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ABSTRACT

“Pasta alla Cacio e pepe” is a traditional Italian dish made with pasta, pecorino cheese, and pepper. Despite its simple ingredient list,
achieving the perfect texture and creaminess of the sauce can be challenging. In this study, we systematically explore the phase behavior of
Cacio e pepe sauce, focusing on its stability at increasing temperatures for various proportions of cheese, water, and starch. We identify
starch concentration as the key factor influencing sauce stability, with direct implications for practical cooking. Specifically, we delineate a
regime where starch concentrations below 1% (relative to cheese mass) lead to the formation of system-wide clumps, a condition determining
what we term the “Mozzarella Phase” and corresponding to an unpleasant and separated sauce. Additionally, we examine the impact of
cheese concentration relative to water at a fixed starch level, observing a lower critical solution temperature that we theoretically rationalized
by means of a minimal effective free-energy model. We further analyze the effect of a less traditional stabilizer, trisodium citrate, and observe
a sharp transition from the Mozzarella Phase to a completely smooth and stable sauce, in contrast to starch-stabilized mixtures, where the
transition is more gradual. Finally, we present a scientifically optimized recipe based on our findings, enabling a consistently flawless execu-
tion of this classic dish.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0255841

I. INTRODUCTION

On several occasions, pasta has been a source of inspiration for
physicists.1 The observation that spaghetti always break up into three
or more fragments, but never in two halves, puzzled even Richard
Feynman himself, and the explanation of this intriguing phenomenon
earned Audoly and Neukirch the Ig Nobel Prize.2 Pasta packaging
offers a natural framework to study separation upon shaking3 and
inspired the design of “morphing flat pasta”.4 Furthermore, the defor-
mation and swelling behavior of various pasta varieties upon cooking
has been experimentally and theoretically investigated.5–7 Finally, anal-
ogies with pasta shapes have proved useful in different physics fields,
from polymer rings to neutron stars.8,9

Pasta water also exhibits fascinating physical properties, primarily
due to its starch content. When heated, starch-water solutions undergo
a gelatinization transition,10,11 altering their viscosity and structural
properties. Additionally, mixing water with 1.5–2 parts of corn starch
is a well-known method for creating a non-Newtonian fluid, often

referred to as oobleck.12 Starch-enriched water also plays a crucial role
in stabilizing emulsions, as seen in the classic dish “spaghetti aglio e
olio,” where it helps form a smooth, creamy sauce by preventing the
separation of oil into suspended droplets.

In the culinary realm, many other examples highlight the impor-
tance of emulsions containing droplets formed via phase separation.13

Phase separation often plays a crucial role in determining food tex-
ture,14 as seen in mayonnaise, salad dressings, and various sauces.15 In
such emulsions, the homogeneous state achieved by blending or shak-
ing is metastable and naturally evolves toward a thermodynamically
stable state characterized by the formation of oily droplets, often result-
ing in an undesirable consistency. To maintain a uniform texture,
emulsions must be stabilized to slow down this ripening process.16 The
need to delay phase separation extends beyond emulsions to other
food products, such as chocolate17 and ice cream,18 where unwanted
phase separation leads to textural degradation and reduced shelf life.
Droplet physics plays an important role in beverages as well. A famous
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example is the ouzo-effect, occurring in alcohols such as ouzo, pastis,
and limoncello.19–21

In biochemistry, phase separation has recently received a new
wave of enthusiasm caused by the discovery of membrane-less com-
partments in the cell cytoplasm.22 These compartments have been suc-
cessfully described as droplets formed via phase separation23 and are
associated with various essential cell functions.24,25 Furthermore, alter-
ations of membrane-less compartments’ physiological properties can
trigger the formation of pathological protein aggregates.26 Meanwhile,
the fascinating idea that phase separation could have played a role in
the primordial soup, originally proposed by Oparin and Haldane,27,28

got reignited, thereby leading to new studies on mixtures composed of
short oligomers.29,30

