecker) to give Strecker aldehydes of the amino acids and aminoketones; the latter subsequently condense to form pyrazines. Strecker aldehydes and pyrazines contribute to aroma in heated foods.

Steps F and G in Figure 1 summarize the final stage of the Maillard reaction, and it is here that the majority of the compounds contributing color are formed. These may be relatively small molecules or much larger polymeric materials.13, 14 Step F involves aldol condensation of the furfurals, reductones and aldehydes produced in steps C, D and E without the intervention of amino compounds. Step G represents reactions between the same intermediates with amino compounds and that lead to the ultimate reaction products, known in food science as melanoidins. These poorly defined compounds chelate redox-active, transition metal ions and thereby possess antioxidant activity. Hodge defined melanoidins as ‘brown, nitrogenous polymers and copolymers’.6 Polymers are generally considered to contain repeating units but, since the structures of melanoidins are unknown and the presence of true repeating units uncertain, melanoidins are sometimes described more generally as macromolecular materials.

[image: image13.jpg]+amino compound A -H0
[ Adose s  N-substituted glycosylamine

‘Amadori
B | rearrangement
[ Amadori product (1-amino-1-deoxy-2-ketose) |
c |-3H,0 c|-240 D H
Schiff's base of
hydroxymethylfuriural | | Sugars _|——»[Fission products (acetol, diacetyl, pyruvaldehyde, etc.)|
or 2-furaldehyde - a-amino acid
E|[-CO,
i cormiound (Strecker
SRS i \degradation)
[ Reductones J+==] Dehydroreductones Aldehydes |
+HO0 2

Hydroxymethyl

lfurfural or 2-furaldehyde

F
e |

Fl F Fl

Aldols and nitrogen-

free polymers
G|+ amino G|+amino gl + amino amino + amino
compound compound | compound -ompound  |compound
Melanoidins (brown nitrogenous polymers and copolymers)





The Hodge diagram of the Maillard reaction, enlarged from the article above
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2642649/)
For a very detailed coverage of Maillard reactions in various settings, see the “Background Information” section in the December 2012 ChemMatters Teacher’s Guide for “Two Is Better than One”, pp 42–52. You can view it online at http://www.acs.org/chemmatters. Click on the “Past Issues” tab at the top, then find the December 2012 issue and click on the “Teacher’s Guide” tab underneath.

More on Maillard reactions occurring within the human body

Since Maillard reactions occur between reducing sugars and amino acids, and since both of these are present within cells in the body, it should not be a surprise that these reactions would happen “naturally” inside the human body. Two medical conditions related to Maillard reactions are cataracts and diabetes.

One reaction hot spot is the lens of the human eye, where Maillard-based chemistry is partly responsible for nuclear cataracts. In this prevalent form of the disease, the cataracts darken and need to be extracted, he said. Because lens cells don’t regenerate over a lifetime and they have high levels of ascorbic acid, which can enhance Maillard reactions, “the lens is a trash can for human Maillard reactions,” he added.

Diabetes is another major area of medical Maillard research. The increased levels of sugar in the bloodstream result in Maillard reactions that activate the body’s inflammation response and contribute to many of the liver and cardiovascular complications of the disease, Monnier said.

In fact, the human body has several endogenous systems in place to remove these Maillard reaction products, said Paul Thornalley, a researcher at England’s Warwick Medical School. Thornalley studies enzymes that our body produces to eliminate methylglyoxal, a common Maillard reaction product circulating in our bloodstream. Left unchecked, methylglyoxal wreaks all sorts of damage, including interfering with cell surface proteins needed to keep blood vessel cells attached to each other. Although the enzymes responsible for breaking down methyl­ glyoxal work 99.7% of the time, some methyl­glyoxal still “slips under the fence and does damage, particularly in diabetics,” he said. (p 60)

(Everts, S. Chem. Eng. News, 2012, 90 (40), pp 58–60;

http://cen.acs.org/articles/90/i40/Maillard-Reaction-Turns-100.html)

More on marinades, sauces and brining

Marinades using vinegar or lemon juice are known to soften the outside of the meat by denaturing proteins, allowing juices to more easily penetrate the meat. Dr. Greg Blonder’s genuineideas.com Web site describes a very simple experiment, with photos, that shows the effect of vinegar on surface penetration. He uses a blue dye to show that vinegar penetrates to a greater depth than does salt brine. (http://www.genuineideas.com/ArticlesIndex/brine.html)


The content of marinades and sauces varies widely, somewhat by location. 

The flavor chemistry of barbecue varies from region to region. One of the biggest debates among barbecue connoisseurs, for example, involves sauce. Across large swaths of the Midwest, cooks prefer ketchup-based sauces. But in some locales, such as North Carolina, people mix sauces using only vinegar, salt and pepper “and they think it’s an outrage to do anything else,” [Shirley] Corriher [food chemist and cookbook author] said. In some parts of the Southeast, heaven forfend, grillers add mustard to their barbecue sauces.


Corriher recommends using a brine for marinating meat, to help retain the meat’s moisture. Her recipe calls for one cup of salt to a gallon of water.

Chemical reactions between the salt and some proteins in meat cause the proteins to unfold and absorb water more effectively. While unbrined meat may lose up to 30 percent of its moisture during cooking, meat marinated in brine can lose as little as 15 percent. “Just be sure to rinse the meat before you cook it,” she warned.

(http://www.usnews.com/science/articles/2009/08/19/better-bbq-through-chemistry)


Brining is the process of adding salt to the surface of meat in order to allow the salt to penetrate into the meat to tenderize and flavorize it. The Web page “Follow the Salt” on Dr. Blonder’s Web site details two experiments that can be done on meat, using swimming pool test kits, to show the degree of penetration of salt into meat over time—and therefore the effectiveness of brining. One experiment involves sodium nitrite, the other, sodium chloride. Photos of the before, during and after are very effective. Graphs are also presented to show penetration of ions over time.

(http://www.genuineideas.com/ArticlesIndex/diffusion.html)

How brining works seems to be somewhat mysterious. Dr. Blonder does more experiments to see how the process works. And he reports on them on this Web page: “It’s the Salt, Stupid.”

The "theory" behind wet salt brining is a bit confusing, but claims to work its magic via three steps. First, thanks to the wonders of osmotic pressure, brine diffuses into the meat, keeping it moist and tender. Second, it forms an impermeable surface layer that "seals in moisture", blocking fluids released from otherwise dry cuts during cooking. And third, salt chemically breaks apart meat proteins, tenderizing (along with flavoring) the dish. …

… So what do these tests [included on the Web page] imply?
· Salt brining does not draw significant amounts of moisture into the meat by osmotic pressure or any other process.
· Salt brining does not form a thin, sealed surface trapping moisture inside the meat during cooking.
· High levels of salt WILL locally bind pre-existing meat juices, and this is the main reason salt brining works. But only in areas which are salted, or become salty during cooking.
· Since water from the brine does not add moisture to the meat, wet or dry brining can be equally effective. For example, rubbing salt under chicken skin and letting it dry-marinate for a few hours, can be equivalent to wet brining overnight. It may even be superior- wet brining can draw out flavors from inside the bird. The main challenge with dry brining is uniformly distributing small quantities of salt.
· Assuming reasonable salt levels and brining times, the diffused salt layer will be under a half inch thick, so...
· Brining is of modest value for large cuts of meat- e.g. Thanksgiving turkeys or big briskets, which are best cooked low and slow to prevent overcooking the exterior before the interior catches up. However, as people prefer to cook their turkeys at high temperatures for crisper skin and to save time, the meat closest to the skin ends up hotter and dryer than the interior. Thus brining, particularly when cooking thick pieces of meat at high temperatures or when searing, retains moisture just where it’s needed most.
· The tiny sodium and chlorine salt brine ions will diffuse through skin and bone, but larger molecules and flavors are blocked from entry.
· For thin-sliced meat or kabobs, brines are an easy way to quickly add flavor without the messiness of a sauce. Plus, if the brine/marinade includes a tenderizer, like baking soda, salt, some fruit enzymes, etc. the meat will be less tough. And, if the brine is salty, the meat will be moister. It’s a good thing.
· Injecting salty liquids deep into a thick cut of meat will tenderize while retain existing moisture and juices. External brining, is less effective than injection for large cuts of meat. But injection is harder to master. 
http://www.genuineideas.com/ArticlesIndex/brine.html
More on adverse health effects from grilling

The National Cancer Institute provides a Cancer Fact Sheet, entitled “Chemicals in Meat Cooked at High Temperatures and Cancer Risk”. Through a series of six question-and-answer segments the Web page discusses the role of HCAs and PAHs in cancer risk. Several pages of references are provided (almost all PubMed abstracts). Here are some of the questions and their answers:

1. What are heterocyclic amines and polycyclic aromatic hydrocarbons, and how are they formed in cooked meats?

Heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs) are chemicals formed when muscle meat, including beef, pork, fish, or poultry, is cooked using high-temperature methods, such as pan frying or grilling directly over an open flame (1). In laboratory experiments, HCAs and PAHs have been found to be mutagenic—that is, they cause changes in DNA that may increase the risk of cancer.

HCAs are formed when amino acids (the building blocks of proteins), sugars, and creatine (a substance found in muscle) react at high temperatures. PAHs are formed when fat and juices from meat grilled directly over an open fire drip onto the fire, causing flames. These flames contain PAHs that then adhere to the surface of the meat. PAHs can also be formed during other food preparation processes, such as smoking of meats (1).

HCAs are not found in significant amounts in foods other than meat cooked at high temperatures. PAHs can be found in other charred foods, as well as in cigarette smoke and car exhaust fumes.
2. What factors influence the formation of HCA and PAH in cooked meats?

The formation of HCAs and PAHs varies by meat type, cooking method, and “doneness” level (rare, medium, or well done). Whatever the type of meat, however, meats cooked at high temperatures, especially above 300ºF (as in grilling or pan frying), or that are cooked for a long time tend to form more HCAs. For example, well done, grilled, or barbecued chicken and steak all have high concentrations of HCAs. Cooking methods that expose meat to smoke or charring contribute to PAH formation (2).

HCAs and PAHs become capable of damaging DNA only after they are metabolized by specific enzymes in the body, a process called “bioactivation.” Studies have found that the activity of these enzymes, which can differ among people, may be relevant to cancer risks associated with exposure to these compounds (3–5).
3. What evidence is there that HCAs and PAHs in cooked meats may increase cancer risk?

