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ABSTRACT 

 

SMALL AND ULTRA-SMALL ANGLE NEUTRON SCATTERING STUDIES OF 

COMMERCIAL MILK AND COAGULATED MILK SAMPLES 

 

Nukhalu Callaghan-Patrachar 

University of Guelph, 2021

Advisor: 

Dr. Alejandro G. Marangoni 

 

Two studies investigated the microstructure of commercial skim and whole milks and 

coagulated milks using Small and Ultra-Small Angle Neutron Scattering (SANS, USANS). 

Study 1 examined the structure of milks in the q region 10-3 < q < 2 Å-1, enabling the 

simultaneous measurement of fat globules and casein micelles for the first time. A Schulz 

model provided a good fit to the data and measurements were found to be consistent with 

results using other techniques. In Study 2 the microstructure of gel networks produced in 

coagulated milk induced from calf- and fungal-rennet was investigated using USANS. 

Application of a Guinier-Porod model revealed fractal properties of the network during 

coagulation, with fungal-rennet samples exhibiting continued proteolysis and micellar 

rearrangements at 1- to 3-hour time periods. Taken together, these findings provide a 

foundation for continuing the study of the microstructures of cheese and other commercial 

milk products using neutron scattering techniques. 
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1 Introduction 
 

Milk and milk products comprise one of the oldest and most widely used nutritional 

sources worldwide. Approximately one quarter of milk production is channeled into the 

production of cheese, an increasingly popular derivative of milk (Shahbandeh, 2019). The 

manufacture of milk products is a multi-billion-dollar global industry, with cheese 

production accompanied by intense research activity to examine structural characteristics 

of these soft-matter systems at all phases of the manufacturing process. Ultimately, the 

findings from these studies will benefit the commercial sector in its goal of improving the 

nutritional, taste and textural properties of these foods (Fox, Guinee, Cogan, McSweeney, 

2017; Walstra, 1999).  

Bovine milk is the predominant type of milk consumed and used in cheese production. 

Raw bovine milk is a complex colloidal emulsion system comprised of five main 

categories, including minerals, carbohydrates, whey proteins, colloidal casein proteins 

and fat globules (FGs). The breakdown of these components in raw bovine milk is 

approximately 87.7% water, 3.25% fat, 5.05% carbohydrates, 2.6% casein proteins and 

0.7% whey proteins (Walstra,1999). Casein proteins self-assemble to form casein 

micelles (CMs), which are dispersed in an aqueous solution of whey due to the hydrophilic 

nature of the outermost layers of the casein micelles and fat globules. At the surface of 

the micelles, κ-caseins orient so that hair-like hydrophilic molecular strands protrude, 

affording stabilization against aggregation with other micelles. Structural models suggest 

that stabilization is due to the electrostatic repulsion of these negatively charged 

molecular strands (Creamer, Plowman, Liddell, Smith & Hill, 1998; Dalgleish, Spagnuolo, 

& Goff, 2004; DeKruif, 1999; Holt, 1975). The components of milk listed above fall into 

four size categories, each with a characteristic length scale, L, with the length scales of 

CMs reported to range from 50-150 nm (De Kruif & Huppertz, 2012) and fat globules 

(FGs) to be approximately 1 μm (Walstra et al, 1999). The observations that the 

components of milk differ in L by a factor of approximately 10 and in mass by 
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approximately a factor of 103 can simplify observations and modelling (Pink, Peyronel, 

Quinn, & Marangoni, 2019).  

Cheese is usually made through coagulation induced from the addition of calf-rennet 

to milk. The enzymes remove the glycomacropeptide strands (‘hair’) of the κ-casein, and 

thus, significantly reduce the electrostatic repulsion. However, fungal-derived rennet is 

becoming more common (Hill, 2020; Kulkarni, Shendye, & Rao, 1999; Kumar, Grover, 

Sharma, & Batish, 2010; Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999). The 

stages of coagulation are similar for calf- and fungal-derived rennets (Mucor miehei), 

however, the latter are more thermostable resulting in enzymatic action to approximately 

80OC (Celebi, et al., 2014) in comparison to calf-rennet, which becomes inactive in the 

temperature range 40-50OC. The aggregation of the CMs proceeds in stages, with 

hydrolyzed CMs aggregating into clusters, and with the extent of fusion dependent on the 

specifics of the enzymatic action of the rennet used (Bremer, van Vliet, & Walstra, 1989; 

Mellema, Walstra, van Opheusden, & van Vliet, 2002). Left undisturbed, the coagulating 

system reveals clusters of small aggregates connected by micellar strands, with an open 

and rarefied structure often exhibiting fractal characteristics (Bremer, van Vliet, & Wastra, 

1989; Karlsson, Ipsen, & Ardo, 2007; McMahon & Brown, 1984; van Vliet, 2000; Mellema 

et al, 2002; Nieuwland, Bouwman, Bennick, Silletti, & de Jongh, 2015). The characteristic 

properties of the fractal gel network formed in the coagulation process has important 

consequences for the textural properties of cheese (Lucey, Johnson, & Horne, 2003; 

Lamichhane, Kelly, & Sheehan, 2018).  

The structural characteristics of the components of milk and the gel structures formed 

during the coagulation process have been studied extensively using a variety of 

techniques. Given their large size (L ~ 1 μm), FGs have been studied using optical 

microscopy in both raw and homogenized milk (Lopez et al., 2010; 2015). The structural 

characteristics of CMs and their aggregates (L ~ 50 – 200 nm) have been investigated 

using atomic force, scanning electron and field emission microscopy (Dalgleish, et al, 

2004; Mellema et al., 2002; Mcmahon et al., 2009; Panthi et al., 2019), confocal laser 

scanning microscopy (Nieuwland et al., 2015; Karlsson et al., 2007; Mellema et al., 2000; 
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Ong et al., 2011), light scattering (Veitier et al., 2003; Glantz et al., 2010; Lehner et al., 

1999), permeametry (Mellema et al., 2000), ultra-small and small angle X-ray scattering 

(USAXS and SAXS) (Li et al., 2018; Kuo et al., 2016; Holt et al., 2003; De Kruif, 2014), 

ultra-small angle (USANS) (Li et al., 2018), small angle (SANS) (De Kruif et al, 2012; De 

Kruif, 2014; Holt et al. 2003), and small-angle spin-echo (SESANS) (van Heijkamp et al., 

2010) neutron scattering.  

USANS and SANS techniques have been used to study the hierarchical structures at 

length scales found in the components of milk, however, the samples have typically been 

reconstituted by removing and re-introducing CMs into milk serum (De Kruif et al, 2012) 

or using milk powder (Jackson & MacGillivray, 2011; Li et al., 2018; van Heijkamp et al., 

2010), raising concerns about the impact of reconstitution on the casein proteins (De 

Kruif, 2014). Furthermore, although the principal components of milk (CMs, FGs) have 

been studied extensively, they have not been examined simultaneously in milk that has 

not been modified to isolate the components. The use of neutron scattering techniques 

enables the simultaneous study of FGs and CMs as the instruments capture data over 

length scales ranging approximately L ~ 10 nm to 10 μm. Applying deuterium (D2O) 

contrast matching enables a focus on separate components. To date, there have been 

no studies of CMs and FGs where the components are simultaneously analyzed using 

neutron scattering techniques. To achieve this, the studies reported here employed 

USANS and SANS techniques with D2O contrast matching. In addition, to eliminate 

concerns about the impact of reconstitution on micellar structure, unmodified commercial 

milk samples were examined. 

