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Molecular Gastronomy

Hervé This*

1. Culinary Proverbs and Know-How

Molecular Gastronomy? This name seems unnecessarily
pompous. If the discipline is only the chemical and physical
exploration of culinary processes, why did we give a new name
to what seems only food science? A look at the history of
science below will show it.

Our discipline is born from observations that we made in
the 1980s with the physicist Nicholas Kurti (1908-1998,
former professor of physics in Oxford, FRS):[l at home or in
the restaurants of industrialized or developing countries,
culinary activity is based on empirical traditions and not on
the rational understanding of the phenomena involved in the
culinary processes. This is the reason why culinary books
(even modern ones) are a strange mixture of remarkable
(sometimes very precise) observations and dubious, or false
advice.

It is written, for example, that suckling pigs must have the
head cut as soon as they are outside the oven, otherwise the
crackling of the skin is lost; is it true ?( It is said (in France)
that women should not make mayonnaiseP®! on “certain days
of the month” (i.e. when they have their periods), otherwise
the sauce fails; is it true? Anyway this idea does not hold in
England; there, instead, it is said that women should not rub
meat with salt on these particular days.! It is written that the
potato slices in a potato salad are more tender if the slices are
put in the dressing when they are still hot; is it true ?i%) The
cooks—and even certain chemists—write that, when prepar-
ing a stock, the meat should be put into cold water, otherwise
“albumin coagulation” makes a crust at the surface of the
meat and prevents juice losses into the water; the stock would
have less taste. Is this true, as stock preparation takes as long
as six hours ¢

Up to now, we have collected more than one thousand open
questions of this kind.["! Their rational study obviously needs a
multidisciplinary approach: culinary tests should be followed
by interpretations of observed phenomena based on chem-
istry, and also physics, biology, history, and sociology. The
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exploration of what we call culinary proverbs, know-how, or
old-wives tales is the core of molecular gastronomy.

This discipline is clearly part of food science, which has
been providing food to populations for centuries. But it is a
specific part, as it focuses primarily on domestic or restaurant
cooking, and not on food in general. We decided to make
molecular gastronomy a particular discipline, because we
realized that there was a growing gap between food science
and home cooking.

In the 17th or 18th centuries, this distinction could not have
been made because the pioneers of food science were indeed
interested in cooking: Antoine Laurent de Lavoisier (1743 —
1794) wanted to explore culinary processes when he measured
the density of stocks,®l Antoine Augustin Parmentier (1737 -
1813) proposed culinary processes as he tried to introduce
potatoes in home cooking,! Justus von Liebig (1803 -1873)
and others wanted to rationalize stock preparation,®) Eugéne
Chevreul (1786-1889) obtained major results in chemistry
when he explored the chemical properties of fats.

“Classical” food science was (and still is, of course) very
useful as, thanks to close collaboration with the food industry,
it succeeded in giving enough to eat to western populations.
But it slowly became more concerned with food and industrial
food transformations than in domestic cooking. And as home
economy is no longer taught in the schools of many countries,
daily food preparation by millions of individuals is based only
on recipes published in culinary books. These books, written
by amateurs or professionals, but generally not by scientists,
contain a lot of truths but also a lot of mistakes.

For example, it is true that a steak cooked in a pan turns
brown. However, it is not true that, as said by many cooks, this
browning is due to caramelization; chemists know that the
browning is due to Maillard reaction, between amino acids
and carbohydrates (see Figure 1),[') and to many other
reactions: just think of all the reactive groups in food
molecules, and all the reaction possibilities!

It is also true that a thick sauce is formed when oil is slowly
added to egg yolk while whisking. However, it is not true, as
some cooks think, that the oil and the yolk mix perfectly;
chemists know that the oil is divided into droplets (diameter
between 0.01 to 0.1 mm), surrounded by denatured proteins
and phospholipids (present in the yolk), that are packed into
the small quantity of water that comes from the yolk (about
50% of the yolk).["!]