Studies have shown that exposure to HCAs and PAHs can cause cancer in animal models (6). In many experiments, rodents fed a diet supplemented with HCAs developed tumors of the breast, colon, liver, skin, lung, prostate, and other organs (7–12). Rodents fed PAHs also developed cancers, including leukemia and tumors of the gastrointestinal tract and lungs (13). However, the doses of HCAs and PAHs used in these studies were very high—equivalent to thousands of times the doses that a person would consume in a normal diet.

Population studies have not established a definitive link between HCA and PAH exposure from cooked meats and cancer in humans. One difficulty with conducting such studies is that it can be difficult to determine the exact level of HCA and/or PAH exposure a person gets from cooked meats. Although dietary questionnaires can provide good estimates, they may not capture all the detail about cooking techniques that is necessary to determine HCA and PAH exposure levels. In addition, individual variation in the activity of enzymes that metabolize HCAs and PAHs may result in exposure differences, even among people who ingest (take in) the same amount of these compounds. Also, people may have been exposed to PAHs from other environmental sources, such as pollution and tobacco smoke.

Nevertheless, numerous epidemiologic studies have used detailed questionnaires to examine participants’ meat consumption and meat cooking methods to estimate HCA and PAH exposures. Researchers found that high consumption of well-done, fried, or barbecued meats was associated with increased risks of colorectal (14), pancreatic (15, 16), and prostate (17, 18) cancer.
4. Do guidelines exist for the consumption of food containing HCAs and PAHs?

Currently, no Federal guidelines address the consumption of foods containing HCAs and PAHs. The World Cancer Research Fund/American Institute for Cancer Research issued a report in 2007 with dietary guidelines that recommended limiting the consumption of red and processed (including smoked) meats; however, no recommendations were provided for HCA and PAH levels in meat (19).

(http://www.cancer.gov/cancertopics/factsheet/Risk/cooked-meats)


The American Cancer Society discusses the connection between HCAs, produced from high-temperature grilling, broiling or frying, and pancreatic cancer.

Eating charred, well-done meat on a regular basis may increase your risk of pancreatic cancer by up to 60%, according to findings from a University of Minnesota study presented this week [April 22, 2009] at the annual American Association of Cancer Research (AACR) meeting in Denver, Colorado.
Previous research has shown that cooking meats at very high temperatures creates chemicals (heterocyclic amines, or HAs) that might increase cancer risk. Heterocyclic amines (HAs) are created by the burning of amino acids and other substances in meats cooked at particularly high temperatures and that are particularly well-done. HAs turn up in grilled and barbecued meat as well as broiled and pan-fried meat.
Researchers, led by Kristin Anderson, PhD, associate professor and cancer epidemiologist with the University of Minnesota's School of Public Health and Masonic Cancer Center, surveyed the eating habits of more than 62,000 people, noting meat intake, preferred cooking methods, and doneness preferences. The study participants were then followed for average of 9 years as part of the PLCO (Prostate, Lung, Colorectal and Ovarian) screening trial.
Over the 9 year period, the researchers found that people who preferred well-done meat -- whether bacon, sausage, hamburger, or steak – tended to have an increased risk of getting pancreatic cancer.

"We found that those who preferred very well-done steak were almost 60% more likely to get pancreatic cancer as those who ate steak less well-done or did not eat steak," Anderson said. "Furthermore, when we looked at amount of consumption with doneness preferences, we found that those with the highest intake of very well-done meat had a 70% higher risk for pancreatic cancer over those with lowest consumption."

"Our findings in this study are further evidence that turning down the heat when grilling, frying, and barbecuing to avoid excess burning or charring of the meat may be a sensible way for some people to lower their risk for getting pancreatic cancer," she said.
(http://www.cancer.org/cancer/news/news/eating-charred-well-done-meat-may-increase-pancreatic-cancer-risk)


The November 29, 2011 the Science Daily Web page reports that a Canadian study has found PhIP (2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine)—one of the most abundant heterocyclic amines (HCAs) in cooked meat—in breast milk from women who had eaten grilled meat in at least one of their last three meals before the test. PhIP was not found in women in the study who had not eaten grilled meat. While not proven, PhIP is a suspected human carcinogen, in breast cancer as well as other types. (http://www.sciencedaily.com/releases/2001/11/011128035554.htm)


The Committee on Diet, Nutrition and Cancer from the National Research Council published the book Diet, Nutrition, and Cancer in 1982. This report discusses in detail the many links between our diet and cancer, as they were known at the time. Only a small part of the book deals with grilling. Both polycyclic aromatic hydrocarbons (PAHs) and heterocyclic amines (HCAs) are mentioned in some detail as causative substances for cancer (although the report primarily uses the term nitrosamines instead of heterocyclic amines, as this wasn’t used until 1984). 


The ChemMatters barbecue article discusses the likely link between PAHs and cancer. This National Research Council report cites the original research that leads us to that conclusion, as well as a “fix” for the problem.

Almost 20 years ago Lijinsky and Shubik (1964) and Seppilli and Sforzolini (1963) reported that beef grilled over a gas or charcoal fire contained a variety of polycyclic aromatic hydrocarbons (PAH's). Benzo[a] pyrene was found in charcoal-broiled steak in levels up to 8 μg/kg (Lijinsky and Shubik, 1964). The source of the PAH's resulting from charcoal broiling was the smoke generated when pyrolyzed fat dripped from the meat onto the hot coals. Thus, meats with the highest fat content acquired the highest levels of these chemicals (Lijinsky and Ross, 1967). When meat was cooked in a manner that prevented exposure to the smoke generated by the dripping fat, this source of contamination was either reduced or eliminated (Lijinsky and Ross, 1967; Lintas et al., 1979; Masuda etal., 1966). (pp 278–279)

(National Research Council. Diet, Nutrition, and Cancer. The National Academies Press: Washington, DC, 1982. ISBN-10: 0-309-03280-6; this complete report is available for free online from the National Academies Press, sponsored by the National Academy of the Sciences, http://www.nap.edu/openbook.php?isbn=0309032806)

In addition to PAHs and HCAs, the Maillard reaction can also be responsible for the production of acrylamide, especially in the preparation of French fries. Acrylamide is a known carcinogen in mice and suspected carcinogen in humans.

More notorious outcomes of the Maillard reaction in food are 
5-hydroxymethylfurfural (HMF) and acrylamide, both potential carcinogens. Ten years ago, Stockholm University food chemists Margareta Törnqvist and Eden Tareke published a paper that sent shock waves through the food regulatory and science community: They showed that heavily processed food such as French fries, chips, and biscuits contained milligram levels of acrylamide 
(J. Agric. Food Chem., DOI: 10.1021/jf020302f).
Since the scare that occurred with the discovery of acrylamide in French fries and other foods, food chemists have been diligently studying the Maillard reaction in an attempt to minimize acrylamide production.

Since 2002, food scientists and the food industry have devised a multitude of ways to reduce levels of acrylamide and other health-concerning molecules such as HMF in food. And according to Monica Anese, a food scientist at the University of Udine, in Italy, they have implemented some of the methods.

One of the most promising techniques for acrylamide removal, she said, is the preprocessing use of an enzyme called asparaginase, which can break down the amino acid asparagine. Acrylamide is produced when asparagine reacts with sugar, so removing the amino acid at the outset of processing helps reduce acrylamide levels in the final foodstuff. Another strategy is to lower cooking temperature, although this makes cooked food such as cookies and bread less brown—which consumers typically don’t like, she said.

(Everts, S. Chem. Eng. News, 2012, 90 (40), pp 58–60; 

http://cen.acs.org/articles/90/i40/Maillard-Reaction-Turns-100.html)

On a different front, studies have shown that advanced glycolated end products (AGEs) are produced in the Maillard reactions when meat is grilled, broiled or fried. These substances have been shown to contribute to oxidative stress and cellular inflammation—damage linked to aging. 
In a study appearing in the April [2007] issue of the Journal of Gerontology: Medical Sciences, Dr. Helen Vlassara and her colleagues tie AGE products to heart disease, diabetes and kidney disease. The results are an indicator of a link between high-temperature cooking, AGEs, and activation of the immune system that triggers inflammation.
"A sustained and chronic inflammation damages the tissues," Vlassara told CBC News. "Therefore it will damage the heart, it will damage the kidneys and the brain."
It is clear that AGEs are another factor in the aging process, said nutrition researcher Dr. David Jenkins of St. Michael's Hospital in Toronto.
Jenkins joined Vlassara in suggesting that boiling, steaming and stewing are the safest ways to cook food, not only because of AGEs, but also given warnings about cancer-causing byproducts of high-temperature cooking such as acrylamide.
"I'm a great one for recommending people have a pretty, pretty drab life," Jenkins said. "So I like them having things that are boiled, tofu, all sort of things that everyone sort of turns up their nose at."
The occasional barbecue is probably OK, Vlassara said, noting AGEs also give foods desired tastes and smells.
For people who enjoy their steaks marinated, there is some evidence that adding acidic liquids such as lemon or vinegar might help to counteract some of the AGEs, Vlassara said.

(http://www.cbc.ca/news/health/story/2007/04/24/bbq-ages.html)
More on polycyclic aromatic hydrocarbons (PAHs)

PAHs, as their name implies, really are hydrocarbons—molecules composed of only carbon and hydrogen. And the term polycyclic means they have more than one fused aromatic (conjugated) ring in their structure. Here are structural formulas of a few simple polycyclic aromatic hydrocarbons. (Note that naphthalene is not truly a poly-cyclic aromatic, but is really a bi-cyclic aromatic.)
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Structures of Some Simple Polycyclic Aromatic Hydrocarbons

(http://www.crawfordscientific.com/newsletter-2008-12-dedicated-HPLC-GC-columns-PAH-analysis.htm)



 




This is the structural formula and space-filling model for coronene, C24H12, aka “superbenzene”, another PAH. (http://en.wikipedia.org/wiki/Coronene)


PAHs are nonpolar and therefore usually not water-soluble, although some of the smaller molecules are slightly soluble in water; they are, however, soluble to varying degrees in nonpolar solvents. Even though they are not water-soluble, they can enter water sources via industrial and waste water treatment plants, and they can stay suspended in the water. They will usually stick to solid particulate matter and settle to the bottom of lakes and rivers. As a result they are not usually found in high concentrations in water sources but are mostly in soil and oily substances. They can also be found in air samples, attached to suspended particulate matter. As a class of molecules, they are one of the most widespread organic pollutants. They occur naturally in fossil fuels and are formed from incomplete combustion of most organic fuels. Other major contributors of PAHs to the environment are volcanic eruptions and seal-coating of parking lots.


In its “Toxicological Profile for Polycyclic Aromatic Hydrocarbons”, the Agency for Toxic Substances and Disease Registry (ATSDR) lists17 of the most well-known PAHs as a group, and many of these are known carcinogens, mutagens or teratogens. The report contains much chemical information about each PAH. The ATSDR Toxicology Profile report can be accessed here: http://www.atsdr.cdc.gov/ToxProfiles/tp69.pdf.