Building upon the recent theoretical and experimental advances
in the thermodynamics of mixtures, in this paper we investigate the
phase behavior of Cacio e pepe pasta sauce. Cacio e pepe (literally
“cheese and pepper”) is a traditional recipe from Lazio, a region in cen-
tral Italy. It consists of tonnarelli noodles served in a cream of pecorino
cheese, pepper, and starch-enriched water, see Fig. 1(a). A precursor to
this dish can be traced back to the fifteenth century, as documented in
Ref. 31. The modern version, however, is commonly linked to the long
journeys of shepherds, who had to fill their saddlebags with highly
caloric and easily transportable ingredients to sustain them during
their travels. Pecorino cheese was ideal due to its extraordinary shelf
life, black pepper was used to stimulate heat receptors, and homemade
noodles provided the carbohydrate intake.

Despite the short list of ingredients, preparing this dish requires
extra care. This is because cheese and water mixtures are notoriously
prone to separation when heated, as seen for example in Swiss cheese
fondue.32 In the context of Cacio e pepe, this challenge has already
been explored by Bressanini.33 The most delicate step is the mixing of
starch-enriched water with grated cheese. One starts cooking pasta
noodles in boiling water, letting them release starch, then extracts part
of the water and starch solution. An essential procedure is to wait
some time before mixing water and cheese, to let the water cool down.
This is because, at high temperatures, cheese proteins can either form
clumps upon denaturation or simply aggregate,34,35 therefore ruining
the sauce, see Fig. 1(b). However, temperature is not the only physical
parameter that must be carefully controlled: protein aggregation and

denaturation are concentration-dependent processes; thus, mixing the
right amount of cheese, water, and starch is essential to avoid protein
aggregates. In the absence of starch, for example, cheese in hot water
forms huge clumps at a temperature around 65�C, leading to what we
name the “Mozzarella Phase,” see the first row of Fig. 1(b). If cheese is
mixed with pasta water, which contains small amounts of starch, the
emergence of clumps is reduced, and large protein aggregates are
found at higher temperatures, see Fig. 1(b), second row. Pasta water
can be “risottata,” i.e., collected and heated in a pan, so that some water
evaporates and the starch is concentrated. If cheese is mixed with pasta
water “risottata,” the presence of clumps is almost negligible, see the
last row in Fig. 1(b).

To overcome clump formation and achieve the perfect Cacio e
pepe, in this work, we characterize the phase behavior of the solution
containing water, starch, and cheese. We achieve this using common
kitchen tools, ensuring that our results are easily reproducible not only
by scientists in the lab but also by culinary enthusiasts. The paper is
organized as follows: in Sec. II, we introduce the experimental setup
and discuss the role of starch in the mixture phase behavior. In Sec. III,
we fix the starch percentage and vary the cheese amount. Section IV
discusses a minimal theoretical model that recapitulates our experi-
mental finding. In Sec. V, we also investigate the role of a less tradi-
tional stabilizer, trisodium citrate, in preventing clump formation,
analyzing its impact on sauce stability and comparing its effects to
those of starch. Finally, in Sec. VI, we propose a recipe for the perfect
Cacio e pepe.

II. INCREASING STARCH MITIGATES THE FORMATION
OF PROTEIN AGGREGATES

As discussed above, one of the most problematic aspects of mak-
ing Cacio e pepe is the appearance of large aggregates of cheese
(Mozzarella Phase). The presence of starch is the main difference
between pasta water and normal water, suggesting that starch concen-
tration is an important factor in determining the formation of cheese
clumps.