To address these gaps in the literature two studies are reported. In the first study 

(Adams, Callaghan-Patrachar, Peyronel, Barker, Pink & Marangoni, 2019) USANS and 

SANS techniques were used to identify the size and morphology of CMs and FGs in 

commercial skim and homogenized whole milks. The data in this study were successfully 

fitted using a model based on the Schulz distribution. In the second study (Callaghan-

Patrachar, Peyronel, Pink, Marangoni & Adams, submitted) the USANS technique was 

employed to examine the fractal gel networks and sizes resulting from calf- and fungal-
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rennet induced coagulation in commercial skim and whole milks. The data from this 

experiment were successfully fitted using a Guinier-Porod model. Together, these studies 

provide new information from commercial milk samples and confirm the utility of USANS 

and SANS techniques to examining microstructures across the phases of cheese 

production.   
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2.1 Abstract 

 

Milk and milk products are an essential part of global nutrition and the worldwide food 

industry. Studies of milk components using scattering techniques is well documented in 

the literature. However, those studies focused on the q scattering wavevector region  10-

3 < q < 2 Å-1. This manuscript presents scattering results in the region 3×10-5 < q < 2×10-

2 Å-1, a region that allows the simultaneous study of fat globules and proteins found in 

commercial food-grade milk. The small and ultra-small angle neutron scattering (SANS 

and USANS) measurements show that a model based on the Schulz distribution function 

using uniform spheres was a reasonable choice to successfully fit the scattering features 

below q = 0.007 Å-1. Contrast measurements using D2O on whole milk were carried out 

to distinguish fat from protein signals. Casein micelles were found to have mean 

diameters of 96 ± 10 nm with 33% polydispersity. The average scattering length density 

of the micelles varied from −0.04 × 10−6 Å-2 in homogenized, pasteurized commercial milk 

to 2.8 × 10−6 Å-2 with 50% dilution by D2O, with a match point of 43 ± 3%, as seen in 

previous studies. It was found that the average diameter of fat globules in homogenized 

whole milk was 0.47 ± 0.04 µm with a polydispersity of 45 ± 5%, and a volume fraction of 

0.034 ± 0.002 when the scattering length density is fixed at 0.20 × 10−6 Å-2. These USANS 

measurements provide an important foundation as similar techniques are employed to 

study cheese varieties and cheese formation. 
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2.2 Introduction 

 

Milk is one of the most basic and oldest foods. Global milk production was 

estimated at 650 million tonnes in 2013 (ReportBuyer, 2014) and the annual value of 

the worldwide dairy industry is over 400 billion USD. In addition to  its commercial 

importance, milk is interesting since its components appear at several different length 

scales in its native form and an even wider scale upon aggregation. Carbohydrates 

and whey proteins are the principle components in the serum phase of milk. The other 

principle components are found in a colloidal state. Casein proteins, along with 

calcium phosphate, aggregate to form hydrated micelles (Dalgleish & Corredig, 2012) 

while lipids are present inside globules (Goff, 2019) encased by membranes (Lopez 

et al., 2010) that  are modified after homogenization. These phases provide the 

majority of the protein and food energy available in milk and are key components in 

other dairy products, such as cheese. Hair-like molecular strands of κ-casein protrude 

from the surface to stabilize casein micelles (CMs) against aggregation in milk (de 

Kruif, 1999; Horne, 2006). Cheese is produced when the enzyme chymosin is 

introduced, the κ-casein protrusions are hydrolyzed, and CM aggregation takes 

place. The CMs and cheese formation have been studied with high-resolution 

transmission microscopy (McMahon and Oommen, 2008), cryo-scanning tunneling 

microscopy (Ong et al., 2011), laser confocal microscopy (Ong et al., 2010, 2011) 

and dynamic light scattering (Gebhardt et al., 2006). A less used but well-established 

technique in the study of food systems (Lopez-Rubio and Gilbert, 2009) is small-angle 

neutron scattering (SANS). SANS offers several advantages over techniques based on 

electromagnetic scattering. Neutrons can penetrate where visible light cannot. SANS can 

probe a wide range of length scales and has the advantage of being non-invasive and 

non-destructive. Sample preparation is reduced to a minimum when compared with the 

manipulation required for microscopy. The use of deuterium contrast matching is a 
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highlight of this technique as it allows for the study of specific components without any 

chemical modification of the sample. This technique, along with small angle x-ray 

scattering (SAXS), has been frequently used to study the hierarchical structures at length 

scales between microns and nanometers that are found in milk and dairy products (Kuo 

et al., 2016; Li et al., 2018; Tromp & Bouwman, 2014; see also a review by de Kruif, 

2014). Earlier work using SANS focused on understanding the internal structure of casein 

micelles (Alexander et al., 2011; Hansen et al., 1996; Stothart & Cebula, 1982; Stothart, 

1989).  In an effort to concentrate on the CMs and micelle substructure, many groups 

have carried out scattering studies on systems where the CMs have been removed from 

milk and then re-introduced into milk serum (de Kruif et al., 2012; de Kruif, 2014) or using 

skim milk powder (van Heijkamp et al., 2010; Jackson and McGillivray, 2011). Those 

researchers agreed that the CMs are polydisperse and independent, with a typical value 

for Rg (the radius of gyration) of 110 nm (de Kruif, 2014).  The typical experimental 

scattering wavevector q range for these studies ran from 10−3 to 1 Å-1. This is ideal for 

looking at the details of the CMs: the distribution of calcium and phosphorus, non-

uniformity of micelle sub-structure and the smoothness of the micelle surface. There have 

also been studies conducted at lower q values. Previous x-ray scattering studies on CMs 

in milk serum have reached a minimum q = 2 × 10−4 Å-1(de Kruif, 2014) and recent 

measurements on an anhydrous fat-whey protein gel have reached q = 1×10−4 Å-1 (Kuo 

at al., 2016). Published USANS measurements have been made to q values of 2 ×10−4 

Å-1 using multiple-crystal bounce Bonse-Hart type USANS instruments (Bonse & Hart, 

1965; Jackson & MacGillivray, 2011; Li et al, 2018) and to q = 1×10−5 Å-1 using the double-

crystal diffractometer USANS V12a at the Hans-Meitner Institute (van Heijkamp et al., 

2010). Another technique employed to study independent and aggregated CMs is to use 

spin echo small angle neutron scattering (SESANS) (Tromp & Bowman, 2007). These 

low-q measurements, when carried out on fat-free, uncoagulated samples, were in 

agreement with the previous findings about CMs size and showed no evidence for any 

length scale larger than the CMs. 
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The literature, however, lacks information regarding the simultaneous study of FGs 

and CMs from a commercial milk sample using scattering techniques. The fat globules 

(FGs) have been extensively studied using optical microscopy (Lopez et al., 2010; 2015) 

due to their larger sizes compared with CM. Lately, new insight (Goff, 2019) has been 

gained regarding the structural changes experienced by FGs and its membrane due to 

homogenization. 

The goal of this work is to use scattering measurements to elucidate the sizes and 

morphology of the FGs and CMs in commercial milk. Some concerns have been raised 

about the effects of reconstitution on caseins from micellular casein isolate (de Kruif, 

2014). Thus, in this research, measurements have been taken on commercial food grade 

milk without using milk powder, an ultra-centrifuge, or a serum of reconstituted casein 

protein. 