More on heterocyclic amines (HCAs or HAs)

HCAs are molecules containing at least one heterocyclic ring—a ring containing at least two different elements. They must also have an amine group attached. The nitrogen atom of the amine typically is the atom that makes the ring heterocyclic, although there are exceptions. Most HCAs contain 5- or 6-member, saturated or unsaturated rings.


HCAs form in grilling meat at temperatures above 150 oC. More than 25 heterocyclic amines have been identified at nanogram/gram levels in cooked meats. All HCAs are believed to be mutagenic, and many are carcinogenic. Structures for several simple HCAs are shown below.
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Pyrrolidine
Pyrrole
Piperidine
Pyridine

(http://en.wikipedia.org/wiki/Heterocyclic_compound)


These are more complex structures.
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Indole
isoindole
quinoline

(http://commons.wikimedia.org/wiki/Main_Page; search for compound) 

And here are structures for five of the most common and abundant HCAs produced when meat browns or chars.
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IQ
 MeIQ

2-Amino-3methylimidazo[4,5-f]quinoline
 2-Amino-3,4-dimethylimidazo[4,5-f]quinoline
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MeIQx
DiMeIQx

2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline
 2-Amino-1-methyl-6-phenylimiazo[4,5-b]pyridine
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PhIP

2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine
(http://kitchenscience.sci-toys.com/heating)


Wikipedia describes the formation of HCAs and their effect on humans.

The compounds found in food are formed when creatine (a protein found in muscle tissue), other amino acids, and monosaccharides, are heated together at high temperatures (125-300o C or 275-572o F) or cooked for long periods of time. HCAs form at lower end of this range when the cooking time is long; at the higher end of the range HCAs are formed within minutes.[3] The most potent of the HCAs, MeIQ, is almost 24 times more carcinogenic than aflatoxin, a carcinogen produced by mold.[1]
Most of the 20 HCAs are more toxic than benzopyrene, a carcinogen found in cigarette smoke and coal tar. MeIQ, IQ and 8-MeIQx have been reported as the most potent mutagens using the Ames test.[4] These HCAs are 100 times more potent carcinogens than PhIP, the compound most commonly found as a result of normal cooking procedures.[4]

 HYPERLINK "http://en.wikipedia.org/wiki/Heterocyclic_amine_formation_in_meat" \l "cite_note-Nobuyuki-5" [5]
(http://en.wikipedia.org/wiki/Heterocyclic_amine_formation_in_meat)


The following table gives some idea of the concentrations of PhIP in cooked meat, dependent upon the type of meat and duration of cooking.

     PhIP values for cooked meat
	Meat type
	Cooking variation
	PhIP ng/g ± SD

	Beef (1.5 cm thick)
	Fried - medium rare (51°C)
	0.29 ± 0.14

	
	Fried - well-done (63°C)
	0.73 ± 0.02

	
	Fried - very well-done (74°C)
	7.33 ± 0.11

	Lamb Chop
	Fried - medium (75°C)
	0

	
	Fried - well-done (85°C)
	2.4

	Pork (2 cm thick)
	Fried - medium (63°C)
	0.37 ± 0.06

	
	Fried - well-done (83°C)
	7.82 ± 1.13

	Mince Beef Patty 
(2 cm thick)
	Fried - medium (51°C)
	0

	
	Fried - well-done (58°C)
	3.96 ± 0.13

	Chicken 
(2.5 cm, no skin)
	Fried - lightly browned (63°C)
	0.2 ± 0.005

	
	Fried - well-done (79°C)
	17.54 ± 0.17

	Sausage
	Fried - lightly browned (42°C)
	0

	
	Fried - well browned (70°C)
	0.61 ± 0.06

	Bacon, middle
	Fried - lightly cooked
	0.11 ± 0.002

	
	Fried - well cooked
	1.93 ± 0.37


(http://en.wikipedia.org/wiki/2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine)


As you can see, eating well-done meat adds substantially to one’s PhIP intake and, presumably, to one’s risk for getting cancer. It is interesting to note that sausage, even well-done, produces relatively little PhIP. This is probably due to its high fat and water content. The water probably prevents the temperature of the meat from reaching levels where HCAs are produced prodigiously. Also interesting to note: hot dogs have relatively low amounts of HCAs, since they are pre-cooked and packaged before sale. Of course, if one were to grill them to a charred state, the amount of HCAs would no doubt increase substantially. 
More on grilling and smoking temperatures

To approximate grill temperatures many sites suggest using the hand test, as follows: hold your hand over the grill (NOT directly on it!) over the coals. The length of time you can hold your hand over the heat before pulling it away is an indication of the grilling temperature:

   Grill temperature

Low 
5–7 seconds

Medium 
3–5 seconds

High 
1–3 seconds

The table, below left, shows the relationship between grill temperature and the types of reactions that go on inside meat. The table on the right indicates temperatures and times needed in a smoker to cook meats to a healthy (bacteria-killing) internal temperature.
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(http://www.smokingmeatforums.com/a/temperature-summary)

The table below shows the temperatures and times needed to grill meats to a healthy, bacteria-killing internal temperature.
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BEEF
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Steak 1-1/2Inches |  Hot (375°) 67 Min 89 Min 10 Min 12-15 Min
Medium-Hot
Steak 2Inches (oo | B1OMIn 10-15 Min. 15-18 Min 20+ Min
Medium -Hot
Hamburger 1inch (G537 4Min 5Min, & Min 7+ Min.
Tenderioin Whole | Medium (326°) | 12-15Min. | 1517 Min 18-23 Min -
PORK
Cut of Meat size Heat of Fire Rare Med. Rare Medium Well Done
Low-Medium
SteakiChop 1inch (2750325 - 13-18 Min
Low-Medium
SteakiChop | 112 inches | £o7 S C0RT - - 15-23 Min
Very Low 1101112
Spareribs Whole 2007 - - el
POULTRY
Cut of Meat size Heat of Fire Rare Med. Rare Medium Well Done
Chicken Spiithalf | Medium (325°) - - - 15-30 Min
ComishHen | Spiithalf | Medium (325°) - - - 15-20 Min
. Spitt half i
Turkey 31510 6 Ibs, | Medium (3259 - - - 20-30 Min
VENISON
Cut of Meat size Heat of Fire Rare Med. Rare Medium Well Done
SteakiChop 1inch Hot (375%) 56Min. |67 Min 7-8 Min 10+ Min
SteakiChop | 1-1/2Inches | Hot (375°) 67Min. |89 Min 10 Min 12-15 Min

= These are guidelines only. Grilling time and temperature may vary depending on your grill and the cut of meat
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(http://perfectjerky.com/meat/grilling-chart-time-temperature/)

Note the contrast in cooking times between the grilling and smoking processes. Grilling generally takes only minutes (except for ribs), while smoking requires hours of heating time.

Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Combustion—Varieties of wood chips will produce various combustion products, besides carbon dioxide and water, that contribute to the taste and aroma of the grilled food.
2. Chemical reactions—Maillard reactions involve chemical change at the surface of the meat.

3. Organic chemistry—Sugars and amino acids involved in the Maillard reaction are all organic compounds, as are PAHs and HCAs.
4. Primary and secondary bonding—Denaturing of proteins involves the breaking of intermolecular forces (secondary bonds) that release their rigid (quaternary, tertiary, and even secondary structures. Then, with further heating, they can undergo disruption of peptide bonds, resulting in breakdown into amino acid and the severing of chemical bonds.

5. Physical vs. chemical changes—Grilling involves the physical change of evaporation of water, before the temperature can get high enough to begin the chemical changes involving browning reactions. 
6. Phase changes—Evaporation of water must occur before browning can begin. In smoking meat, “the stall” results from water evaporating from the meat, cooling it.
7. Biochemistry—Carbohydrates and proteins involved in grilling are all biochemical molecules.

Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “Grilling is grilling; the hotter the flames, the better!” The article puts this misconception to rest. Lower temperatures (300 oF or less) result in tastier foods. Higher temperatures result in excess PAHs and HAs being produced, and in burning or charring the meat.
2. “If grilling was good enough for our distant ancestors, it’s good enough for me. (Think cavemen.)” Cavemen (or more recent ancestors) did cook much of their food over an open fire, and they probably had health problems because of the extra PAHs and HAs in their diet. Unfortunately, they died at early ages, perhaps due to the ingestion of all these toxins, although many other factors worked against their living to old age. Grilling today is OK, we just have to avoid overdoing it, as these carcinogens can build up in our bodies faster than they are eliminated.

3. “Grilling is an unhealthy way to prepare food.” While there are unhealthy aspects to the process, there are many things one can do to minimize the dangers of grilling. See “Answers to Student Questions”, #11. 

4. “The Maillard reaction only relates to food.” Maillard reactions occur not only in food, but are also part of processes related to the human body, such as cataract formation, diabetes, and even the use of self-tanners on the skin. (ChemMatters Teacher’s Guide, December 2012 issue)
5. “The Maillard reaction is a single chemical reaction.” The Maillard reaction is actually a complex series of reactions, with a huge number of potential products depending on the reducing sugar(s) and amino acid(s) that participate in the process. (ChemMatters Teacher’s Guide, December 2012 issue)
Anticipating Student Questions 
(answers to questions students might ask in class)
1. “What IS the correct temperature at which we should be grilling?” Most barbecue aficionados report that they grill at temperatures around 300–350 oF, although temperatures can reach much higher than this—up to 500 oF. People who prefer to use a smoker to prepare their meats maintain temperatures of 200–250 oF.
2. “I love grilled meat! How can I avoid carcinogens when I barbecue?” The article pretty much answers this question. For concise answers, see “Answers to Student Questions” #11, above.
3. “Why doesn’t meat brown in the microwave?” Microwave radiation has frequencies that interact directly with the bonds in water molecules. They will cause water molecules to speed up, even to the point of boiling. But boiling occurs at 100 oC, and no matter how long liquid water boils, its temperature won’t go above its boiling temperature. So meat, which contains water, won’t get hotter than the water it contains. And this temperature is lower than the 115 oC needed to begin the Maillard browning reactions. So the meat will cook, but it will be gray and rather tasteless, compared to the rich brown color and tasty flavor of grilled meat.
In-class Activities 
(lesson ideas, including labs & demonstrations)

1. You can find a pdf document from Ohio State University containing a slide show that discusses enzymatic browning (think apples) and non-enzymatic browning (Maillard reaction and caramelization) at http://class.fst.ohio-state.edu/FST605/605p/Maillard.pdf. The slides contain rather detailed chemistry and chemical structures, so previewing and possibly paring down some of the slides may be required, depending on the level of students in your classes.