In order to quantitatively investigate the role of starch, we con-
ducted experiments at a fixed cheese-to-water ratio while varying the
starch concentration in the water and the temperature of the system.
To ensure quality and reproducibility and to comply with the

FIG. 1. Cacio e pepe pasta sauce consists of pecorino cheese, pepper, and starch-enriched water. (a) Noodles with an emulsion of pecorino cheese and starch-enriched water,
garnished with freshly ground black pepper. (b) Snapshots of the mixture that constitutes the base for the pasta sauce, i.e., cheese and water with different amounts of starch,
at different temperatures. In particular, we compare the effect of water alone; pasta water that retains some starch (obtained by cooking 100 g of pasta in 1 liter of water); and
pasta water “risottata,” i.e., pasta water heated in a pan to let the water evaporate (until reducing its total weight by three times) and starch gets concentrated. As the starch
concentration increases, cheese aggregates decrease in size and occur at higher temperatures. The region here named “Mozzarella Phase” is characterized by huge
mozzarella-like clumps of cheese suspended in water, resulting from extreme protein aggregation on heating.
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traditional recipe, we used a Pecorino Romano DOP, whose nutri-
tional values and certification details are discussed in the supplemen-
tary material, Sec. S1 and Table S1.

We prepared the starch-enriched water, dissolving dry corn
starch into water at ambient temperature, targeting the weight percen-
tages shown on the bottom axis of Fig. 2(a). The mixture was heated
on a stovetop to gelatinization, a transition marked by a noticeable
increase in viscosity and opacity. Afterward, we allowed the starch-
enriched water to cool to room temperature to prevent excessive
heating of the cheese–water mixture during blending. Cheese and
starch-enriched water were combined in equal weights and thoroughly
blended with a mixer. The resulting mixture was placed in a controlled
heat bath, namely a pot of water maintained at a constant temperature
using a sous vide cooker device. The mixture’s temperature was further
monitored with an external thermometer positioned inside it, and
samples were collected upon reaching thermal equilibrium, as indi-
cated by a stable mixture temperature. Each sample was spooned onto
a Petri dish and photographed. In the supplementary material, Sec. S1,
we report on the experimental apparatus built to heat the mixture and
collect images, along with a detailed explanation of the measurement
protocol. Each mixture was imaged systematically increasing the heat
bath temperature by 5�C at each sampling and the evaporated water
was replenished at each temperature step. Experiments were per-
formed at different starch percentages to generate the images forming
the phase diagram in Fig. 2(a). At low temperatures, we did not
observe protein aggregates independently of the starch concentration.
However, by increasing the temperature, clumps start being detected
as dark areas in the pictures in Fig. 2(a), thanks to a light source below
the Petri dish (see Figs. S1 and S2 in the supplementary material). To
characterize the phase behavior of the mixture and quantify the pres-
ence of aggregates, we detected cheese clumps using quantile thresh-
olding and approximated them as ellipses (see Sec. S2 in the
supplementary material for details on data analysis). Since cheese
aggregation results in a stringy sauce, a phenomenon often referred to
in Italian culinary jargon as “filatura,” we quantified aggregate sizes by

measuring the major axis of the corresponding ellipses, which we refer
to as aggregate size. We note that other measures for characterizing
aggregate (or relative) size yielded qualitatively similar results, as
shown in Fig. S6 in the supplementary material. The mean aggregate
size serves as the order parameter.

Samples with larger, well-separated clumps resulted in higher
mean aggregate sizes, while smoother mixtures corresponded to lower
values. From these measurements, we constructed a phase diagram by
plotting the mean aggregate size as a function of starch concentration
and temperature [Fig. 2(a)]. We used a colored frame to visually asso-
ciate each image with its corresponding order parameter value, mea-
sured in millimeters. To enhance interpretability, the phase diagram
was smoothed using a Gaussian filter at discrete data points [Fig. 2(b)]
and further refined with kernel regression smoothing to obtain a con-
tinuous representation [Fig. 2(c)]. We excluded the samples in the
Mozzarella Phase from the colormap, as their aggregate sizes are com-
parable to the system size and would distort the visualization. The final
results reveal a clear quantitative impact of starch concentration:
higher starch contents shift the transition to clumpier, less homoge-
neous mixtures to higher temperatures. Moreover, mixtures with low
starch concentrations exhibited larger aggregate sizes, while higher
starch contents reduced aggregate size, and eventually prevented the
occurrence of the Mozzarella Phase.