This study uses a combination of SANS and USANS measurements with D2O 

contrast variation up to 50%. SANS and the upper end of the USANS q-range was used 

to identify CMs, while the lower end of the USANS ranges was used to study FGs. The 

combination of contrast variation, and a very broad q-range, allows for the use of a 

bimodal model to distinguish the signals from FGs and CMs, even though there is 

significant overlap of q and scattering intensity. This work in this extended q range 

will provide the foundation needed to understand the structures formed when 

studying cheeses and milk component aggregation, where light scattering and 

microscopy suffer limitations due to opacity. 
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2.3 Materials and Methods 

 

2.3.1 Neutron scattering  

 

2.3.1.1 Basics of coherent neutron scattering 

 

Using neutrons to study soft-condensed matter systems of biological interest is a 

mature subject and there are several excellent references for the technique (Grillo, 

2008; Hammouda, 2010; Roe, 2000) At the most basic level, elastic scattering 

techniques involve an approximate plane wave neutron beam that is incident on the 

sample and the count rate dN/dt is measured at different scattering angles. The 

isotropic scattering is measured as a function of q, the magnitude of the change in 

wavevector. This manuscript uses units of reciprocal Angstroms where 1 Å -1 = 10 nm-1.  

As a rough guide, 2π/q corresponds to the length scale that is being probed. The actual 

sample dependent quantity of interest is the scattering intensity I(q), which is 

proportional to the count rate but removes the sample independent factors (the incident 

neutron flux, the solid angle of the detector and detector efficiency) and the sample 

dependent factors (sample transmission and volume). In this manuscript I(q) is in units 

of cm-1 sr-1 and represents differential cross-section (area per steradian) per unit volume 

of sample. 

The strength of scattering from the sample is described by the coherent scattering 

length density, SLD or 𝜌(𝑟), which describes the density, strength, and effective 

scattered-wave phase shift due to the neutron scattering centres. The scattering length 

density can be calculated by adding the individual coherent scattering lengths (Sears, 

1992) of each nucleus in a specified volume element and then dividing by the volume of 

that element. Coherent scattering at a non-zero q arises when there are spatial 

variations of 𝜌(𝑟) in the sample, for example, between colloidal particles with one value 
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of ρ and a medium with a different value of ρ. Scattering depends on the square of the 

difference in ρ, thus, a very common technique in neutron scattering is contrast 

matching or contrast variation. The SLD of a water-based medium is controlled by using 

different combinations of H2O and D2O. Pure H2O has ρ = −0.5617 × 10−6 Å-2  and pure 

D2O has ρ = 6.405 × 10−6 Å-2  and the SLD of a solution comes from the volume-

weighted average. Changing the medium SLD allows the masking (∆ρ = 0) or 

enhancement (increased |∆ρ|) of signals from different sample components in a non-

invasive way. 

 

2.3.1.2 The scattering model 

 

The model chosen to describe the data includes two independent, dilute 

populations of uniform, smooth and non-interacting polydisperse spheres. Each 

distribution, f(r), of radius r is given by the normalized Schulz distribution (Kotlarchyk & 

Chen, 1983). 

𝑓(𝑟) 	= 	 (𝑧 + 1),-. / 0
1234

5
, 678[:(,-.)0/1234]

1234=(,-.)
      (1) 

Here, Γ is the gamma function, Ravg is the mean radius and z is related to the 

polydispersity. If σ2 is the variance of the distribution and the polydispersity is p = σ/Ravg, 

then the parameter z = 1/p2 − 1. Because of the two populations this model is usually 

called the bimodal Schulz distribution. The key parameters of this model are the SLD of 

the medium (the independent variable when doing contrast variation), background, and 

then volume fractions, SLDs, diameter-weighted average diameters, and 

polydispersities for the two populations. In whole milk, one group of spheres could be 

used to describe the CMs and the other group, the FGs. In this model it is assumed that 

each sphere is independent of all of the others in either population so there is no 

structure factor. The model also assumes that there is no internal structure to either 

CMs or FGs, nor is there any special structure of the outer layers. This assumption 
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certainly fails when probing higher values of q but the model is remarkably effective 

otherwise. There was no a priori reason to choose the Schulz distribution over, for 

example, a log-normal distribution, but it is a common choice that allows for a significant 

reduction in calculation time because several integrals can be handled analytically. This 

choice does not make any significant difference to the result for modest levels of 

polydispersity where the differences in peak shape between the distributions is small. 

 

2.3.1.3 Invariant calculations 

 

It is also possible to obtain important, model-independent information from I(q). 

With a uniform medium and a single scattering phase (SP) in suspension there is a 

simple relation between an integral of I(q) called the invariant Γ0 (or Q in some 

references), the volume fraction φ of the SP and ∆ρ, the difference in SLD between the 

medium and the SP. 

 

Γ? 	= 	∫ 𝑞B	𝐼(𝑞)	𝑑𝑞	 = 	2𝜋BG
? (Δ𝜌)B𝜑       (2)

  

 

Assuming the entire I(q) curve is measured, this relationship is true for any 

structure or polydispersity of the SP; so, in that sense, it is model independent. There is 

some uncertainty since it is not possible to experimentally measure I(q) over an infinite 

range. To account for these unknown regions a Guinier model [𝐼(𝑞) 	∝ 𝑒:LMN	, k is a 

constant related to Rg] is used to extrapolate to low q and a Porod model [I(q) ∝ q-4] is 

used to extend to high q (Roe, 2000). 

 The invariant equation can be rearranged to give information about ∆ρ. 
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𝜌OP − 𝜌R6STUR 	= 	±
.

√BXYZ/N
Γ?./B      (3)  

 

Usually these measurements are made while changing the value of ρ medium with 

contrast variation, so it is appropriate to use a positive sign on one side of the match 

point (∆ρ = 0) and the negative sign on the other. 

 

2.3.1.4 Smearing effects in USANS measurements 

 

Resolution is a further important consideration when comparing a calculated I(q) to 

the scattering intensity from the instrument. This was discussed by Pedersen 

(Pederson, 1993). For Bonse-Hart geometry instruments (Bonse & Hart, 1965) like the 

BT5 USANS instrument at the NIST Centre for Neutron Research (NCNR) (Barker et 

al., 2005), the extremely high q resolution in one direction comes from the perfect 

crystal monochromator and analyser. At the same time, resolution is sacrificed in the 

orthogonal direction (∆qz) to increase the intensity. The same effect is seen in x-ray 

instruments that use the Bonse-Hart geometry (Ilavsky et al., 2009). The data measured 

is “smeared” compared to a pinhole geometry; there is a fairly wide range of q included 

in each measured point of nominal q. The actual value for q varies between the nominal 

q, as indicated by scattering angle, up to a value of [𝑞\]RB + ∆𝑞B . Assuming that the 

scattering angle is changing in the horizontal plane as the analyzer rotates, then ±∆qz 

represents the vertical or orthogonal window accepted by the spectrometer. Therefore, 

the smeared intensity Is(q) from USANS, represents an average (Kline, 2006). 

 

𝐼_(𝑞) 	= 	
.

B∆M`
∫ 𝐼	((𝑞B∆M`
:∆M`

+ 𝑞,B)./B)	𝑑𝑞, =
.
∆M`

∫ 𝐼	((𝑞B∆M`
? + 𝑞,B)./B)	𝑑𝑞,    

  (4)  
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At first it might appear that a ∆qz that is much larger than the nominal q would cause 

so much systematic error that the data would be useless, but for many forms of I(q) this 

is not the case. For example, if I(q) can be characterized by a power law in a q region 

with exponent −p and p > 1, then Is(q) will also be a power law with an exponent of −(p − 

1). 