2. Another set of slides that could be used in class that are focused on browning reactions, from Ohio State University, can be found here: http://class.fst.ohio-state.edu/FST605/605p/Maillard.pdf.

3. The Exploratorium offers a student activity in which students can detect the Maillard reaction products in a simple experiment: http://www.exploratorium.edu/cooking/meat/activity-maillard.html.

4. Here’s a YouTube video clip that you could share with students showing an experiment with frying onions to show the Maillard reactions: http://www.youtube.com/watch?v=t3IFLtZZipk&feature=player_embedded.

5. The University of Illinois at Urbana-Champaign has posted to YouTube a concise 6-minute video that summarizes the types of browning reactions. It uses animations (really just a continuous-run slide show) and shows some of the chemical structures involved in browning processes. You can view it at http://www.youtube.com/watch?v=gk_rPkglyao&feature=endscreen&NR=1. 
6. This Web site from Purdue University provides 6 experiments students can do involving “Amino Acids, Proteins and Maillard Browning”. One experiment uses different amino acids to show the varied Maillard reaction products. (http://www.cfs.purdue.edu/fn/fn453/ld_amino.html)

7. The results of an experiment baking pretzels with each material of various pH levels (vinegar vs. water, baking soda, washing soda, and lye) can be found here: http://blogs.oregonstate.edu/deliciousnessw09/2010/03/13/pretzel-logic/. There were intriguing differences in surface color in the results, based on the Maillard reaction. You might consider teaming with the family consumer science teacher to try such an experiment in his/her kitchen. 

8. While not exactly barbecuing, NBC Learn provides a 6-part series of videos you can use in your classroom dealing with the cheeseburger. The topics: bread, hamburger meat, cheese, tomatoes, pickles, and condiments. Videos run from five to eight minutes each. There’s a lot of good, basic chemistry in each. The one on meat in particular is appropriate here as it describes exactly what meat is, what myoglobin is, how it unfolds with heat, and how the Maillard reaction works. http://nbclearn.com/portal/site/learn/chemistry-now/cheeseburger-chemistry.
9. For an organic chemistry class, you could study PAHs and use their structures to study more complex organic nomenclature. This might be a good place to start: http://www.env.gov.bc.ca/wat/wq/BCguidelines/pahs/pahs-01.htm.

10. In a unit on phase changes, you could ask students to explain “the stall” in barbecuing. This occurs when the temperature of a pork shoulder or beef brisket stops rising and remains constant for several hours in a smoker or barbecue pit before it starts to rise again. The event is based on water in the meat undergoing a phase transition that requires energy. ((http://www.huffingtonpost.com/craig-goldwyn/physicist-cracks-bbq-mystery_b_987719.html)

11. Dr. Greg Blonder’s Web page “Follow the Salt” shows several experiments that demonstrate the effects of brining on meat. The experiments use swimming pool test chemicals and could easily be used in a high school classroom. (http://www.genuineideas.com/ArticlesIndex/diffusion.html)

12. Another of Dr. Blonder’s Web pages, “It’s the Salt, Stupid”, shows the effect of adding vinegar as a marinade to penetration of the marinade into meat. The same page also tests the prevailing theory about why brining is effective—and finds it to be mostly false. (http://www.genuineideas.com/ArticlesIndex/brine.html)

13. Several videos dealing with the denaturing of proteins can be found in the “More sites on denaturation of protein, below.

Out-of-class Activities and Projects 
(student research, class projects)
1. Students could research the composition of marinades and sauces on barbecuing and their taste, relative to the region of use in the U.S.; e.g., Texas style—tomato, vinegar & Worcestershire sauce; North Carolina style—vinegar, salt and pepper; South Carolina style—mustard, sugar and vinegar; Kansas City style—ketchup, vinegar and sugar. They could start their research here: http://en.wikipedia.org/wiki/Barbecue_sauce.

2. Students can research the varying results of cooking food at varying temperatures and using various methods of heat transfer. A good starting source is: http://amazingribs.com/tips_and_technique/thermodynamics_of_cooking.html.

3. Students could always go home and experiment with their own grilling/smoking meats and report back to the class. Of course, they would have to control variables.
References 
(non-Web-based information sources)
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This article relates the story of a backyard barbecue that resulted in an explosion and a burned chef. Author Young, a safety expert, discusses his analysis of the accident and explains how it happened, and why the prevailing hypothesis was wrong. A sidebar also tells the reader how to start a barbecue safely. (Young, J. Mystery Matters: The Interrupted Party. ChemMatters 1984, 2 (3), pp 4–5)

This article presents the evidence for a regal celebration of the demise of King Midas, and the chemical analysis done to determine foods eaten there. Meat was barbecued, according to the findings. (Miller, S. King Midas: Leftovers from his Last Feast. ChemMatters 2001, 19 (4), pp 4–5)
The article “Tasteful Chemistry” discusses how our taste buds work, and why we are able to discern hundreds of different tastes with only five types of taste receptors. (Pages, P. Tasteful Chemistry. ChemMatters 2008, 26 (4), pp 4–6)
The Teacher’s Guide for the December 2008 issue of ChemMatters, above, provides much background material on taste. (This is available online, while the article is not.)
In this article about food flavors, author Heiss discusses the other factors that go into a flavor; besides taste, there are smell, texture, color and temperature. The author also discusses the role of esters in the smells that contribute to the flavors of foods. (Heiss, R. Mmmm… Flavorful Food! ChemMatters 2011, 29 (4), pp 6–8) (available online) You will also find on this site a 5-minute downloadable video from ByteSize Science, “Flavor Chemistry—The Science Behind the Taste and Smell of Food” that summarizes the article.

The Teacher’s Guide to the December 2011 issue of ChemMatters, above, provides much background information for the teacher about flavors and the chemistry behind them. It also provides many Web links for activities and more information. (available online)


The December 2012 issue of ChemMatters contains the article, “Two is Better than One”, which deals with the Maillard reactions occurring in foods. It describes the effects of the Maillard reaction on toast, French fries and meats. The title comes from heating the food twice, once to evaporate away some of the water, and twice to initiate the Maillard reactions (not necessarily in that order). (Husband, T. Two is Better than One. ChemMatters 2012, 30 (4), pp 9–11)


The Teacher’s Guide for the “Two is Better than One” article contains a wealth of background information on the Maillard reaction. (I’ve quoted some of it in this Teacher’s Guide “Background Information” section.)

Web Sites for Additional Information 
(Web-based information sources)
More sites on barbecue history
AmazingRibs.com contains an extensive Web page devoted to the history of barbecue, beginning with homo erectus (predecessor to Neanderthals) and the discovery of fire ca. 1 million years BCE, to early humans around 2700 BCE in Israel, to references in the Bible, and continuing through to modern man. The site even spends two paragraphs attributing our evolution as dominant beings on Earth to barbecue! (And there’s some logic to it.) (http://amazingribs.com/BBQ_articles/barbecue_history.html)

More sites on barbecue chemistry
Daryl Ramai, the author of this ChemMatters article on grilling, previously published another article, “The Chemistry of BBQ” in the August 10, 2012 blog, “Reactions: the ACS Undergraduate Blog”. The blog includes several videos that highlight Maillard reactions, and diagrams that illustrate the chemical changes that occur in Maillard reactions. You can view the blog at http://acsundergrad.wordpress.com/2012/08/10/the-chemistry-of-bbq/.


Barbecuing aficionados might be interested in reading “Physicist Cracks BBQ Mystery”, about a “scientific” experiment from the Huffington Post to definitively answer the question: “Why does barbecue meat in a slow cooker undergo ‘the stall’?” “The stall” occurs during cooking, when the temperature of a pork shoulder or beef brisket stops rising and remains constant for several hours in a smoker or barbecue pit before it starts to rise again. This is actually a good lesson in the thermodynamics of phase changes. (http://www.huffingtonpost.com/craig-goldwyn/physicist-cracks-bbq-mystery_b_987719.html
More sites on enzymatic browning
This site lists the polyphenol content of many fruits that cause them to brown when exposed to air, as well as ways to prevent the process: http://www.food-info.net/uk/colour/enzymaticbrowning.htm.

More sites on cooking meat

The Exploratorium has a series of 5 Web pages on “The Science of Cooking Meat”, that includes how muscle becomes meat; how various ingredients affect meat’s flavor; the effect of temperature on meat; how tough meat becomes tender; and background information consisting of a table summarizing the essential amino acids that constitute proteins, their chemical structure, function, and animal and plant sources. View the site at http://www.exploratorium.edu/cooking/meat/meat-science.html.

AmazingRibs.com offers a Web page, “The Thermodynamics of Cooking and How Different Cooking Methods Work”. This page discusses the five different methods of cooking, how heat moves through the meat as it is cooked, and how various types of grills work. (http://amazingribs.com/tips_and_technique/thermodynamics_of_cooking.html)


Another Web page on the AmazingRibs.com site discusses “Basic Meat Science for Outdoor Cooks”. It has a great picture of a smoke ring on a smoked baby back rib. (http://amazingribs.com/tips_and_technique/meat_science.html)

More sites on denaturing proteins
This Wikipedia site discusses denaturing of proteins. It includes a simple demonstration that compares the unbending of paper clips to the denaturing of albumen when cooking an egg. (http://en.wikipedia.org/wiki/Denaturation_(biochemistry)

In addition to showing factors that disrupt bonding in proteins, this site also has separate Web pages that describe each of the four types of structures within protein molecules. (http://www.elmhurst.edu/~chm/vchembook/568denaturation.html)


This video from McGraw-Hill shows an animation that describes the formation of a protein and the four types of structures, and then shows, in some detail, its denaturation. The video is closed-captioned. (http://highered.mcgraw-hill.com/sites/0072943696/student_view0/chapter2/animation__protein_denaturation.html)


Here’s another video on protein structures and denaturation from “FoodScience”: http://www.youtube.com/watch?v=3IL_Df5ouUc.


And here is a similar video, except at the college level: http://www.dailymotion.com/video/xrd6qe_protein-denaturation_auto.

More sites on the Maillard reactions
Chemical and Engineering News, October 1, 2012, 90 (40), pp 58–60, contained a special article commemorating the 100th anniversary of Maillard’s discovery of these now-famous reactions: http://cen.acs.org/articles/90/i40/Maillard-Reaction-Turns-100.html.
Chemist Matthew Hartings discusses his favorite chemical reaction (the Maillard reactions) and provides a succinct two-paragraph description of the series, complete with a pen-on-napkin type of illustration of the eight products involved in the process.