Overall, these experiments corroborate the culinary insight that
starch in pasta water stabilizes Cacio e pepe sauce, providing a quanti-
tative picture of its role in the cheese–water mixture’s phase behavior.
Starch mitigates aggregation, shifts the onset of clump formation to
higher temperatures, and decreases the size of aggregates, making the
sauce less sensitive to temperature control errors during preparation.

III. CHEESE CONCENTRATION TUNES THE
EMERGENCE OF PROTEIN AGGREGATES

Having described the sauce properties as a function of the starch,
we ought to find the mixture’s degree of separation by varying the
respective percentages of water and cheese. To this end, we fixed the

FIG. 2. Starch mitigates protein clumps.
(a) Phase diagram of the sauce state as a
function of the starch percentage with
respect to the water and temperature in
Celsius. Each box contains a snapshot of
the sauce mixture taken during the experi-
ment, and its contour reflects the mean
size of the corresponding sample via the
color map shown on the left. The
Mozzarella Phase indicates a region of
the phase diagram where the cheese in
the sample forms a clump of a size com-
parable to that of the system. (b) The
same phase diagram from (a) after apply-
ing Gaussian smoothing to better visualize
phase behavior. The color represents the
mean aggregate size in the sample. (c)
Kernel regression smoothing of the phase
diagram in (a) to obtain a continuous map.
The color map on the right refers to pan-
els (b) and (c).
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percentage of starch in the water to 1%, a value potentially enabling
the appearance of rich phase behavior. Following the procedure out-
lined above, we performed experiments at different percentages of
starch-enriched water with respect to cheese. In Fig. 3(a), we show the
resulting images, implementing a colored frame to highlight the mean
size, namely the parameter employed to quantify the degree of separa-
tion. As expected, by fixing the concentration of starch to 1%, we avoid
the Mozzarella Phase emerging in some of the previous experiments
(see Fig. 2). The smoothed phase diagram in Fig. 3(b) hints at the pres-
ence of a binodal region separating the homogeneous mixture from a
domain where larger aggregates appear. Since proteins drive clump
formation, it is natural to express the phase diagram as a function of
their mass fraction, /, which we estimate from the cheese concentra-
tion using the nutritional values of Pecorino Romano DOP (see Table
S1 in the supplementary material). Applying a kernel regression
smoothing finally leads to a continuous phase diagram as a function of
/ and T [see Fig. 3(c)], which will also prove useful in the following
modeling section. We then define the binodal line separating the
aggregate-rich domain from the homogeneous one as the isoline of
mean aggregate size, taken as the midpoint between the maximum and
minimum observed values after smoothing. The shape of this binodal
is a paraboloid that can be fitted with a simple quadratic functional
form. The minimum of the parabola lies slightly below the protein
mass fraction value 0.134, achieved with water and cheese in 1:1 pro-
portion. A parabola with positive curvature signals that both lower and
higher values of protein mass fraction corresponds to well-mixed sau-
ces even at high temperatures. Finally, we report that in the phase

space lying above the binodal (see Figs. 2 and 3) the clumps are
dynamically stable and seem not to coarsen. This observation might
suggest a Turing-like mechanism, where clump formation is governed
by diffusion and active chemical reactions (i.e., reactions maintained
out of equilibrium by continuous replenishment of chemical fuel).36

However, no such reactions take place in our emulsions. Instead, we
believe that the lack of coarsening during experiments is simply due to
the extremely slow ripening dynamics37

IV. A MINIMAL MODEL RECAPITULATES THE MIXTURE
PHASE BEHAVIOR

Here, we introduce a minimal model that qualitatively matches
the behavior of the mixture when the starch concentration is kept con-
stant. Choosing which components to explicitly include in the theoreti-
cal description is a delicate step. This is because our system contains
starch, salt, and lipids, together with two different kinds of proteins in
the cheese, namely casein and whey [see also Fig. 4(a)]. Furthermore,
in the range of temperatures explored, a fraction of whey proteins
undergoes denaturation.38,39 In the following, we assume that the
shape of the binodal line in the phase diagram in Fig. 3(c) can be
described by the phase separation of a binary mixture. We chose the
binary mixture framework for its simplicity, but the applicability of
such an approach has surely many limitations. In the final discussion,
we outline more realistic modeling approaches and their drawbacks.