 One way to deal with smearing is to use the analysis program to calculate a trial 

I(q) that matches the measured Is(q) (the data is “desmeared”). There is a certain 

ambiguity with this method since the I(q) is not necessarily unique and extra 

uncertainties may be introduced when choosing an extrapolation to higher q for the 

integral in equation 4, but it does allow for a plot of I(q) without a model. The 

extrapolation means that the potential error associated with this method grows if Is(q) is 

known in only a limited q range, which is the case for USANS measurements. Noisy 

data from small signals can also lead to extra uncertainties when it is processed to 

obtain an I(q) from Is(q). This is the case for the USANS signal from CMs alone at the 

volume fraction and contrast in commercial milk. The alternative method is to leave the 

USANS data as Is(q), select a scattering model I(q) with adjustable parameters, and 

then use equation 4 to produce Is(q). There is no uncertainty when transforming in this 

manner since an I(q) produces a unique Is(q). The Is(q) is compared to the measured 

data and the parameters in the model are adjusted accordingly. In addition to different 

slopes, I(q) and Is(q) have different vertical scales. All of the model parameters (average 

diameter, polydispersity, etc.) given in the text and tables are appropriate for I(q) but 

some data and models are presented in figures as Is(q) (i.e., as it would be recorded by 

a USANS instrument). Note that if I(q) has a slope of zero approaching q = 0, then Is(q) 

also has a slope of zero approaching q = 0, but with a different asymptotic value for 

scattered intensity. 
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2.3.1.5 Analysis and quoted uncertainties 

 

The data analysis and reduction was primarily carried out with the Igor Pro 

program along with the analysis macros provided by the NCNR staff (Kline, 2006). The 

bimodal Schulz model, conversion to absolute units, calculation of invariant, and 

smearing/desmearing procedures are included with these macros. The routines also 

give a comparison between the wide angle and peak transmission to give an indication 

of multiple scattering. This was not a problem for these samples used here and their 

thicknesses. 

Throughout this manuscript, uncertainties are quoted for measured quantities 

that arise from fitting models to data, rather than direct measurements. The general 

guideline used is to estimate these uncertainties such that there is 90% confidence that 

the true value lies within the quoted uncertainty range. Because results are based on 

fits to data, often with coupled parameters, this estimate is based on a combination of 

acceptable fit quality and physically reasonable parameters (i.e., establishing a range 

over which the fitting parameters provide a reasonable description of the data using the 

chosen physical model). If calculating fit quality as a reduced χ2 , then the fit becomes 

unreasonable when χ2 increases by 10% or 20% of its minimum value. At this point 

there is usually a clear visual deterioration in the fit quality. This graphical disagreement 

can be harder to judge with global fits, when for example, each individual scattering 

curve does not have its own effective scaling. In this circumstance, a global fit yields I(q) 

of some models above individual I(q) curves and others below. It is also impractical, 

even when using a global fitting procedure, to allow the free variation of all parameters 

involved. If parameters are clearly and strongly coupled (such as volume fraction and 

SLD difference) independent measurements or information is used to fix parameters 

(e.g., volume fraction of CMs in milk, SLD of milk serum as a function of D2O content, 

SLD of dairy fat). Uncertainties are not quoted for these quantities. For parameters, 

which are not as strongly coupled (such as average diameter and polydispersity), an 
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iterative process of fixing and freeing different variables in each fitting run is used to 

work towards the most reasonable parameters. Estimated uncertainties are quoted to 

within a 20% increase in χ2. 

 

2.3.2 Instruments 

 

Small angle neutron scattering (SANS) measurements were made on the NG3 

instrument and ultra-small angle neutron scattering (USANS) measurements were 

made on the BT5 instrument (Barker et al., 2005). Both are located at the NIST Center 

for Neutron Research in Gaithersburg, Maryland. Background from the main beam 

comes up rapidly on BT5 at the lowest q and the minimum reliable q for making 

measurements on these samples was 3 × 10−5 Å-1. Measurements at high-q are limited 

by the very rapid drop off of the USANS signal. As the counting times get longer the 

measurement duration increases dramatically (17 minutes per point) and neutron 

background becomes more important (around 1.5 counts per minute). Again 4 × 10-3 Å-1 

is a typical upper limit to q. 

The SANS measurements cover a range from 10−3 to 0.2 Å-1 but the high q 

intensities are used primarily for calculating incoherent scattering, rather than detailed 

fitting. 

The particle size distributions of the emulsions were determined using light 

scattering with a Malvern Mastersizer 2000 (Malvern Instruments Ltd., UK) and the 

Hydro 2000 Small Volume Sample Dispersion Unit and Controller working at 1500 rpm 

(Malvern Instruments Ltd., UK). Water was the dispersant, hence the refractive index for 

the solvent was set at RI=1.33. When skim milk was measured, RI = 1.38, while when 

measuring whole milk, the refractive index was set to RI =1.46. Unfortunately, the 

Mastersizer instrument cannot handle two RI simultaneously , hence the measurement 

for CMs in the case of whole milk might be skewed. The measurement and background 



 

 

16 

 

time was 12 seconds with three measurements per aliquot separated by a five second 

delay. An obscuration of ≈ 16% was used. This was achieved by dispersing between 1 

to 3 drops of each product in the dispersion unit that was filled with deionized water. 

Reported values are the averages obtained automatically by the software using three 

individual measurements. Measurements were performed at room temperature (≈ 

22oC). 

 

2.3.3 Materials 

 

Static light scattering measurements were made on commercial milk available at 

grocery stores in Guelph, Ontario in October 2018. They were whole, homogenized milk 

and skim milk manufactured under the brand names Beatrice, Neilson, and Lactantia in 

Canada. The samples used at NCNR came from skim milk [0-0.5 (w/w) % of milk fat] 

and whole milk (3.25% MF). They were products of Foodhold USA in Landover, 

Maryland, USA as common, food-grade milk. The contrast series samples were 

produced by mixing milk with a prepared water sample in a 1:1 volume ratio. The 

prepared water samples contained a mix of D2O (heavy water) and distilled water (H2O). 

Values quoted for D2O concentration are appropriate for the sample as a whole, not the 

prepared water sample. This dilution procedure limited the D2O content for the sample 

to a maximum of 50%, which was sufficient to reach the matching point for CMs and 

FGs. Standard NCNR titanium sample cells with quartz windows were used (Krzywon, 

2018). The samples were 1.0 mm thick with a diameter of 19 mm. Samples were held at 

20o C in the sample changer. 

2.4 Results and Discussion 

 

2.4.1 Static light scattering 
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As a first step static light scattering (SLS) measurements were performed on 

skim milk at room temperature followed by SLS measurements on whole milk. The 

basic model for this colloid is a polydisperse population of protein micelles. These 

micelles may be composed of several hundred to a few thousand casein protein 

molecules of various types. The CMs are hydrated and contain calcium phosphate. The 

reported voluminosity or ratio of micelle volume to protein mass is 4.4 cm3/g (de Kruif et 

al., 2012). The nutritional information listed on the milk carton is 8 grams protein per 240 

mL. If 80% of these are insoluble caseins (Dalgleish & Corredig, 2012) then there are 

27 mg of casein protein per milliliter and the volume fraction for the micelles is 0.12. The 

density of skim milk at room temperature is 1.033 g/mL (Goff, 2019), which implies a 

mass fraction of 0.026. Although the protein mass ratio is seemingly low, the micelles 

do contribute to the optical opacity of skim milk. The basic single-population, 

polydisperse model for skim milk is consistent with the SLS measurements found in Fig. 

1(a), which showed a single prominent population with a peak position at 140 nm, 

volume-weighted diameter D4,3 = 148 nm and a surface-weighted diameter (Rawle, 

2003) D3,2 = 119 nm. The polydispersity is approximately 40% when the peak is fitted to 

a Schulz distribution. These results are the average of the three kinds of milk from 

Guelph, Canada. The signals from the different brands varied by less than 10%. The 

exact brand used for the neutron measurement was not included in the SLS 

measurement because the small variation seen in these three commercial brands 

provides some confidence that the structure is relatively consistent between brands. 