Clearly culinary activity would improve greatly if we
dropped the bad and kept the good. The development of
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Figure 1. Pathways of formation of key flavor intermediates and products in the Maillard reaction. Osone is the former name of the 2-aldoketoses that could
be prepared by the hydrolysis of osazones. Cyclotene = 2-hydroxy-3-methyl-2-cyclopenten-1-one.

culinary arts depends on this supporting work of molecular
gastronomy.

A result of such explorations? There are many. For
example, it has been written, with no explanation, by the
French cook Auguste Escoffier (1846—1935) that red berries
should not be put into copper pans or vessels coated with
tin.l”l But if you just put raspberries in a pan with a tin
coating, no visible change occurs. Would copper have an
influence? Adding metallic copper to the fruits makes again
no visible change. Of course there is a possibility that
Escoffier repeated a previous false culinary indication, but
molecular gastronomists have to be conscious that some cooks
are very good observers. And it is known from chemistry
textbooks that anthocyanidins can bind to metal ions, which
results in a shift of the absorption towards the blue region of
the spectrum.[¥ Could metal ions inside pans be responsible
for a change ? The experiment of adding various metal ions to
raspberries (about 0.01 g of metal salt per gram of fruit) shows
that with Sn>* ions raspberries turn such a dark purple color
that the fruits seem spoiled or toxic!['¥l The conclusion is that
over half a century ago the vessels were probably, by todays
standards, very dirty: Escoffier’s advice was probably right at
Escoffier’s time, but today the advice should be modified and
made more precise: never put red berries in a dirty tin-coated
vessel otherwise the berries turn purple.

There are many other examples of the usefulness of
chemistry in the kitchen. As for culinary advice, all possibil-
ities occur: some advice seems trustworthy, and is correct,
some seems trustworthy and is wrong, some seems wrong and
is correct, and some seems wrong and is wrong (e.g. the
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mayonnaise and the periods of women: even this has been
tested!).

2. Understanding Culinary Processes and Recipes

Investigations of culinary processes or know-how lead
naturally to explorations of recipes, and in some cases to
proposals for rationalization and “improvements”; this is the
second aim of molecular gastronomy.

Let us examine one example: cheese soufflés. The basic
ingredients are a viscous preparation, such as a béchamel
sauce (made from melted butter, flour, and milk) to which,
when at room temperature (or higher, but below 68°C),
grated cheese, egg yolks, and whisked egg whites are added.[”]
The swelling of soufflés during cooking has been attributed to
thermal dilatation of air bubbles from the whipped egg
whites!!®l but this model is clearly defective: using the data
from measurements of the temperature and the pressure
inside a soufflé (see Figures2a and b), the ideal gas law
predicts a maximum swelling of 20 %, however, the volume of
soufflés can double or more! Indeed the main effect is water
evaporation: in contact with the ramekin walls (the walls of
the container), the water (mainly from the milk, which is
about 88% water w/w, and from the yolks)!'” inside the
soufflé base is heated to a temperature equal to the inside
temperature of the oven, that is, 180 °C.['"*l The vapor formed
at the top of the soufflé is lost to the oven, but the vapor
formed on the bottom of the ramekin pushes the other layers
upward. This model thus suggests that soufflés should be
heated preferably on the bottom.
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Figure 2. a) The temperature inside a soufflé was measured for 25 min
with a thermocouple anchored to the soufflé dish (20 cm diameter and
10 cm deep) with its tip 2 cm from the surface of the mixture at the start.
The dish was placed in the preheated oven (180°C), and the soufflé was
found to be perfectly cooked when removed from the oven a few minutes
after the temperature Trose to about 65—-70°C. Of course, the temperature
is always lower than 100°C (otherwise, the soufflé would have been
transformed into a crackling pancake). b) The pressure P [mmoil] inside a
soufflé measured during the time ¢ the soufflé was cooked. The pressure
was measured using a manometer put at the center of a ramekin.