As components of our model, as mentioned in the previous sec-
tion, we chose the cheese proteins (whey and casein) and an effective
solvent encompassing water, starch, salt, and lipids constituting the

FIG. 3. Protein amount tunes aggregate formation. (a) Phase diagram of the sauce made by combining 50 g of cheese with a varying amount of starch-enriched water (here
expressed as a mass percentage) as a function of the mixture temperature. The starch percentage is fixed to 1%. Each box is colored with respect to the mean size of cheese
clumps. (b) Same phase diagram as in (a) after Gaussian smoothing, where each point is colored according to the map of the mean aggregate size (color map on the right).
(c) Phase diagram expressed as a function of protein mass fraction /, which is the component that leads to aggregation. Kernel regression smoothing has been applied to
obtain a continuous diagram. The dashed gray line indicates the isoline of median aggregate size, while the dashed black line represents the parabolic fit separating homoge-
neous from clumped domains.
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cheese. We indicate the mass fractions of proteins and solvent with /,
and /s, respectively. Mass conservation implies /þ /s ¼ 1. If both
the components have almost equal densities, the phase diagram of a
mixture in terms of the mass fraction of their components can be
derived from the following free energy density expression:40,41

f ¼ kBT
�

/
n

ln/þ ð1� /Þ ln ð1� /Þ þ v/ ð1� /Þ
� �

;

where � is the reference molecular mass, n indicates the relative size of
cheese proteins with respect to the other components in solutions. To
assess the phase behavior of the mixture, we introduce the exchange
chemical potential l ¼ n� @f =@/ and the osmotic pressure,
P ¼ �f þ / @f =@/. The conditions for two phases, labeled as I and
II, to stably coexist read as follows:42

lI ¼ lII ; PI ¼ PII: (1)

These equations have to be simultaneously solved at each temperature
to determine the protein mass fraction in the coexisting phases, /I and
/II. As a function of temperature, /I and /II span the binodal line
observed in Fig. 3(c). Within the framework of binary mixtures, the
minimum of the paraboloid-shaped binodal corresponds to a lower
critical solution temperature. At this critical temperature, slightly
above 60�C, the two solutions collapse, i.e., /I ¼ /II. In principle, one
has to find the right parameters n and v so that the binodal curve we
observe is duly reconstructed by this minimal model. Notice that infer-
ring the dependence of these parameters on temperature can be chal-
lenging. For this reason, we employ a reverse-engineering procedure,

in analogy with Ref. 43. We analytically solve Eq. (1) for v and n for
each value of the temperature T, obtaining

vðTÞ ¼ Fð/I;/IIÞ nðTÞ ¼ Gð/I;/IIÞ; (2)

where F and G are specified in Eq. (S1) of the supplementary material.
Here, /I and /II can be directly extracted, for each value of T, from
the experimental binodal in Fig. 3(c). The resulting dependence on
temperature of vðTÞ (in red) and n(T) (in blue) is reported in Fig. 4(b)
and constitutes the only solution for these two parameters compatible
with experiments. From a microscopic point of view, an increase in
the interaction parameter v can be due to the fact that heat induces
denaturation of whey proteins, with consequential aggregation, while
simultaneously favoring whey–micelle and micelle–micelle interac-
tions34,35,44 [see Fig. 4(a)]. On the other hand, casein micelles are rela-
tively heat stable, undergoing negligible dissociation on heating.45 On
the same line, the increase in the relative size might be associated with
whey denaturation, or it might be due to the fact that micelle and
whey proteins can form starch-mediated complexes that have a larger
size.46 Furthermore, in Fig. 4(c) we reconstruct the binodal line
employing a direct approach to Eq. (1) using the linear fits of vðTÞ
and n(T) as parameters. Finally, notice that starch polymers are
roughly 100 times larger than proteins while being 100 times less
abundant in solution. As a consequence, we expected a relative size of
the order of (or slightly greater than) the unity. This expectation is
confirmed by our analysis, hinting at the fact that our model, despite
its simplicity, is able to capture the main features of the observed phase
behavior.