Fig. 1(a) shows the SLS pattern for skim milk when a RI = 1.38 was used with a 

well-defined peak centre around 100 nm. Fig. 1(b) shows the SLS pattern for whole 

milk. What was a small residual centred around 850 nm in skim milk (Fig. 1(a)) is now a 

peak comparable in size to the CM peak and centered at 950 nm. These peaks are 

interpreted as the signal from fat globules and as expected from the homogenization 

process. The polydispersity resulting from a Schulz distribution fitted to the peak at 950 

nm in Fig. 1(b) is 45%. When comparing the two data sets one can see a shift in the 

centre of the peak for CMs from 100 nm to 170 nm which may be due to a mismatch in 
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index of refraction rather than a real change in the diameter of the CMs. For a weight 

percentage of fat 3.25% for whole milk, a density of milk fat of 0.915 g/cm3 and a 

density of whole milk of 1.026 g/cm3, the fat volume fraction can be calculated as 0.036 

(Goff, 2019). 

 

2.4.2 Neutron scattering of skim milk 

 

With the particle size distribution of CMs and FGs in milk confirmed by SLS, 

neutron scattering was then employed to examine the milk structure in more detail. One 

of the known problems is that the scattering signal from proteins is weak. There have 

been many SANS studies of skim milk that have concentrated on the CMs, and these 

have been reviewed by de Kruif (2014). Although steps could have been taken to 

enhance the CMs signal, such as using a sample from skim milk powder or evaporated 

milk to increase CMs concentration, or using a serum based purely on D2O where 

contrast could be increased, the goal of this particular measurement was not to discover 

new things about skim milk itself. Instead, the objective of the current study was to 

establish a baseline control-system of commercial milk that could be understood with 

neutron scattering over a wider range of q. This extension in range requires the 

inclusion of the signal from fat globules even in the residual concentrations present in 

skim milk. In order to better study each system and their components, dilutions 

containing D2O were used in both skim milk and whole milk. There is an extra 

complication for the CMs since, like other proteins or protein aggregates, the SLD of the 

CMs changes with D2O concentration, unlike the FGs, which essentially stay at ρ = 0.20 

× 10−6 Å-2 (Lopez-Rubio and Gilbert, 2009). Two key reasons for this dependence are 

the overall hydration of the micelle, where H2O is replaced by D2O, and proton/deuteron 

exchange between the protein and water (labile protons). Two methods are used to 

determine this variation in SLD. The first is to use global fitting results from the D2O 
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series to extract the SLD as a parameter. The second, model-independent method, is to 

use the scattering invariant Γ0 after background signals have been removed. 

 

2.4.3 Global fitting of the contrast series for skim milk 

 

Fig. 2 is a summary of the neutron scattering measurements for the skim milk 

contrast series and the result for commercial skim milk with no modifications. As 

described earlier in subsection 2.3.1.5,  the data in Fig. 2 have had the scattering from 

the sample cell removed and have been converted to absolute units (cm-1 sr-1), taking 

into account the transmission and the different counting times at the different q values. 

Fig. 2(a) includes both smeared USANS data and pinhole geometry SANS data on the 

same graph. As explained in subsection 2.3.1.4 the data is not expected to overlap 

when presented in this form. This choice was made to avoid uncertainties using a 

numerical desmearing routine on the USANS data. The data were fit to a scattering 

model based on a bimodal Schulz distribution of spheres The model predicts I(q) so 

equation (4) was used to produce an Is(q) to compare to the USANS. As expected for a 

global fit, several fitting and model parameters are kept at the same values for the 

different data sets (global variables). The concentration of CMs and FGs, their mean 

diameters and polydispersities, and the SLD of FGs are common to all of the model 

curves. The volume concentration of the CMs is held at 0.12, as explained in subsection 

2.4.1. The SLD of the FGs is fixed at ρ = 0.20×10−6 Å-2 . The SLD of the medium is fixed 

to a different value for each model curve. It is a simple linear function of fractional 

concentration x of D2O that combines the SLD of the components prior to mixing. 

𝜌medium 	= 	
.
B
(−0.48) + .

B
[−0.56(1 − 2𝑥) + 6.4(2𝑥)] 	= 	−0.52	 + 	6.96𝑥      (5) 

SLD is in units of 10−6 Å-2 with x in volume fraction (rather than percentage) units. 

The value −0.48×10−6 Å-2, that appears in equation (5) is the calculated SLD for the milk 

serum with no dilution. This is water including appropriate sugars and soluble whey 
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protein. The factors of 2 and 1/2 account for the mixing procedure described in 

subsection 2.3.2. The SLD of the CMs is left as a free parameter. Values for an 

incoherent flat background are found from the I(q) beyond q = 0.05 Å-1 in the SANS 

data. This is different for each contrast measurement since H2O and D2O have different 

incoherent scattering lengths as well as different coherent scattering lengths. 

As expected at the lower D2O concentrations, a decreasing SLD difference 

between the medium and the majority CMs component with x leads to a decrease in the 

overall signal up to the match point. This is made most clear  by the SANS data on the 

right side of Fig. 2(a). After 40% D2O concentration, the signal begins to increase again 

but with a slightly different shape near q = 0.002 Å-1. The signal increase occurs 

because the match point has been crossed somewhere between 40% and 50% D2O. 

The shape change is due to the increased contrast (∆ρ)2 between the residual FGs 

phase and the medium, which has increased from 0.58 × 10−12 Å-4 to 7.6 × 10−12 Å-4. 

The global fit, which includes this contrast factor, is able to account for this behaviour. 

As can be seen by the error bars and the data scatter, the signal in the USANS region 

from skim milk is small enough that it is comparable to the instrument sensitivity, so it is 

not weighted as heavily as the SANS data in the global fitting procedure. This will not be 

the case for whole milk. 

The model parameters and results from the global fit are given in Table 1 and the 

same results are used to generate the fits in Fig. 2(b).  The overall  fit quality is good 

and the agreement suggests that the CMs themselves are not strongly affected by 

whether or not measurements are made in milk rather than milk diluted with water 

(which has lower concentrations of the soluble milk components). It would also appear 

that micelle-micelle interactions are fairly small since this independent model works well 

and no change in fitting parameters is seen between a CMs volume fraction of 0.060 in 

Fig. 2(a) to 0.12 in Fig. 2(b). There are deviations at the higher q values where a simple 

model does not account for micelle substructure. For this reason, the selected fitting 

region for SANS data is restricted to q below 0.007 Å-1. The error bars on the USANS 

data are relatively large compared to the signal but overall, the intensity and shape are 
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well described by the bimodal Schulz model within experimental uncertainties in the 

SANS and USANS regions. 

The result for the average diameter of the CMs, 96 nm, is within the lower range of 

previously reported results from a variety of techniques. This value matches the SLS 

(Fig. 1) results that gave a size distribution in the range from 50 nm to 130 nm. 

Results from fitting the data to the Schulz distribution showed that the poly- 

dispersity of the CMs is 0.33 (Fig. 2). This is in rough agreement with the width of the 

peak in Fig. 1. Polydispersity is difficult to determine as a free parameter using fitting 

techniques. It tends to couple into the average diameter and data that contain extra 

features at higher q give higher polydispersity parameters as an artifact of the fitting 

procedure. The result from Fig. 4 is used to set the polydispersity of the residual fat to 

be 0.45. Even when using contrast matching the small size of the residual scattering 

makes any other approach impractical. Measurements of I(q) for skim milk that include 

pinhole geometry SANS with USANS data that have been numerically desmeared are 

shown in Fig. 2(b). The displayed q range is somewhat larger than for the global fit 

since the single set is easier to see on the graph than multiple simultaneous data sets. 