(Chemical and Engineering News, November 21, 2011, 89 (47), p 36;

http://cen.acs.org/articles/89/i47/Maillard-Reaction.html)

A YouTube video from “Food Science” discusses the Maillard reaction, as well as caramelization: http://www.youtube.com/watch?v=KhLZ2_KTqf4.

A section of a university course on food covers the Maillard reaction. This site includes several pages on Maillard reactions in microwave cooking, and in medical applications. (http://www.landfood.ubc.ca/courses/fnh/301/brown/brown_prin.htm)

The Science of Cooking provides a 3-page summary of the Maillard reaction at http://web.mnstate.edu/provost/BCBT100%20Browning.pdf.

This site presents a one-page summary of the 3-step process involved in the Maillard reaction: http://www.chm.bris.ac.uk/webprojects2002/rakotomalala/maillard.htm.

This 2-minute video from YouTube shows the effect of adding baking soda (higher pH) to onions to speed up the Maillard reaction: http://www.youtube.com/watch?v=t3IFLtZZipk&feature=player_embedded. It includes a control without baking soda.

Texas A & M provides a short PowerPoint slide show that describes the pros and cons of the Maillard reaction, “Browning Reactions and Color”, at http://nfscfaculty.tamu.edu/talcott/Food%20Chemistry/Browning%20Reactions%20and%20Color.ppt.


Here’s an odd application of the Maillard reaction: most old photographs from the 19th century are albumen prints. The yellowing of these prints is now thought to be due to Maillard reactions. (http://albumen.conservation-us.org/library/c20/reilly1982a.html)

More sites on marinades and sauces
AmazingRibs.com also has a page that covers “The History of Barbecue Sauce” and includes historic recipes as well as modern ones for many sauces: http://amazingribs.com/BBQ_articles/history_of_bbq_sauce.html.

More sites on carcinogens from grilling
CBC News (Canada) provides a bit more information on problems with grilling, including PHAs, HCAs and AGEs at http://www.cbc.ca/news/background/bbq/bad-things-good-food.html.


In their Web page, “Chemicals in Meat Cooked at High Temperatures and Cancer Risk”, the National Cancer Institute provides a bit more information on grilling and cancer risks, along with recommendations for minimizing the effects: http://www.cancer.gov/cancertopics/factsheet/Risk/cooked-meats.

More sites on PAHs
The Ministry of Environment, Lands and Parks, Province of British Columbia, has an extensive Web site on the chemistry of PAHs, although it does not discuss the effects of grilling on PAH production. (http://www.env.gov.bc.ca/wat/wq/BCguidelines/pahs/index.html#TopOfPage)

The ATSDR (Agency of Toxic Substances and Disease Registry) Web site contains a 2-page fact sheet on PAHs. The sheet has a frequently-asked-questions (FAQs) format. (http://www.atsdr.cdc.gov/tfacts69.pdf)

The United States Geologic Survey (USGS) shows that runoff from seal-coated driveways contains concentrations of PAHs 65 times those of unsealed driveway surfaces. (http://pubs.usgs.gov/fs/2005/3147/)

More sites on HCAs

For a very detailed basic understanding of heterocyclic ring structures, nomenclature and reaction chemistry, see this section of the college sophomore organic course textbook, Virtual Textbook of Organic Chemistry (William Reusch, Michigan State University): http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/heterocy.htm. It does not focus specifically on amines but covers all heterocyclic rings. Specific coverage of amines starts here: http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/amine1.htm#aminom.

Wikipedia’s Web page on HCAs in meat discusses the principle HCAs and their relative intake by adults and children in the U.S., as well as meat consumption per capita in the U.S. (http://en.wikipedia.org/wiki/Heterocyclic_amine_formation_in_meat)

More sites on Maillard reactions’ effects in aging
This study reports on some of the end products of Maillard reactions, called advanced glycation end products (AGEs), which occur within living tissue, and the effects these have on diseases related to aging in humans: 
http://www.anti-aging.gr.jp/english/pdf/2012/9(4)108113.pdf.

The National Institutes of Health Public Health Web site has an author manuscript that discusses research done using mass spectrometry on protein glycation involved during the Maillard reactions within our bodies. It describes in detail what the Maillard reaction is and how it affects our health. (http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2642649/)
More sites on grilling temperatures

The Web site AmazingRibs.com contains much information regarding best temperatures and times for grilling various types of meats. It even describes to the layperson some of the chemistry behind grilling: http://amazingribs.com/tips_and_technique/meat_temperature_guide.html.

The US Department of Agriculture has published a report, “Time-Temperature Tables for Cooking Ready-to-Eat Poultry Products”. The report describes the results of experiments done to discover the relationship between cooking temperatures and the amount of bacteria killed in the process. This report followed one for beef and pork products. (http://www.fsis.usda.gov/OPPDE/rdad/FSISNotices/RTE_Poultry_Tables.pdf)

General Web References 

(Web information not solely related to article topic)
AmazingRibs.com is a wealth of information about barbecuing, from history, to sauce recipes, to science, to tips on how to do it. (http://amazingribs.com/index.html)


The Exploratorium Web site contains much information on meats: http://www.exploratorium.edu/cooking/meat/index.html.

Dr. Greg Blonder’s Web site contains a section on food and kitchen science. Although the reports on the site describe experiments he’s done to test various hypotheses/myths and show the results of his experiments, and are not intended as student experiments, the experiments could be the basis of great in- or out-of-class experiments for chemistry students. (http://www.genuineideas.com/food.html)

“Your Mother was a Chemist” is a Web site that provides a variety of topics that are already included in a normal chemistry curriculum, as they relate to food and the kitchen. (http://kitchenscience.sci-toys.com/Introduction)

Not Milk? Living with Lactose Intolerance
Background Information 
(teacher information)

More on lactose intolerance


In general, lactose intolerance or a partially decreased ability for the body to process lactose is viewed as a condition that is atypical. However, information shows that it could be labeled as more the norm than not. The 2010 article “A Worldwide Correlation of Lactase Persistence Phenotype and Genotypes” states in its background section, “An estimated 65% of human adults (and most adult mammals) downregulate the production of intestinal lactase after weaning,” meaning less lactose is available so the body is less able to process lactose without symptoms of intolerance. (Itan, Y. et al. BMC Evolutionary Biology 2010, 10:36, see http://www.biomedcentral.com/1471-2148/10/36) A 2009 article in USA Today went so far as to say, “Being able to digest milk is so strange that scientists say we shouldn't really call lactose intolerance a disease, because that presumes it's abnormal. Instead, they call it lactase persistence, indicating what's really weird is the ability to continue to drink milk.” (http://usatoday30.usatoday.com/tech/science/2009-08-30-lactose-intolerance_N.htm) The Cambridge World History of Food’s section on lactose intolerance states: “Adult animals, like most humans, lose the ability to digest lactose. This suggests that adult loss of lactase is a normal mammalian trait and that adult ability to split lactose is an ‘abnormal' evolutionary innovation.” 

For humans, this loss of lactase begins between the ages of 2 to 5. (Patterson, K. D. Section IV.E.6. “Lactose Intolerance.” The Cambridge World History of Food. Eds. Kiple, K. F.; Ornelas, K. C. Cambridge, U.K.: Cambridge University Press, 2000, see http://www.cambridge.org/us/books/kiple/lactose.htm) The condition is not distributed evenly among all populations. Some statistics for different groups are: “Seventy-five percent of all African-American, Jewish, Mexican-American, and Native American adults are lactose intolerant. Ninety percent of Asian-American adults are lactose intolerant. Lactose intolerance is least common among people with a northern European heritage.” (http://medicalcenter.osu.edu/patientcare/healthcare_services/digestive_disorders/lactose_intolerance/Pages/index.aspx)

Symptoms of lactose intolerance have been mentioned even early in history, but significant study was not undertaken until the 1960s:
Gastrointestinal distress in adults after milk consumption was described in ancient Greek and Roman texts, and there were isolated clinical reports in the late nineteenth and early twentieth centuries, but the problem was not widely studied until the development (in the 1960s) of new techniques to study enzymatic action in the intestine. Consequently, the high prevalence of diminished lactase activity in healthy adults was described only in the early 1960s, with especially important work done by A. Dahlqvist and his associates (Dahlqvist 1977). 
(Patterson, K. D. Section IV.E.6. “Lactose Intolerance.” The Cambridge World History of Food. Eds. Kiple, K. F.; Ornelas, K. C. Cambridge, U.K.: Cambridge University Press, 2000, see http://www.cambridge.org/us/books/kiple/lactose.htm)
Studies of skeletons have also documented early lactose intolerance: “Early Neolithic Europeans couldn't stomach their milk, according to the first direct examination of lactose intolerance in skeletons dating from 5840 to 5000 BC.” (http://www.rsc.org/chemistryworld/News/2007/February/27020701.asp)

The Pediatrics journal article “Lactose Intolerance in Infants, Children, and Adolescents” provides several definitions related to the condition: 

· Lactose intolerance is a clinical syndrome of 1 or more of the following: abdominal pain, diarrhea, nausea, flatulence, and/or bloating after the ingestion of lactose or lactose-containing food substances. The amount of lactose that will cause symptoms varies from individual to individual, depending on the amount of lactose consumed, the degree of lactase deficiency, and the form of food substance in which the lactose is ingested. 

· Lactose malabsorption is the physiologic problem that manifests as lactose intolerance and is attributable to an imbalance between the amount of ingested lactose and the capacity for lactase to hydrolyze the disaccharide. 

· Primary lactase deficiency is attributable to relative or absolute absence of lactase that develops in childhood at various ages in different racial groups and is the most common cause of lactose malabsorption and lactose intolerance. Primary lactase deficiency is also referred to as adult-type hypolactasia, lactase nonpersistence, or hereditary lactase deficiency. 

· Secondary lactase deficiency is lactase deficiency that results from small bowel injury, such as acute gastroenteritis, persistent diarrhea, small bowel overgrowth, cancer chemotherapy, or other causes of injury to the small intestinal mucosa, and can present at any age but is more common in infancy. 

· Congenital lactase deficiency is extremely rare; teleologically, infants with congenital lactase deficiency would not be expected to survive before the 20th century, when no readily accessible and nutritionally adequate lactose-free human milk substitute was available. 