FIG. 4. A minimal model for the phase
behavior of Cacio e pepe sauce. (a)
Cheese is composed of casein organized
in micelles together with calcium phos-
phate and a small percentage of whey
proteins. Upon heating, whey proteins
denaturate, reaching a state that favors
whey–whey and whey–casein aggrega-
tion. Furthermore, casein micelles aggre-
gate on heating. (b) Interaction and
relative size (respectively, v and n in the
effective free energy) obtained from
experiments by solving Eq. (1) for different
temperatures. (c) Comparison between
theoretical and experimental binodal
curve.
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V. TRISODIUM CITRATE AS AN ALTERNATIVE
STABILIZER

In this section, we investigate the effects of trisodium citrate
(Na3C6H5O7) on the stability of the sauce. Trisodium citrate is widely
used in the food industry as an emulsifier and pH buffer. Its ability to
chelate calcium ions and alter protein interactions makes it particularly
effective in stabilizing emulsions and improving the texture of dairy-
based sauces. In particular, its chelating action primarily affects casein
proteins, as calcium plays a key role in their aggregation. It is com-
monly used in processed cheese production to enhance smoothness
and prevent undesired aggregation.

To quantify its effect in the context of Cacio e pepe, we applied
our experimental protocol to a mixture of cheese and water at a 1:1
ratio, adding 1%, 2%, and 3% of trisodium citrate relative to cheese
mass. The results of our experiments are shown in Fig. 5. We observe
that at concentrations below 2%, the citrate is insufficient to stabilize
the sauce, leading to the formation of system-wide clumps character-
istic of the Mozzarella Phase, albeit at higher temperatures compared
to the sauce without any stabilizer (see Fig. 5, second vs first col-
umn). While these clumps qualitatively differ from those in the
absence of citrate in terms of consistency, they still span the entire
system.

For concentrations of 2% and above, however, the sauce remains
highly stable, with no visible aggregates of any size forming. This high-
lights that the transition to a fully stable sauce is sharper with triso-
dium citrate compared to starch, where small aggregates persist even
in the regime where the Mozzarella Phase is absent. This difference is
expected, as the macroscopic behavior directly reflects the distinct
molecular mechanisms at play when citrate is present. These observa-
tions suggest that the latter can serve as an effective alternative stabi-
lizer for Cacio e pepe, offering a reliable way to control sauce
consistency, though at the cost of deviating from strict culinary tradi-
tion. However, while the sauce stabilization is more efficient, we found
the taste of the cheese to be slightly blunted, likely due to the basic
properties of the salt.

VI. SCIENTIFIC RECIPE

A true Italian grandmother or a skilled home chef from Rome
would never need a scientific recipe for Cacio e pepe, relying instead on
instinct and years of experience. For everyone else, this guide offers a
practical way to master the dish. Preparing Cacio e pepe successfully
depends on getting the balance just right, particularly the ratio of starch
to cheese. The concentration of starch plays a crucial role in keeping the
sauce creamy and smooth, without clumps or separation. If the starch
content is less than 1% of the cheese weight, the sauce is prone to sepa-
rating into unpleasant system-sized clumps corresponding to the
Mozzarella Phase in Figs. 1 and 2. On the other hand, exceeding 4% of
starch results in a sauce that becomes stiff and unappetizing as it cools.
The ideal range, as confirmed by both taste and texture tests, lies
between 2% and 3%, ensuring stability and a pleasant consistency.