One can see a discrepancy between the fit from the model and the data for q > 0.007  

Å-1. The numerical desmearing procedure allows for direct comparison of the two 

techniques and the data show excellent agreement in the overlap region of q = 2×10-3 to 

4×10-3 Å-1.  The data agree with previously reported measurements in this q range (de 

Kruif, 2014). The solid red curve includes residual FGs and represents the best set of 

parameters to describe the data. The green curve has the same parameters except that 

the intensity of the fitted FGs signal has been set to zero to show the difference in signal 

from FGs.  

 The description of the data provided by both models in the intermediate q region 

is excellent. The red and green curves in Fig. 2(b) show the effect of residual fat in skim 

milk with no contrast matching. Due to large error bars in the USANS region the fit 

quality does not change dramatically, but even this small amount of fat changes the low 
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q signal from roughly 4000 to 9000 cm-1 sr-1. As seen in the global fit the simple uniform 

spherical model performs less well at higher q values, which is to be expected since the 

accepted model of the CMs includes structure within the micelle (de Kruif, 2014). The 

low q data is fairly noisy but it would appear that the overall level of scattering is 

consistent with both the fat-free and residual fat model. The scattered intensity 

approaches q = 0 with a slope of zero. This fact alone establishes that the largest 

scattering objects in this sample are being observed and they do not form any larger 

structures over the accessible size range. Using φ = 0.12, as determined earlier from 

the nutritional content and voluminosity of the CMs, the resulting SLD for a uniform CM 

is −0.04 × 10−6 Å-2. This value is much smaller than expected for a pure dairy casein 

protein (1.72 × 10−6 Å-2), but is consistent with the model presented by de Kruif et al. 

(2012), which includes a significant amount of water and some calcium phosphate. The 

average diameter of Davg(FGs) = 440 nm is slightly smaller than the result for 

homogenized milk (see Table 1). Comparing Fig. 1(a) and Fig. 1(b), one might want to 

conclude that the skimming process selectively removes the larger FGs, decreasing 

Davg, and that this decrease persists even after homogenization of skim milk. The overall 

background signal arising from incoherent scattering is small and based on the 

measurements at higher q (not shown) the flat background is 1.54 cm−1 sr−1. 

 

2.4.4 Determining the SLD of the CMs as function of D2O content 

 

The remaining result from the global fit is the SLD of the CMs and is shown in 

Fig. 3. As expected, it varies considerably with D2O content but in a roughly linear 

manner. The match point is 43±3%. 

 The second method used to calculate the SLD of CMs is to calculate the 

invariant. The calculation in equation 2 should be performed on an I(q) for  a single 

phase in a medium. Looking at the integrand in equation 2 and the specific I(q) it turns 
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out that only a small fraction of Γ0 comes from the USANS range. So rather than 

desmear the USANS data and include it in the invariant calculation, a Guinier model 

was used to extrapolate to low q. Unfortunately, despite the similarity of I(q) for fat and 

fat-free models in Fig. 2(b), higher ρmedium values that result from adding D2O, enhance 

the residual FGs signal, while the CMs signal decreases. As seen in Fig. 2(a) the 

scattering curve not only changes in scale with (∆ρ)2 (as expected), but also in shape, 

indicating either multiple phases, or a non-trivial interaction of D2O with the sample, 

beyond a simple replacement. If the first case is assumed, and the FGs are the residual 

phase then it can be subtracted prior to the invariant calculation. In the SANS region a 

Porod model can be used to describe the fat signal to be subtracted from the data. In 

addition to the q−4 dependence, a scaling of the fat signal to [ρmedium(x) − ρFGs]2 needs to 

be included for each D2O concentration. 

 
𝐼ijk 	≈ 	𝑘(𝜌R6STUR − 0.20	 × 10:o)B	𝑞:p    (6)   

 

where the approximation is appropriate for q > 10−3 Å-1 (the SANS region) and units for 

I(q), ρ and q are as previously established. Choosing an overall proportionality constant 

of k = 3.0 × 10−10 and subtracting Ifat gives a set of corrected I(q) curves for CMs only. 

This choice of k was the best value to maintain the shape with D2O fraction and best 

approach the Γ0 = 0 or ∆ρ = 0 match point. The implied amount of residual fat from this 

k is somewhat higher than expected based on the bimodal Schulz fits but still below 

0.1% (w/w). These modified I(q) curves are shown in the inset of Fig. 3. The solid black 

symbols represent the results of the invariant analysis after ρCMs is calculated using 

equation 3 with φ = 0.06 for skim milk in a 1:1 volume ratio with water. The data closely 

follow an increasing linear trend ρ = 0.138 + 5.43x (with the units and scales indicated 

on the figure and x as a fraction). Taking the intercept with equation 5 the match point is 

found at 43 ± 3%, which agrees with the match point from the SLD results. However, 

the line does not match the SLD from the global fit at low values of D2O concentration. 
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These trends and results are in good agreement with the prediction of de Kruif et al. 

(2012) in their Fig. 1. 

One explanation for the difference at low x between the methods is a change in 

curve shape because the single-phase invariant assumption is not true. The micelle 

does have separate water, protein and calcium phosphate components. The decrease 

in ρ at lower x for the fitting procedure compared to the invariant could result from a 

partition of total scattering strength between medium and high q that is different for D2O 

and H2O. Pure H2O samples have more scattering at the higher q, representing a more 

pronounced inhomogeneity within the micelle. This is captured by the model-

independent invariant but not by the q restricted global fit. D2O concentrations up to our 

limit (50%) reduce the inhomogeneities at short length scales and shift more of the 

signal to medium q. Such changes in scattering are at least consistent with a prominent 

shoulder at q = 0.035 Å-1 reported by several authors (de Kruif, 2014). A theoretical 

model and a scattering model to include structure within the micelle may help to explain 

this. A further test may be to use higher resolution small-angle x-ray scattering to 

investigate if D2O would cause structural changes when added as a chemical/physical 

agent, rather than an inert contrast agent. 

 

2.4.5 Using the bimodal Schulz model for whole milk 

 

The next step was to add another phase to the colloid. The same model as that 

used for skim milk was employed, but the FGs were no longer a residual phase. FGs 

were the largest contributor to the USANS signal but gave a small SANS signal since 

the size of the FGs places it above the optimum size range for SANS. So, contrast 

variation was used on a series of diluted whole milk samples with emphasis on USANS. 

The results are shown Fig. 4 and both data and model are presented in smeared form. 

In principle, the 10% sample should be nearly contrast matched to fats. Since only the 

CMs signal was expected, the shape should be similar to that for skim milk (as seen in 
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Fig. 5 in smeared form). As observed with skim milk, the low-q signal has a zero slope 

(this is quite conclusive for 50% D2O where the data scatter and uncertainties are quite 

small compared to the signal). This flat slope implies that the FGs are the largest 

structures accessible in this measurement range and are essentially independent (i.e., 

there is no aggregation). In the global model, volume fractions, average diameters, 

polydispersities and ρFGs are the same for every fit. The incoherent flat background was 

manually set for each concentration based on the high-q measurements for skim milk. 