· Developmental lactase deficiency is now defined as the relative lactase deficiency observed among preterm infants of less than 34 weeks’ gestation. [emphasis added in bold] 
(Heyman, M. B. Pediatrics, 2006, 118 (3), pp 1280, see http://pediatrics.aappublications.org/content/118/3/1279.full)
The article also notes: “In the immature gastrointestinal tract, lactase and other disaccharidases are deficient until at least 34 weeks’ gestation. One study in preterm infants reported benefit from use of lactase-supplemented feedings or lactose-reduced formulas.” Lactose intolerance may be confused with having a milk allergy, which is a response by the body’s immune system to cow’s milk protein. This can happen in infants and young children. There is no cure beyond eliminating dairy from the child’s diet or from the mother’s diet if the child is breastfeeding. A high percentage of children “grow out of” a cow’s milk allergy by the time they are three years old.


For diagnosis of lactose intolerance, different tests are available. The Rohrig article mentions two: testing the stool for acidity and a hydrogen breath test. A third is the lactose tolerance blood test. The stool acidity test is commonly used for testing infants and young children, “…because large doses of lactose, such as those given in the lactose and hydrogen breath tests, are dangerous for young children.” (http://www.nhs.uk/Conditions/lactose-intolerance/Pages/Diagnosis.aspx) As stated by the Rohrig article, the presence of lactic acid from the fermentation of glucose will result in stools that, when tested, prove to be acidic. In addition, other acidic products are formed: “If the baby or child is lactose intolerant, there will be a high amount of fatty acid, such as acetate, present. This is created by the bacteria in the colon breaking down the undigested lactose.” (http://www.nhs.uk/Conditions/lactose-intolerance/Pages/Diagnosis.aspx) The hydrogen breath test is the preferred method. The 2008 review article “Lactose Intolerance in Clinical Practice—Myths and Realities” describes the test and potential problems with its results:

…the lactose hydrogen breath test … is currently considered to be the most cost-effective, non-invasive and reliable test to measure lactose maldigestion. The lactose hydrogen breath test usually involves taking 50 g lactose orally (equivalent to that found in 1 L of milk) and measuring breath hydrogen levels over the following 3–6 h with >20 p.p.m. above baseline indicating lactose intolerance. The sensitivity increases from 40% to 60%, if measurements are taken for 6 h.

Hydrogen non-excretion (a false-negative lactose hydrogen breath test) occurs in up to 20% of patients with lactose malabsorption. This is because of a predominant population of methane-producing bacteria in the bowel that use hydrogen to reduce carbon dioxide to methane or may occur as a result of prior antibiotics. Often, there is interference and competition between different strains of bacteria within the gastrointestinal tract leading to significant hydrogen excretion as well as moderate methane production.

In some subjects, there is a positive lactose hydrogen breath result without the subjects having had any prior symptoms of lactose intolerance. This indicates that these subjects have lactose malabsorption, but no symptoms presumably because of personal dietary restriction. 

(Lomer, M. C. E.; Parkes, G. C.; Sanderson, J. D. Aliment Pharmacol Ther 2008, 27 (2), p 96, see http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2036.2007.03557.x/full)
In the lactose tolerance blood test, blood samples are taken before and after the subject drinks a lactose solution similar to the one in the hydrogen breath test. The samples are tested for glucose levels. If the subject is lactose intolerant, glucose levels should rise not at all or rise slowly. For results, “The blood test is considered normal if your glucose level rises more than 30 mg/dL within 2 hours of drinking the lactose solution. A rise of 20-30 mg/dL is inconclusive.” (http://www.nlm.nih.gov/medlineplus/ency/article/003500.htm) Fasting is required for both the hydrogen breath test and lactose tolerance blood test. Future testing could involve genetic components, as “Researchers have identified a possible genetic link to primary lactase deficiency. Some people inherit a gene from their parents that makes it likely they will develop primary lactase deficiency. This discovery may be useful in developing future genetic tests to identify people at risk for lactose intolerance.” (http://digestive.niddk.nih.gov/ddiseases/pubs/lactoseintolerance/)

For those with lactose intolerance, making wise decisions about diet can help manage possible symptoms. Many people are able to tolerate at least some level of lactose intake, although it varies widely from person to person. Besides limiting one’s intake to only small amounts of products that contain lactose, other suggestions include ingesting products that contain lactose with meals, eating dairy products that have been somewhat modified, such as cheese and yogurt, and seeking out dairy products that are marketed as lactose-free. Sources of lactose in items other than straightforward dairy products should not be overlooked—milk products are added to many foods. The amount of lactose in these additions can be enough to set off symptoms of lactose intolerance. The National Digestive Diseases Information Clearinghouse recommends watching for the following ingredients in food labels, which indicate the presence of lactose: milk, whey, curds, milk by-products, dry milk solids, and non-fat dry milk powder. (http://digestive.niddk.nih.gov/ddiseases/pubs/lactoseintolerance/) For people with severe lactose intolerance, the site also notes that prescription and over-the-counter medicines can also contain lactose. The Food and Drug Administration Web site also warns that individuals who are extremely sensitive to lactose “should also beware of foods labeled ‘non-dairy,’ such as powdered coffee creamers and whipped toppings. These foods usually contain an ingredient called sodium caseinate, expressed as ‘caseinate’ or ‘milk derivative’ on the label, that may contain low levels of lactose.” (http://www.fda.gov/ForConsumers/ConsumerUpdates/ucm094550.htm - managing)


Consumers must even be aware of products that are labeled “lactose-reduced”, as they may still contain enough lactose to cause symptoms. The U.S. Food & Drug Administration Web site states: “There is no FDA definition for the terms ‘lactose free’ or ‘lactose-reduced,’ but manufacturers must provide on their food labels information that is truthful and not misleading. This means a lactose-free product should not contain any lactose, and a lactose-reduced product should be one with a meaningful reduction.” (http://www.fda.gov/forconsumers/consumerupdates/ucm094550.htm)

Since dairy products are typically seen as the “go-to” resource for adding calcium to one’s diet, those with lactose intolerance may need to look to other foods to meet their recommended daily allowance. Some examples are: rhubarb, sardines with bone, spinach, salmon with bone, soy milk, oranges, broccoli, pinto beans, almonds, tofu, dark green leafy vegetables, calcium-fortified juice, and calcium-fortified soy, almond, rice, or coconut milk. (http://digestive.niddk.nih.gov/ddiseases/pubs/lactoseintolerance/ and http://my.clevelandclinic.org/disorders/Lactose_Intolerence/hic_Lactose_Intolerance.aspx)


The Rohrig article mentions the availability of milk with added lactase enzymes. The text Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents describes these milk products: 

A range of reduced-lactose and lactose-free milks is available on [the] US market; the three most popular lactose-reduced or lactose-free products on the US market are Lactaid, Dairy Ease and Mootopia. … The reduced-lactose or lactose-free milks manufactured by treatment with (-D-galactosidase have a lower freezing point and are far sweeter than normal milk. The treatment of fluid milks with (-D-galactosidase offers certain specific challenges to processors. The average lactose content in cows’ milk is 4.8% and its conversion to glucose and galactose by (-D-galactosidase results in milks that are too sweet and often disliked by consumers. … The treatment of full lactose milk with (-D-galactosidase increases the chances of Maillard browning, especially in UHT [ultra-high temperature] milks (O’ Brien, 1997). … Some of the commercially available preparations of (-D-galactosidase contain some proteinase activity which is very heat stable and may not be inactivated by pasteurization or even ultra-high temperature sterilization of milk, resulting in poor shelf life of the lactose-free milk. The (-D-galactosidase treatment increases the cost of fluid milk by ~$0.06–$0.08/L.
(McSweeney, P. L. H.; Fox, P. F., eds. Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents. 3rd ed., New York: Springer, 2009, pp 99–100, see http://gendocs.ru/docs/25/24939/conv_1/file1.pdf) 
More on lactose
Lactose, sucrose, and maltose, all with the formula C12H22O11, are the three disaccharides mentioned in the Rohrig article. Saccharides, whether they are monosaccharides, or single sugars, disaccharides, two sugars joined together, or polysaccharides (e.g. starch), compounds with three or more sugars joined together, all belong to a class of compounds known as carbohydrates. Carbohydrates contain the elements carbon, hydrogen, and oxygen. Carbohydrates serve as a main source of energy for the human body; it is recommended that about half of our daily caloric intake come from carbohydrates.

The name lactose can be broken down into two parts, lac or lactis, which is Latin for milk, along with the –ose suffix, which is typically used when naming carbohydrates. Lactose is often referred to as “milk sugar.” It is found in varying percentages in the milk of mammals. For example, the percentage of lactose in human milk is 6.5 to 7.5%, with the average percentage in cow and goat milk less than 5%. The percentage in cows and goats can vary from animal to animal and can also differ depending on the breed. (http://www.disknet.com/indiana_biolab/b120a.htm) Other references have identified lactose as part of certain plants, although the proof of a small number of these reports has been questioned and retested. (Toba, T.; Nagashima, S.; Adachi, S. J. Sci. Food. Agric. 1991, 54 (2), p 305, see http://onlinelibrary.wiley.com/doi/10.1002/jsfa.2740540217/abstract)

As the Rohrig article states, the presence of lactose in milk can be a definite problem for those who consume milk and milk-based products. In addition to this, there are other less known difficulties associated with lactose. One such problem arises in connection with the Maillard reaction: “Like all reducing sugars, lactose can participate in the Maillard (non-enzymatic browning) reaction, resulting in the production of (off-) flavour compounds and brown polymers. The Maillard reaction contributes positively to the flavour and colour of many foods, e.g., crust of bread, toast and deep-fried products, but the effects in dairy products are usually negative and must be avoided.” (McSweeney, P. L. H.; Fox, P. F., eds. Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents, 3rd ed., New York: Springer, 2009, p 6, see http://gendocs.ru/docs/25/24939/conv_1/file1.pdf) Another problem can arise in connection with the production of dairy products:

Industry throughout the world is faced with a common problem – that of the disposal of waste materials from manufacturing processes. In the case of the dairy industry, one such “waste” which is produced in enormous quantities is the whey resulting from cheese and casein manufacture. In the 1996/97 season alone it is estimated that around five billion litres of whey were produced in New Zealand. … Whey proteins, mineral salts and other residual components of this complex mixture are readily extracted, but there is still a major component present: lactose.