All soufflé recipes emphasize that it is important to mix the
whipped egg white thoroughly with the cheese béchamel so
that no blobs of egg white remain; the folding in must be done
gently so as to prevent the air bubbles from bursting or
coalescing. But recipes do not agree about the firmness of the
whisked egg white. After preliminary experiments, carried out
in 1993, we recently measured the effect that the firmness of
egg whites has on soufflé preparation. We divided a cheese
béchamel into two equal parts, and added to both parts foams
of different firmness made from the same egg whites: in the
first part, the whites were whisked until the first soft peaks
were observed; in the second part the egg whites were so firm
that an egg in its shell (62 g) could stand on top of them
without sinking. The soufflés were placed in identical
ramekins 15 cm diameter, 10 cm deep, filled up to 8 cm. They
were cooked in the same oven (De Dietrich P5447), at the
same time, and the volume of the two soufflés was compared
(Figure 3).

There are two reasons for the differences. The first is a
result of the difference in initial volume: differently whipped
egg whites have different volumes. Second it is observed that
when a soufflé with soft egg whites is cooked vapor bubbles go
up, through the viscous soufflé preparation and burst at the
upper surface of the soufflé; however, in the soufflé with firm
egg whites, the firmness of the foam prevents (partially) the
bubble from going through the soufflé preparation and the
upper layers are pushed upwards.

Finally this model and a simple measurement shows that
huge improvements in soufflé making are possible: a 345 g
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Figure 3. These two cheese soufflés have the same composition, but in the
one on the right, the egg whites were much firmer, hence the difference in
final volume.

soufflé cooked in a traditional way looses about 10 g of water
during cooking, which means that a volume of about 10 L could
be obtained if the upper surface were made vapor proof!

This example shows how modeling leads to improvement of
traditional recipes. Another example shows that modeling
leads also to a rationalization of recipes. Many cooks begin
their sauce preparation by “reducing dry” shallots with wine
(in other words, complete evaporation of the wine).? Why do
they boil and evaporate completely a costly liquid? Experi-
ments with various wines show that different results are
possible: because of composition differences of grapes and
different wine-making methods, some wine have more non-
evaporable compounds (glucose, fructose...) than others,?!]
and boiling wines leads either to cooked shallots in an empty
pan or in a thick brown syrup. There are many reasons for the
formation of this viscous liquid. First, wine contains com-
pounds that do not evaporate in the conditions of boiling: the
ash content of wines is about 2 gL.-'.?2l Second, amino acids
(about 200-800 mgL') can react through Maillard reactions
with reducing sugars (the carbohydrates (0.03—-0.5 % ) present
in fully fermented wine are small amounts of the hexoses,
glucose and fructose, and of nonfermentable pentoses, such as
arabinose, rhamnose, xylose; incompletely fermented wines
contain higher concentrations of both hexoses, but substan-
tially more of the slower fermenting fructose). Third, carbo-
hydrates, such as glucose and other sugars can make
caramels,?! as the temperature reached in white wine that is
boiled until the volume is 1 % of the initial volume is as high as
130°C.2* Finally, a sensory comparison of shallots cooked
under five sets of conditions (first done during the Second
International Workshop on Molecular Gastronomy, Erice,
Italy, may 1995) suggests that caramelization of glucose and
fructose could give a better base for a good béarnaise than the
product made by boiling an expensive wine (and evaporating
most of its flavors); the conditions were: 1) with pure water,
2) with water and glucose, 3) with a poor dry wine, 4) with the
same wine plus 10 gL~! of glucose or fructose, 5) with a good
wine, such as a Noilly.

This result has culinary significance: a cook who wants to
make a sauce and does not know in advance the composition
of the wine he or she is using could cook some glucose or
fructose with water and shallots,?] thus making a caramel that
will give a strong taste and flavor to the sauce.
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This idea was applied by the three-star cook Pierre
Gagnaire (Restaurant Pierre Gagnaire, Paris, France) in one
dish of the “Science and Cooking” menu that was served in
March 2000 at the French Academy of Sciences, during a
lecture on molecular gastronomy (“the proof is in the
pudding, isn’t it?”). Of course wine boiling should be
investigated further to give new ideas of the chemistry that
could be used as a start for other “chemically modified
béarnaise”.