For a practical example, consider preparing Cacio e pepe for two
hungry people. This typically requires 300g of pasta (tonnarelli is pre-
ferred, though spaghetti or rigatoni also works well) and 200 g of
cheese. The amount of cheese can, of course, vary depending on per-
sonal taste. Traditionalists would insist on using only Pecorino
Romano DOP, but some argue that up to 30% Parmigiano Reggiano
DOP is acceptable, though this remains a point of debate. To achieve
the correct starch ratio, 5 g of starch is optimal for 200g of cheese.

The pasta water alone does not contain enough starch to stabilize
the sauce effectively. As we already discussed, one could use pasta
water “risottata,” i.e., boiled down to concentrate the starch, but the
process offers little control over the final starch amount. A more pre-
cise and reliable method is to dissolve 5 g of powdered starch (such as
potato or corn starch) in 50g of water. Heat this mixture gently until it
thickens and turns from cloudy to nearly clear. This transition, known
as starch gelatinization, is characterized by a sudden increase in viscos-
ity. The next step is to combine the starch gel with the cheese.
Manually grating the cheese is not ideal, since it may lead to chunks of
different sizes. We recommend blending it with the starch solution for
a smooth, homogeneous sauce. To ease blending and also cool the
starch gel, add 100 g of water to it before adding the cheese. This
increases the water-to-cheese ratio to 75%, where, as suggested by
Fig. 3, the sauce is even more stable than the sauce with the same
amount of starch but at 100% water content shown in Fig. 2. Finish
the sauce by adding the black pepper to the mixture. To enhance its
flavors and aromas, we recommend toasting it in a pan beforehand.

Alternatively, one could replace starch with 5 g of trisodium cit-
rate (2.5% of the cheese mass, dissolved in 150 g of water), which pro-
vides excellent stabilization properties. However, this substitution
comes at the cost of tradition, as gelatinized starch is technically an
ingredient of the original recipe, while citrate is not. Also, as discussed
in the previous section, while citrate stabilizes the sauce more effec-
tively, it slightly blunts the cheese’s flavor, likely because of its basic
properties, and changes the mouthfeel of the sauce, though not neces-
sarily in a negative way.

Meanwhile, cook the pasta in slightly salted water until it is al
dente. Save some of the pasta cooking water before draining. Once the
pasta has been drained, let it cool down for up to a minute (even a little
bit longer for an amount of pasta � 1 kg) to prevent the excessive heat
from destabilizing the sauce. Indeed, in our experiments, we gradually
increased the temperature of the sample over approximately
40minutes (from 50�C to 95�C) to minimize kinetic effects, leading to
the results shown in Figs. 2 and 3. While this level of control is

FIG. 5. Effect of trisodium citrate on the stability of Cacio e pepe sauce. The dia-
gram shows the behavior of the sauce as a function of temperature for different con-
centrations of trisodium citrate (1%, 2%, and 3% relative to cheese mass) at a fixed
1:1 cheese-to-water ratio. Below 2% citrate, the sauce remains unstable, leading to
system-wide aggregation characteristic of the Mozzarella Phase. For concentrations
of 2% and above, the sauce is fully stabilized, preventing any visible aggregation.
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impractical in a kitchen setting, it is important to limit thermal shocks
as much as possible to achieve results closer to those observed in our
experiments. Finally, mix the pasta with the sauce, ensuring even coat-
ing, and adjust the consistency by gradually adding reserved pasta
water as needed.

One of the benefits of this stabilized sauce is its ability to with-
stand reheating, most effectively in a pan. Unlike traditional methods
that risk clumping or separation, this sauce maintains its texture and
stability even when brought to temperatures on the order of 80–90�C.
This ensures the dish can be served hot, allowing diners to enjoy it at
its best. Garnish with grated cheese and pepper before serving.