This simple sugar poses a serious potential risk to the environment, as its disposal into rivers and onto fields promotes bacterial growth. Whey degradation by bacteria causes oxygen depletion of water and soil… 
(http://nzic.org.nz/ChemProcesses/dairy/3F.pdf)


The problem of whey disposal can be turned into a benefit; some companies take what was previously viewed as a waste product and are able to purify it “to form food- and pharmaceutical-grade lactose in a process involving evaporating, crystallising, centrifuging and filtering.” (http://nzic.org.nz/ChemProcesses/dairy/3F.pdf) This lactose can be used for different purposes:

Today, lactose is widely used in the food and confectionery industries since it has a low sweetness (30% that of sucrose), binds flavours and aromas and increases the storage life of products. Lactose is used in preparing baked goods as it will undergo the Maillard reaction with proteins … and thus produce a browning effect. As human milk contains 7% lactose (compared with 4.4 - 5.2% in bovine milk), lactose is added to cow's milk in the preparation of infant formula. 
The purest form of α-lactose has always been used by the pharmaceutical industry as an excipient: a compound which is chemically inert, aids the manufacturing system, protects or enhances the biological availability of the drug or enhances any aspect of the safety of the drug. As such, it is the second most widely used compound and employed as a filler/binder in tablets, capsules and other oral product forms. 
α-lactose is also used for the production of various other compounds. These include lactitol (in diabetic products, low calorie sweeteners and slimming products), lactic acid (widely used in the food industry), and lactulose (a lactose isomer, used by the food industry). Japanese infant formula manufacturers are evaluating lactulose as a supplement. There is also interest from the chemicals industry in using lactose as a feedstock in the manufacture of lactosylurea, ammonium lactate and lactitol palmitate. β-lactose also has applications in the pharmaceutical industry as an excipient and in the manufacture of foodstuffs. 
(http://nzic.org.nz/ChemProcesses/dairy/3F.pdf)
In addition to its widespread use in oral pharmaceuticals, one reference mentioned that lactose “can also be finely milled to produce inhaler-grade lactose. Here, the lactose acts as a carrier for micronised drug materials to reach the lungs”. (McSweeney, P. L. H.; Fox, P. F., eds. Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents. 3rd ed., New York: Springer, 2009, p 116, see http://gendocs.ru/docs/25/24939/conv_1/file1.pdf)
Lactose has also found use in less desirable products—as a diluent for heroin and cocaine, as a way to add bulk to the drug and thus increase the amount that could be profitably sold. (Karch, S. B. ed. Drug Abuse Handbook, 2nd ed., Boca Raton, Florida: CRC Press, 2007, p 50 see http://books.google.com/books?isbn=0849316901 and Hanson, G. R.; Venturelli, P. J.; Fleckenstein, A. E. Drugs and Society, 11th ed., Burlington, Massachusetts: Jones & Bartlett Learning, 2012, p 262. See http://books.google.com/books?isbn=1449613691)

The McSweeney text describes three methods that have been used to reduce/modify or eliminate lactose in milk and milk products: 1) treatment of milk with (-galactosidase, 2) membrane technology techniques, and 3) chromatographic methods. A description of each is included in the text:

1. Lactose-reduced milks and milk products are made by treatment of cows’ milk with lactase ((-D-galactosidase), a process which began with the commercial availability of this enzyme from microbial sources in early 1970s. Treatment of milk and milk products with (-D-galactosidase to reduce their lactose content is an appropriate method for increasing their potential uses and to deal with the problems of lactose insolubility and lack of sweetness (Mahoney, 1997). Moreover, treatment of milk with (-D-galactosidase makes it a suitable food for a large number of adults and children who are intolerant to lactose. The hydrolysis of lactose by (-D-galactosidase into its constituent monosaccharides, D-glucose and D-galactose, allows most consumers who are lactose-intolerant to digest comfortably products that contain lactose. The constituent monosaccharides of lactose are more soluble than lactose and hence lactose hydrolysis improves the mouthfeel of fluid milks.

2. Membrane techniques such as microfiltration and ultrafiltration (UF)

are used commercially to modify the proportion of lactose in milk and milk products. … The addition of UF retentate of milk changes the physical and chemical properties of all dairy products to which it is added. UF membranes retain all the fat and practically all the protein in milk. The retention coefficients of the non-protein nitrogen compounds are generally 20–40%, and higher for the high-concentration factors (Grandison and Glover, 1997). Urea and amino acids are mainly lost through the membrane. Retention of lactose during ultrafiltration may be up to 10%. The minerals and other ions retained during the membrane processing of milk by ultrafiltration are those that are attached to the proteins, like calcium, magnesium, phosphate and citrate, while others pass into the permeate. Likewise, the fat-soluble and protein-bound vitamins are retained completely. A process in which lactose can be removed completely from the milk is a modification of ultrafiltration, referred as diafiltration. During diafiltration, water is added to the milk or to the ultrafiltration concentrate of milk in order to wash out components able to pass through the membranes. Diafiltration helps to remove more permeate and more small molecules and therefore is a purification process. The combination of ultrafiltration and diafiltration is a technique for manufacturing milk enriched in protein and fat, and very low in lactose and salts.
3. Chromatography processes use charged resins to separate proteins and other charged ions in milk from lactose. The proteins and charged ions bind to oppositely charged resin while lactose does not bind and passes directly through the system. Milk from which lactose is to be separated is passed through a column containing cation exchange resin (Harju, 1989). The cation exchange resin is balanced in such a way that an ionic balance is obtained with milk. After balancing the resin, skim milk or concentrated milk is passed through the bed. The lactose fraction is eluted at the bottom of the bed, while the protein and mineral fraction is eluted with the help of water in another stream. The main disadvantages of chromatographic processes are that they are time-consuming and involve expensive equipment. 
(McSweeney, P. L. H.; Fox, P. F., eds. Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents. 3rd ed., New York: Springer, 2009, pp 99, 101, 103, see http://gendocs.ru/docs/25/24939/conv_1/file1.pdf)

There is even research into ways that the amount of lactose in milk could be modified at the very source, that is, when the milk is produced in the mammal, through the use of genetic engineering. Three specific reasons are mentioned:

· Lactose is the least valuable constituent in milk but it costs energy on the part of the animal to synthesize it; therefore, it would be economically advantageous to reduce the lactose content of milk. 

· Since lactose effectively controls the water content of milk and most dairy processes require the removal of water, it would be advantageous to reduce the amount of water in milk by reducing the level of lactose. However, if the level of lactose is reduced too much, the viscosity of the milk will be too high for easy expression of milk; ... Obviously, this problem could be overcome by reducing the level of lactose rather than eliminating it. Alternatively, it may be possible to modify the milk secretory mechanism to produce a more useful, or at least a less problematic, sugar than lactose, e.g. glucose, maltose or lactulose (which is a laxative and prebiotic), or it might be possible to increase the concentration of salts in milk. 

· …most adult humans are unable to digest lactose. If the problems arising from high viscosity were resolved, lactose-free or -reduced milk would be nutritionally desirable. 
(McSweeney, P. L. H.; Fox, P. F., eds. Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents. 3rd ed., New York: Springer, 2009, p 8, see http://gendocs.ru/docs/25/24939/conv_1/file1.pdf)
More on lactase

As mentioned in the Rohrig article, lactase is an enzyme produced in the small intestine, with the role of breaking down lactose before it passes to the large intestine. This enzyme is found in humans, other mammals, and other organisms, such as yeasts and bacteria. The first view that organisms such as yeast could break down lactose with an enzyme was published by Dutch microbiologist Martinus Willem Beijerinck in 1889. “However, Beijerinck’s paper did not provide conclusive evidence for enzyme-catalyzed lactose hydrolysis. Fischer can be considered the real discoverer of lactase, since he was the first to prove beyond a doubt that lactose hydrolysis can be catalysed by an enzyme. However, from Beijerinck’s paper it is clear that he was the first to realize that an enzyme activity is involved in lactose hydrolysis.” (Rouwenhorst, R. J.; Pronk, J. T.; van Dijken, J. P. Trends in Biochemical Sciences, 1989, 14 (10) p 418, see http://repository.tudelft.nl/assets/uuid:3bf3ed49-3279-446f-80e8-a33c09a10615/Pronk09.pdf)


The production of lactase is undertaken by cells in the small intestine:

Lactase is produced by cells that line the walls of the small intestine. These cells, called intestinal epithelial cells, have finger-like projections called microvilli that absorb nutrients from food as it passes through the intestine so they can be absorbed into the bloodstream. Based on their appearance, groups of these microvilli are known collectively as the brush border. Lactase functions at the brush border to break down lactose into smaller sugars called glucose and galactose for absorption.
(http://ghr.nlm.nih.gov/gene/LCT)

Lactase is embedded in the membrane of the small intestine and “is combined with another enzyme called phlorizin hydrolase to form a transmembrane enzyme complex called lactase- phlorizin hydrolase. It has been shown that the lactase portion of this enzyme complex is the only portion active in the breakdown of lactose. … The structure of lactase is rather complex. Its crystal structure contains four identical subunits. Each subunit contains a chain of 1023 amino acid residues. When this structure was determined, it was the longest polypeptide for which an atomic structure had been obtained.” (http://www.sas.upenn.edu/~carrolld/LessPlan4Lactase.pdf) 

The gene that codes for making lactase has been labeled LCT and is located on chromosome 2. The reduced ability of many humans to easily digest lactose after early childhood is keyed to this gene; “Lactose intolerance in adulthood is caused by gradually decreasing activity (expression) of the LCT gene after infancy, which occurs in most humans.” (http://ghr.nlm.nih.gov/gene/LCT) Mutations in this gene can have a drastic effect on infants:

At least nine LCT gene mutations cause congenital lactase deficiency, also called congenital alactasia. In this disorder, infants are unable to break down lactose (lactose intolerance) in breast milk or formula. The LCT gene mutations change single protein building blocks (amino acids) in the lactase enzyme or result in an enzyme that is abnormally short. The mutations are believed to interfere with the function of the lactase enzyme, leading to undigested lactose in the small intestine and causing severe diarrhea. 
(http://ghr.nlm.nih.gov/gene/LCT)
Connected to the action of the LCT gene is a portion of another gene:

LCT gene expression is controlled by a DNA sequence called a regulatory element, which is located within a nearby gene called MCM6. Some individuals have inherited changes in this element that lead to sustained lactase production in the small intestine and the ability to digest lactose throughout life. People without these changes have a reduced ability to digest lactose as they get older, resulting in the signs and symptoms of lactose intolerance. 
(http://ghr.nlm.nih.gov/condition/lactose-intolerance)


Dietary supplements that contain lactase are available. One popular brand is Lactaid(. Advertisements for the product suggest that you take the recommended dose “with your first bite of dairy.” (http://www.lactaid.com/frequently-asked-questions) The supplement’s label has some units that are probably unfamiliar—for example, the serving size of 1 caplet of Lactaid( Fast Act Caplets contains “9000 FCC Lactase Units” of the lactase enzyme. (http://www.lactaid.com/products/fast-act-caplets - tab, click on the tab “Supplement Facts”) These terms are explained:

