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Abstract

Sugars are ubiquitous in foods and shape their energy density, texture, stability, and shelf life. In complex
food matrices, they may coexist as mobile, amorphous, and crystalline states. Water content, humidity,
temperature, drying, processing history, and storage can influence sugar phase states. Furthermore, as
reduced-sugar formulations are gaining importance, understanding sugar functionality requires methods
that determine not only their quantity in complex food matrices, but also their phase states. Resolving
coexisting sugar phase states non-invasively has been a longstanding problem and still remains extremely
challenging, particularly in the presence of multiple sugar species and background signals from non-sugar
matrix components. Conventional methods provide valuable but partial information on the phase of sugars,
and cannot fully resolve all potentially coexisting liquid and solid sugar phases in heterogeneous, multi-
component food matrices, where matrix effects may be substantial. We have developed a phase-selective
carbon-13 NMR technology with an accompanying reference library of phase fingerprints for lactose and
sucrose to resolve coexisting sugar phases in foods. We further show that a 2D relaxation-ordered method
with cross-polarized carbon-13 detection separates overlapping solid sugar phases according to their
distinct 1H T1 relaxation behavior. Amorphous sucrose and lactose exhibit 1H T1 values of 1-10 s, whereas
their crystalline forms often exhibit longer 1H T1 of 10-100 s. Applied to beverage powders, confectionery,
milk powder, and infant formula, the approach identifies mo-bile liquid-like, crystalline, and amorphous
sugar phases. In a commercial coffee mix, it distinguishes amorphous lactose from crystalline sucrose
despite overlapping signals in a complex food matrix composed of fat and protein among other ingredients.
In infant formula and milk powders exposed to humidity (milk powder at 75% RH for 3 days, infant formula
at 95% RH for 1 day), the method shows the transformation of lactose from amorphous to crystalline states.
The method identifies sugar phases in intact multicomponent foods with minimal sample preparation and
has potential for automated analysis. Tests on commercial products show its potential to link sugar phase
composition to storage history, processing methods, product stability, and reformulation; with the detection
of pre-crystallized lactose in a commercial hot-chocolate mix as an example. The method has applications in
quality control, product development, root-cause analysis, and sugar reduction. Expansion of the reference
library and faster quantitative acquisition could extend the platform toward more automated analysis in the
future.
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