The value of ρmedium was based on equation 5 and the ρCMs followed the red symbols of 

Fig. 3; the model independent SLD values from the invariant calculations could not 

account for the measured intensities at low D2O concentrations. Considering that the 

individual parameters that determine intensities for each D2O -series sample are 

globally fixed the fits are quite good (overall reduced χ2 = 5.7 for 321 observations) with 

good matches to low-q and medium-q intensities. As a test of the global fitting 

assumption, the parameters of SLD and size of the FGs were allowed to vary for each 

concentration on a separate basis. There was no appreciable improvement in fit quality 

over global variables. The results and model parameters are shown in Table 1. 
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Phase Parameter Skim Whole 
 Vol. Frac. 0.121 

96 ± 10 
0.33 ± 0.08 

0.138 ± 0.0143 
−0.043 ± 0.0104 

 
2.83 ± 0.023,4 
43 ± 3% 

0.121 

 avg. D (nm) 962 

CMs polydispersity 0.332 

 SLD (0% D2O) -0.0432 

 SLD (50% D2O) 2.82 

 match point - 
 Vol. Frac. (3.4 ± 0.8) × 10−4 0.034 ± 0.002 

FGs avg. D (nm) 440 ± 100 470 ± 40 
 polydispersity 0.452 0.45 ± 0.05 
 SLD 0.201 0.201 

Table 1: Summary of results and parameters. These volume fractions were 
halved when fitting to milk mixed 1:1 with water. SLD are given in units of 
10−6 Å-2. 1Parameter is fixed from a calculation or independent 
measurement. 2Taken from the results for the other sample. 3Calculated 
from the invariant. 4Calculated from a global fit. 

 

The average diameter of FGs is slightly smaller than 0.5 µm. Again, this would be 

the Davg based on diameter weighting rather than volume weighting. Polydispersity of 

the FGs seems larger than for the CMs but both values have significant uncertainties. 

Both are still roughly in agreement with Fig. 1. The FGs volume fraction is a free global 

variable and the result of 0.034 ± 0.002 is in excellent agreement with the prediction 

described in subsection 3.1. The overall fit quality would also suggest that the CMs and 

FGs are independent of each other. Otherwise scattering might be observed from a 

shell or partial shell of CMs surrounding FGs, giving a length scale that matched FGs 

even when the FGs are rendered invisible by contrast matching. A model of CMs 

surrounding an FG as seen in micrographs would be useful to quantify this. 

The global fits and contrast matching allowed for the separation of CMs and FGs 

signals in milk as seen in Fig. 5. There are no clear features in a single concentration 



 

 

27 

 

ν 

USANS measurement (the solid black symbols) that can be used to conclusively 

distinguish the signals from the phases. Given the similarity of the CMs portion of the 

model and the skim milk signal, subtracting skim from whole might have been a good 

starting point to isolate the fat signal, but contrast matching is much more conclusive. 

Without contrast matching the whole milk data, as is, would suggest a single empirical 

fit like Guinier-Porod (Hammouda, 2010) or a unified or Beaucage model (Beaucage, 

1995; 1996) but this would definitely blur the two populations into one Rg and make 

extracting model parameters for SLD, volume fractions, etc. impossible. There is also 

some danger in using these empirical models over a relatively narrow range with only 

USANS since they fit data extremely well even when employed in a situation that is not 

matched to the appropriate physical model. It also would have been difficult to isolate 

the CMs signal without some SANS measurements to give information about the 

changing SLD. 

The combined bimodal Schulz model (solid black line) in Fig. 5 gives an excellent 

overall description of the data (χ2 = 3.8). The resulting ρmedium (H2O) with some 

dissolved sugars and proteins) is −0.51×10−6 Å-2, in agreement with the earlier 

prediction. The result ρCMs (with no D2O) is −3.7 × 10−11  Å-2, or expressed with the usual 

scaling, ≈ 0.00 × 10−6 Å-2. This falls between the two results from the skim milk analysis 

in Fig. 3. Uncertainties for both of these are ±0.02 × 10−6 Å-2. All other parameters for 

Fig. 5 came from the global fits and match the values given in Table 1. 

 

2.5 Conclusions 

 

A combined SANS and USANS study of commercial homogenized skim and 

homogenized whole milk was carried out taking advantage of contrast variation. These 

measurements support a structural model based on polydisperse bimodal distribution of 

spheres that comprise casein micelles and fat globules. The parameters obtained are in 

agreement with previous measurements, using a variety of techniques, but this is one of 
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the first times that fats and proteins have been combined in a sample for scattering 

measurements. As previously reported, there are some indications of curve shape 

changes or a non-trivial submicelle with D2O within the micelle. Extending 

measurements to the region where fats are prominent provides an excellent foundation 

for further structural measurements involving coagulated milk and cheese. 
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3.1 Abstract 

Coagulation of milk is a fundamental process in the manufacture of dairy products. Under 

the enzymatic action of rennet, casein micelles form aggregates resulting in a fractal gel 

network. There are few studies of microstructures using scattering techniques resulting 

from rennet coagulation in commercial milk in its native state. Here we employ ultra-small 

angle neutron scattering (USANS) in the range of 5 × 10−5 < q < 3 × 10−3 Å −1 and the 

Guinier-Porod empirical model to study fractal structures and sizes resulting from calf and 

fungal rennet-induced coagulation of commercial skim and whole milk. We report 

evidence of aggregation with fractal properties analogous to that of swollen, randomly 

branched polymers. Calf rennet resulted in a larger initial increase in the gel fractal 

dimension of skim compared to whole milk before relaxation to a common value near 1.8. 

In whole milk coagulated by fungal R. miehei, the initial swollen randomly-branched 

polymer-like structures steadily increased their fractal dimension for coagulation times 

from 1–3 h, suggesting continued proteolysis and micellar rearrangements. In both cases, 

fungal rennet induced structures with less distinct micellar units. The surface properties 

of the primary micellar objects deduced from the Porod slopes differed between rennets, 

with d < 3 after a 3 h coagulation time for fungal rennet. For homogenized whole milk, 

evidence of rapid casein micelle compact-cluster formation in the presence of fat globules 
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confirmed that they play a role in the network morphology. These USANS measurements 

provide an important foundation for continuing study of the structure of commercial 

cheese with scattering techniques. 

 

3.2 Introduction 

 

One of the oldest and most common food processing techniques is turning milk into 

cheese. Approximately 25% of 770 million tons of bovine milk was directed to cheese 

production in 2019, with percentages increasing as the industry grows (Shahbandeh, 

2019). Raw bovine milk is a complex colloidal system containing many different 

components that are challenging to analyze or to model mathematically (Thomases, 

2015). Nonetheless, when it comes to study coagulation of milk much has been learnt in 

the last 30 years (Jaros & Rohm, 2017; Horne & Lucey, 2017; Kethireddipalli & Hill, 2015). 

Milk components can be divided into five main categories: minerals, carbohydrates, whey 

proteins, casein proteins and fat globules (FGs). On the average, native raw milk contains 

~2.6% casein and ~0.7% whey proteins. Casein proteins are, in general, not water soluble 

but hydrophilic glycomacropeptide segments of κ-caseins extend into the aqueous 

solution, which enable the formation of dispersed casein micelles (CMs). CM coagulation 

is the basis for processing milk into cheese. Different models that describe the structure 

of CMs can be found in the literature (Holt et al., 2013; McMahon & Oomen, 2008; Horne, 

1998; 2006; Dalgleish et al., 2004). Regardless of the model, there is agreement that CMs 

are stabilized against aggregation by electrostatic repulsion of their negatively charged 

glycomacropeptide strands protruding from their surfaces (de Kruif, 1999; Wolfram & 

Szekrenyesy, 1975; Dalgleish et al., 2004; Maxcy et al., 1955; Creamer et al., 1998). 