3. New Products, New Tools, New Methods

There is room for much improvement in culinary practices.
New products, new tools, and new methods could be usefully
introduced into the kitchen.

Let us consider first the question of ingredients. Cooks are
trained at using spices and herbs in their kitchen; in the
laboratory, chemists also use, on a daily basis, fragrant
products such as hexanal, trans-hexenal, 1-hexanol, 1-octen-
3-ol, or benzyl trans-2-methylbutenoate. Could we use these
chemicals in the kitchen? Very easily. If you cannot afford a
very good olive oil, try hexanal in poor oil! If you do not have
wild mushrooms, put some 1-octen-3-ol or benzyl trans-2-
methylbutenoate in your dishes (these two compounds have,
at the appropriate doses, a wonderful mushroom or forest
taste). If you want to make some pastry with a violet flavor,
use beta-ionone. If you cannot afford the price of a very good
whisky, try adding some drops of vanillin solution®! to a
cheap whisky and you will see how the whisky becomes
“round”: the idea is only to replace the slow reactions that
take place in the barrels, where ethanol extracts some lignin
from the wood and reacts with it, forming various aldehydes
(sinapic (4-hydroxy-3,5-dimethoxycinaldehyde), vanillic (4-
hydroxy-3-methoxybenzaldehyde), syringic (4-hydroxy-3,5-
dimethoxybenzaldehyde).?”! There are lots of chemicals that
could be used to modify the taste of the dishes, and some
others could be useful in managing texture.

Hence a question: how is it that domestic cooks generally
fear the additives that are used by the food industry?
Probably they fear what they do not know: if chemists have
the feeling that these products are safe and useful they should
ask that these compounds should be presented to the public,
as well as their effects. And it would be probably a good idea
to sell these products to the domestic cooks, so that they could
be used to them: instead of using a whole lemon to prevent
apple slices browning as a result of polyphenoloxidase
enzymes, some drops of a ascorbic acid solution of the same
concentration as lemon juice is as efficient and cheaper.

Cooks could also use new tools. Chemistry laboratories are
full of well-designed hardware that could improve culinary
preparations. If you filter with a Biichner funnel, for example,
you will get a much clearer stock than if you use a culinary
sieve. A glass column over a fritted glass makes easy foams, by
injection of air under the fritted glass. Ultrasound boxes can
make emulsions in seconds. Separating funnels can be used to
separate aromatic (fragrant) molecules: if oil, water, and a
tasty ingredient (mushroom, spice) are put in a bulb, the
molecules responsible for flavor will be separated according
to their different solubility in the two liquids, so that the cook
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will get two tastes from one. A reflux column, also, could
retain the flavors over the pans better than lids.?!

Eventually cooks will have to use new methods if they use
new tools and new ingredients. But we have time as change
will probably be very slow: in 1894, during a discourse at a
banquet of the chemical industry, the French chemist Marce-
lin Berthelot envisioned a future where agriculture and
cooking have disappeared, because of progress in chemistry;
pills, he proposed, would have replaced dishes.? One century
later, we still cook choucroute, soufflés, béarnaise, foie gras,
and grilled lobsters. However, in our times, important
questions of interactions of health and food arise. To deal
with these complicated issues, one cannot only analyze foods
from the toxicological or nutritional point of view: a detailed
analysis of practices is important to know which compounds
can be found in the real diet of the public.

For example, the public is seldom able to cook meat safely
with a fire: nowadays in barbecues, the meat is most
frequently placed directly over the fire, at a distance such
that the amount of benzo[a]pyrenes—a carcinogenic com-
pound the concentration of which should not exceed 1 pgkg™
end productPl—is as high as 10 ugkg='! But if the meat is
placed 5 cm higher, the benzo[a]pyrene content is reduced to
about 0.7 ugkg™!, and if the meat is placed before the fire
instead of above, as was recommended by most old culinary
books, the quantity of these compounds is reduced to
0.1 pgkg~!, which is the natural content of the product.