This method offers a simple yet precise way to consistently
achieve a perfect Cacio e pepe. It is particularly useful for cooking large
batches of pasta, where heat control can be challenging and requires
extra care. This recipe is inspired by Luciano Monosilio’s YouTube
video,47 though it does not include olive oil as suggested in his version.
Despite this difference, both recipes share a focus on respecting tradi-
tion while ensuring a reliable and enjoyable result.

VII. DISCUSSION

In this work, we investigated the phase behavior of Cacio e pepe,
one of the most famous and complicated pasta recipes of Italian culi-
nary tradition. We quantified the stabilizing role of starch when mixed
with cheese and water, which favors the homogeneity of the mixture
up to temperatures on the order of the water boiling point. Also, by
inspecting the role of cheese protein concentration, we unveil an
unforeseen binodal curve resembling that of a phase-separating system
with a lower critical solution temperature. By employing a minimal
model to capture this phenomenology, we were able to extrapolate
how protein–solution interaction and relative size behave as a function
of temperature. Although it is difficult to map exactly our observations
to the microscopics of this complex system, we rationalized these effec-
tive phenomena, shedding light on the interplay between cheese pro-
tein and starch under heating conditions, a widespread scenario in
culinary experiences. Additionally, we explored the stabilizing effect of
trisodium citrate, which, unlike starch, induces a sharp transition from
a phase-separated sauce to a homogeneous emulsion by chelating cal-
cium ions and preventing protein aggregation. Ultimately, our
approach leads to the formulation of a scientific recipe for Cacio e
pepe that capitalizes on our findings and highlights their applicative
perspective.

A potential future direction could be to better understand the
starch-dependent morphology of the cheese clumps. As observed in
Figs. 1 and 2, increasing the starch concentration causes the cheese-
rich phase to abruptly switch from a large, system-spanning clump
(the “Mozzarella Phase”) to many smaller aggregates. This phenome-
non could be explained using a model that explicitly accounts for at
least three distinct species. The simplest description would account for
proteins in two states A and B with stronger and weaker interaction
propensity, respectively, and an effective solvent encompassing water
and all remaining molecules. Then, one would need to account for
transitions between the two states of the proteins, controlled by tem-
perature and starch amount. In the spirit of Ref. 48, the mozzarella-
like clump could represent a phase where A proteins are dominant,
while small aggregates could arise whenever B proteins drive phase
separation. From a microscopic point of view, A proteins could corre-
spond to denatured whey proteins, while B proteins could encompass
folded whey proteins and unfolded ones sequestered by the starch.

One could even include casein micelles explicitly as a fourth compo-
nent, instead of incorporating them in the effective solvent. An even
more detailed model could consider protein aggregates of different
sizes explicitly. One could then couple phase separation and gelation,
describing the switch to a Mozzarella Phase as the onset of a gel
phase.49–51 Such generalizations of our model could shed more light
on the molecular features of this system, eventually obtaining novel
insights not only into perfecting the recipe but also in the broad field
of food science. However, the main issue with these multi-component
approaches is that they require more experiments to estimate the
dependencies of all interaction and size parameters on temperature.
For example, it would be necessary to quantify the fraction of dena-
tured whey protein for each temperature in each phase, which is a
hard task.

Other interesting future directions could include a more in-depth
analysis of how starch affects effective parameters and influences the
viscosity of Cacio e pepe sauce, as well as the potential role of pepper
grains, the other key ingredient of the recipe, as aggregation nuclei. We
hope this paper has sparked the idea that a genuine passion for fine
cuisine can be translated into insightful scientific investigations, refin-
ing complex preparations and making them more accessible with
everyday kitchen tools.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: (i) a detailed
description of equipment, ingredients, and experimental protocol
employed in this study, along with a schematic representation and the
actual picture of the experimental setup; (ii) a discussion of the data
analysis methodology, including three examples of segmented images
used to quantify the degree of separation, along with a comparison of
different possible measures for assessing the mixture’s phase behavior;
and iii) two analytical formulas representing the expressions of v and n
of the model [see Eq. (2)].
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