These are from the Food Chemical Codex (FCC). The FCC is published by the National Academy Press and is the accepted standard of the U.S. Food and Drug Administration. The system for determining enzyme potency used by the American food industry is derived from the FCC. This is the ONLY National Standard for evaluation of enzymes. This system establishes activity levels and potency for enzymes.
Most food comparisons are based on weight. With enzymes the key measurement is the unit of activity and potency. There is no direct relationship between weight and units of activity. So beware a product that lists enzymes only in mg. This doesn't tell you the actual activity level of the enzymes. 
(http://www.enzymeessentials.com/HTML/labeling_units.html)
A comparison of different amounts of the units is discussed:

The activity/potency is a measure of how much enzyme is needed to accomplish a specific reaction within a specified time. For example, one gram of lactase testing 1000 FCC lactase units per gram may convert 99% of the lactose in one liter of milk at a specific temperature within 24 hours. Lactase testing 10,000 FCC units per gram would only require one tenth of a gram to do the same job. Lactase testing 100,000 FCC units per gram would only require one one-hundredth of a gram to do the same job. 
(http://www.enzymedevelopment.com/wp-content/uploads/2011/10/BUYERS-GUIDE-TO-ENZYMES.pdf)
Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Carbohydrates—Lactose is a disaccharide and belongs to the family of molecules called carbohydrates, which the body breaks down to use for energy. Different carbohydrates, their uses in the human body, and how they are broken down could be compared
2. Catalysts—Enzymes—Lactase is an enzyme that speeds the hydrolysis reaction of lactose to break it down into galactose and glucose. A discussion of enzymes could include information about active sites, the specificity of certain enzymes, and that the lactase enzyme can be present in our small intestine, as produced by the human body, and our large intestine, as produced by bacteria that reside there.
3. Chemical reactions—Fermentation—When bacteria in the large intestine break down lactose into glucose and galactose, the products can participate in further reactions. In the example in the article, glucose forms lactic acid in one type of fermentation reaction. The use of fermentation to produce different products such as yogurt, cheese, sauerkraut, and alcoholic beverages, could be discussed.
Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “People with lactose intolerance can never have dairy products.” There are different lactose-free dairy products available on the market for those with lactose intolerance. Dietary supplements that contain lactase are also available and can be taken before eating regular dairy products. Some people with lactose intolerance are able to consume small amounts of dairy without symptoms. 
2. “I drank a whole glass of milk at lunch and felt kind of sick right away, so I must have lactose intolerance.” Not necessarily. Symptoms of lactose intolerance usually occur 30 minutes to 2 hours after consuming dairy products. It takes time for the milk to make its way to the large intestine, where bacteria break down the lactose, causing symptoms such as gas and diarrhea.
Anticipating Student Questions 
(answers to questions students might ask in class)
1. “How can a person with lactose intolerance get enough calcium in his or her diet if he or she can’t eat dairy products?” Those with lactose intolerance can utilize lactose-free dairy products, such as lactose-free milk and even calcium-fortified lactose-free milk. Many other foods are also suggested to help increase calcium intake; some of these are almonds, tofu, dark green leafy vegetables, and different calcium-fortified beverages.
2. “What is the difference between lactose and lactase?” Lactose is a disaccharide found in milk and other dairy products. Lactase is an enzyme that is needed to break down lactose into monosaccharides, glucose and galactose, so they can be used by the body. Enzymes are often named by appending the suffix –ase to the substance it breaks down.
In-class Activities 
(lesson ideas, including labs & demonstrations)
1. The Exploratorium Science Snack “Milk Makes Me Sick” uses glucose test strips to test regular milk, lactose-free milk, and regular milk treated with “mystery drops” (lactase drops). (http://www.exploratorium.edu/snacks/milk_makes-me_sick/index.html) A similar activity also uses glucose test strips, but also adds a test with Benedict’s solution. (http://www.sciencelearn.org.nz/Contexts/Digestion-Chemistry/Teaching-and-Learning-Approaches/Lactose-intolerance) 

2. Students can perform an experiment to make yogurt using lactic starter cultures, which contain microorganisms that first break down lactose, then ferment it to form lactic acid, as described in the Rohrig article. (http://www.eng.umd.edu/~nsw/ench485/lab8.htm and http://www.westminster.edu/acad/sim/documents/SMakingYogurt.pdf) 
3. The 1995 ChemMatters article “Say Cheese” discusses cheese making, including the role of lactose and the changes it undergoes. The article also includes a recipe for making soft cheese using milk and lemon juice. (Baxter, R. ChemMatters, 1995, 13 (1), pp 4–7) Another similar cheese recipe is available online. (http://www.chymist.com/cheese.pdf)
4. Although this lab to isolate lactose from non-fat powdered milk is written for a university-level organic chemistry course, the procedure appears appropriate for the high school level. (http://infohost.nmt.edu/~jaltig/Lactose.pdf)

5. The Journal of Chemical Education (JCE) article “Detection of Catalysis by Taste” describes a demonstration to show the difference in taste between milk treated with Lactaid( drops compared to untreated milk, with a noticeable difference in sweetness in the treated milk. (Richman, R. M. J. Chem. Educ., 1998, 75 (3), p 315; the abstract is available at http://pubs.acs.org/doi/abs/10.1021/ed075p315 with the full article available to JCE subscribers)

6. Students could look at comic strips that use the topic of lactose intolerance. For two examples, see the Mother Goose & Grimm Web site (http://www.grimmy.com/comics.php). Click on the small calendar icon underneath the shown comic strip to enter the dates July 28, 2010, and January 15, 1996.
Out-of-class Activities and Projects 
(student research, class projects)
1. Students could do an informal survey of friends, relatives, other students, and school staff to see what percentage has experienced symptoms of lactose intolerance.

2. Students could research options for dairy replacements at their local store, such as dietary supplements that contain lactase, lactose-free milk, etc.

References 
(non-Web-based information sources)
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The ChemMatters article “Say Cheese” provides background on the components of milk, their involvement in cheese making, and the cheese making process. It also includes a recipe to make a soft cheese using milk and lemon juice. (Baxter, R. Say Cheese. ChemMatters 1995, 13 (1), pp 4–7) 
____________________

The article “Detection of Catalysis by Taste” from the Journal of Chemical Education offers a brief demonstration where lactase drops are tasted, then a large sample of milk has lactase drops added, and a second large sample of milk is left untreated. The two samples are refrigerated until the next day, then students taste them to detect any difference in sweetness between the two milks. (Richman, R. M. J. Chem. Educ., 1998, 75 (3), p 315; the abstract is available at http://pubs.acs.org/doi/abs/10.1021/ed075p315 with the full article available to JCE subscribers) 
The text Advanced Dairy Chemistry is written for senior university level students, researchers, and lecturers, but covers a massive amount of information related to lactose and milk products. (McSweeney, P. L. H.; Fox, P. F., eds. Advanced Dairy Chemistry, Vol. 3: Lactose, Water, Salts and Minor Constituents. 3rd ed., New York: Springer, 2009, see http://gendocs.ru/docs/25/24939/conv_1/file1.pdf) 
Web Sites for Additional Information 
(Web-based information sources)
More sites on lactose intolerance

The U.S. Department of Health and Human Services offers a National Digestive Diseases Information Clearinghouse online, which has a section that answers multiple questions about lactose intolerance, such as how it is diagnosed, how it is managed, and who is at risk for it. (http://digestive.niddk.nih.gov/ddiseases/pubs/lactoseintolerance/)

An article written for teens explains lactose intolerance, who may get it, how it’s diagnosed, and living with the condition. (http://kidshealth.org/teen/food_fitness/nutrition/lactose_intolerance.html)

This page at Boston Children’s Hospital Center for Young Women’s Health explains more about lactose intolerance and what to do if one suspects he or she has the condition. (http://www.youngwomenshealth.org/lactose.html)

An “Ask a Geneticist” feature discusses the question of lactose intolerance being genetic versus the body building up an immunity to dairy. (http://genetics.thetech.org/ask/ask135)

Various recipe sites have lactose and/or dairy free recipes available. Three examples are http://allrecipes.com/recipes/healthy-recipes/special-diets/dairy-free/, http://www.lactose-free-recipes.com/, and http://kidshealth.org/teen/recipes/lactose/about_li_recipes.html.

More sites on lactose and lactase
Jmol models of lactase and lactase interacting with lactose are available online; see the links a little less than halfway down the page. (http://www.umass.edu/molvis/bme3d/materials/explore.html)

A Jmol model of lactose is available online. (http://www.worldofmolecules.com/foods/lactose.htm)

Information on the structure and action of lactase is summarized. (http://maptest.rutgers.edu/drupal/?q=node/31)

The NPR blog summarizes the results of a pay-to-view survey of lactose-free milks and lactase supplements. (http://www.npr.org/blogs/thesalt/2011/11/01/141909162/when-lactose-intolerance-makes-you-scream-for-no-ice-cream)

More Web Sites on Teacher Information and Lesson Plans

(sites geared specifically to teachers)


This lesson plan on lactase is designed for a collaboration between an AP Chemistry class and an AP Biology class. Its objectives are for students to have an overview of the structure and function of the lactase enzyme, compare unimolecular and bimolecular processes, and investigate the kinetics of a reaction. (http://www.sas.upenn.edu/~carrolld/LessPlan4Lactase.pdf)

A “mini-lesson” titled “When Milk Makes You Sick: A Lesson in Lactose Intolerance” has students test different milk for lactose, fill out pedigree charts, and graph data from a world map to show the percentage of lactose intolerance in different areas. (http://www.indiana.edu/~ensiweb/lessons/tp.milk3.html)

An experiment preview of a Vernier lab that uses a gas pressure sensor to test for lactase action is available for download. The preview does not include safety information, instructor background and tips, and solution preparation directions. The full lab is available in the Biology with Vernier lab manual. (http://www.vernier.com/files/sample_labs/BWV-24B-COMP-lactase_action_GPS.pdf)
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The stratosphere is the second layer (going upward) of Earth's atmosphere. It is above the troposphere and below the mesosphere. The ozone layer is within the stratosphere. The temperature gets warmer as you go higher in the stratosphere. �Original artwork by Windows to the Universe staff (Randy Russell). 


(� HYPERLINK "http://www.windows2universe.org/earth/Atmosphere/images/stratosphere_diagram_big_jpg_image.html" �http://www.windows2universe.org/earth/Atmosphere/images/stratosphere_diagram_big_jpg_image.html�)





(� HYPERLINK "http://www.astro.wisc.edu/~kerry/index.html" �http://www.astro.wisc.edu/~kerry/index.html�)
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(� HYPERLINK "http://amazingribs.com/tips_and_technique/meat_science.html" �http://amazingribs.com/tips_and_technique/meat_science.html�)
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