4. Inventing New Dishes

All the studies in molecular gastronomy easily lead to new
dishes. How successful will they be? One way to have them
used would be to prepare them with the aid of only tools or
ingredients already present in the kitchens. For example, the
separating funnel used to separate flavors can be replaced by a
simple jam pot with a lid (but what a pity!).

Another example: the analysis of the preparation of
Chantilly cream suggests a transposition of the process.*? In
its principle, the process is the foaming of an emulsion (cream
is an emulsion, and whipped cream is an hybrid system, both
an emulsion and a foam; Chantilly cream is whipped cream
with sugar). How can we make the transposition? Let us
remark first that, if we heat chocolate and water together, we
get a chocolate emulsion that could be named “chocolate
béarnaise”, because the process is the same as a classical
béarnaise preparation: water is substituted for vinegar,
lecithin present in the chocolate for egg proteins, and cocoa
butter for milk butter. Whipping this chocolate béarnaise
(first put the pan on ice cubes for faster results) finally
generates foam. This foam is brown, but of a lighter color than
the original emulsion. Its texture is the same as whipped
cream, if the proportions are correct, that is, about 225 g of
chocolate for 200 mL of water (the exact proportions depends
on the kind of chocolate used). We named this foam “Chantilly
chocolate”.

The same process can be applied to other products
containing a large amount of lipids. For example, one can
make “Reblochon Chantilly” with Reblochon cheese, “Ro-
quefort Chantilly” with Roquefort cheese, “Munster Chan-
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tilly” with Munster cheese or even a foie gras chantilly with
foie gras.

Another more recent example shows how pure science can
lead to new dishes. Let us begin with the concept of emulsion.
The most famous emulsion, in the kitchen, is the mayonnaise,
a sauce traditionally made with some water (from the egg
yolk, from the vinegar, and from the mustard if used),
surfactants (egg yolk proteins, but also egg phospholipids),
and oil.

Let us first note that a “mayonnaise without yolk” can be
made with egg white: while whipping an egg white, add 0il.[**!
Another variation of this theme is the “mayonnaise without
egg”: heat some “water” (or any water solution; it can be a very
good lobster “fond”), dissolve half a gelatine sheet and add
some oil as you whip the mixture. A white emulsion is formed
that slowly jellifies. Under the microscope, the oil droplets
fuse locally, and finally an emulsion is trapped into a gel (see
Figure 4). This gel is a result of gelatine molecules that form
segments of triple helices.?+*! Now consider the general
phenomenon that took place: an emulsion was trapped into a

Figure 4. Top: The microscopic structure of an emulsion made from water,
gelatine and oil, immediately after the preparation. Bottom: some minutes
after preparation (depending on the process and environment) the
emulsion gellifies. The result is an emulsion trapped into a physical gel.
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physical gel. Could the same phenomenon be observed but
with a chemical gel? The test is easy: take the mayonnaise
with egg white, and put it in the microwave oven for one or
two minutes; the heating generates a semi-solid mass, where
the emulsion can still be seen under the microscope and
characterized by small angle X-ray diffraction.

You think that this oil dispersion is not very pleasant on
your table? Replace the oil with melted chocolate, and you
get a chocolate cake in one minute: of interest is the very
tender texture, because the chocolate is melted, and the
powerful aroma, because of the high temperature of the
chocolate. I propose to name this dish a “chocolate disper-
sion” because chocolate is dispersed twice: once in the
emulsion, and one in the chemical gel.’]

5. Science and the Citizen

All the four first aims of molecular gastronomy are
intended to benefit the lay person that cooks. He or she is
gaining from the results of the explorations or innovations
based on the molecular understanding of culinary processes.
He or she is being presented with new methods, tools, or
ingredients. He or she is being shown that sciences are
wonderful intellectual tools to understand the world we live
in. The final aim of molecular gastronomy is to end the bad
public image that sciences have too often, mostly during food
crises (epidemics of mad cow disease, affairs of dioxin-
contaminated chickens).

If we can show that cooking is just chemistry and physics,
the public will have to conclude that sciences are not bad, in
fact will be able to make useful distinctions between science,
the marvelous intellectual activity, and the applications of
science, the responsibility of which rests with those who use it.
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