Hence, if the strands are removed, then coagulation of the milk can take place. CMs are 
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present as colloidal particles in the milk serum, but they also form part of the FG 

membrane after the raw native milk is homogenized.  

 Cheese making is facilitated through enzymes that work on removing the 

glycomacropeptide strands (‘hair’) of the CM. Traditionally, rennet from animal sources 

such as calf’s stomach is used, although in recent years rennets obtained from plants, 

molds (fungal), bacteria or yeast has been gaining popularity (Walstra et al., 1999; Hill, 

2020; Kulkarni et al., 1999; Kumar et al., 2010). Enzymatic coagulation by calf-rennet can 

be hypothetically schematized in three stages (Hill, 2020; Goff, 2019). In the first 10 

minutes, approximately 80% or more of the CMs are cleaved by the calf-rennet leaving 

hydrophobic para κ-caseins on the surface. This leads into the second stage, where the 

now partially stripped CMs self-aggregate giving rise to clusters. The contact region 

between CMs can increase over time due to electrostatic and hydrogen-bonding forces. 

This may result in partial to full fusion of CMs, depending upon the extent of proteolysis 

and specificity of the enzymatic action of the coagulant used (Bremer et al., 1989; 

Mellema et al., 2002). The CM clusters further develop in the third stage. In this last stage, 

an extended gel network of strands, crosslinks and junction nodes are formed (Bremer et 

al., 1989; McMahon & Brown, 1984; van Vliet, 2000; Mellema et al., 2002; Nieuwland et 

al., 2015; Karlsson et al., 2007) . 

 Microbial proteases from Rhizomucor miehi, Mucor pusillus and Endothia 

parasitica (Hill, 2020) are used in cheese making. Their stages of coagulation are similar 

to those observed for calf-rennet, with variations in the stage duration, temperature and 

the pH needed, depending upon the microbial protease. The effectiveness of these 

enzymes resides in obtaining a suitable ratio of clotting to proteolytic activity. However, 

microbial enzymes have extensive, non-specific hydrolyzing effects on κ , αS1 and β	-

caseins Kulkarni et al., 1999; Jaros et al., 2008; Pessela et al., 2004; Sternberg, 1972; 

Sousa et al., 2001) and their enzymatic action continues beyond the duration for 
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hydrolysis induced by calf-rennet (Walstra et al., 1999; Jacob et al., 2011). The enzymatic 

action of R. Miehei is known to resist temperatures up to approximately 80°C (Celebi et 

al., 2014), in contrast with the calf-rennet that becomes inactive at lower temperatures 

(35°C to 50°C). 

 Milk components can be categorized by their characteristic length scale, L, which 

defines their size. For example, at the smallest characteristic length scale L ≈	0.5	-	1	nm 

one finds mono- and di-valent ions together with their ``bound water'', while L ≈	5	-	10	nm 

gives sizes for individual ‘free’ whey proteins such as β-lactoglobulin and α-lactalbumin. 

Casein proteins bound via (di)calcium phosphate (CaHPO4) form CMs. CMs can have a 

characteristic length scales of L ≈	50	-	150	nm (Adams et al., 2019; de Kruif & Huppertz, 

2012; Fox & Brodkorb, 2008). The largest components in milk are the FGs, with L ~	1	μm	

following homogenization (Walstra et al., 1999; de Kruif & Huppertz, 2012). The 

observation that the length scales of the principal components of milk differ by factors of 

approximately 10, with their masses differing by factors of approximately 103, suggests 

that if the timescale for the movement of one component is selected, then, on that 

timescale, the others are moving either very quickly or else are almost immobile with 

respect to the selected component. This property of the system can simplify observations 

and modelling, for example, when modelling diffusion (Meakin, 1988; Pink et al., 2019; 

van Heijkamp et al., 2010). 

 Here we present the USANS results for coagulated milks in Stage 3 of CM 

aggregation (L ≈	200	nm	-	10	μm) in order to observe evidence of fractal structures when 

analysed using an empirical model (Hammouda, 2010). To assist with the interpretation 

of the results, we compared the data obtained from the empirical models with the 

predictions of a micelle aggregation model using computer simulation. The key goals in 

this study are to study fractal structures in the gel network, the objects that build the 
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network, the impact of longer coagulation times, the effects of fat (in homogenized milk) 

and the differences between the rennet types in their effect on coagulation. 

 

  



 

 

 

44 

 

 

 

3.3 Models and Theory 

 

In this section results of modelling the aggregation of anisotropic structures relevant 

to understanding calf-rennet induced CM aggregation are outlined, in order to determine 

the nature of aggregates resulting from bovine skim milk and bovine, non-homogenized, 

whole milk (Pink et al., 2019). There, they set out to explain a slope of −1 observed by 

them in USAXS scattering from CMs. The model considered only changes to the surfaces 

of spherical model CMs, on which the major component comprises embedded κ-casein 

molecules. At pH = 7 these include negatively charged GMP components that project into 

the aqueous solution, thereby stabilizing CMs against spontaneous aggregation with each 

other. Significantly, it has been suggested that the micelle surface is not completely 

covered by κ-caseins (Dalgleish & Corredig, 2012; Dalgleish & Holt, 1988). Recently, 

studies of commercial, Grade-A pasteurized skim (Pink et al., 2019) and non-

homogenized whole milks using USAXS (Peyronel et al., 2020), were conducted and the 

results were interpreted as showing that CMs form, likely small approximately 1-

dimensional structures (Pink et al., 2019). This was explained as a consequence of 

incomplete coverage of CM surfaces by κ-casein GMP (Dalgleish & Corredig, 2012), 

though alternative explanations exist. The model made use of observations (Qi, 2007) 

that suggest that bovine CMs contained insufficient κ-casein GMP residues to completely 

cover their surfaces. Taking into account this work and that of Dalgleish and Corredig, 

(2012), Pink et al. (2019) proposed that, in the absence of enzymatic activity or pH and 

temperature changes, CMs would spontaneously form 1-dimensional structures with 

branching points (schematically shown in Figure 1A). They did not, however, consider the 

possibility that heating, as is the case during pasteurization, could denature whey 

proteins, which might then form links between κ-casein GMP residues on different CMs, 
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each completely covered by GMP residues, and so form, likely small, approximately 1-

dimensional structures as reported by USAXS studies (Peyronel et al., 2020; Pink et al., 

2019). Irrespective of the mechanism which can bring it about, however, Monte Carlo 

simulations showed that the proposal that CMs spontaneously form, likely small, 1-

dimensional structures with branching points was confirmed. 

Figure 1B shows how these 1-dimensional casein micelle structures can be 

represented by a mix of polydisperse cylinders in which binding can occur at the ends 

with either 1 or 2 other cylinders binding to a given cylinder. Because no bonds can be 

broken, a bound system has no opportunity to relax into more compact structures. The 

slope shown is likely to be between −1.7 and −2.1 reflecting aggregation via diffusion 

limited, eventually relaxing to reaction limited, cluster-cluster aggregation, as reported 

(Nieuwland et al., 2015; Peyronel et al., 2013; Barker et al., 2005) for triacylglyceride 

(TAG) nanoplatelets. As we point out below, however, a slope of approximately −2 could 

also indicate structures analogous to swollen randomly branched polymers. 
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 Figure 1: Schematic aggregation of model casein micelles using structure function, S(q), analysis. A-C: 

Spontaneous aggregation via incomplete coverage of surfaces with stabilizing moieties. Bare hydrophobic 

patches are shown in red. In all cases the bonds formed cannot be broken. A: Model CMs form 1-
dimensional structures with the possibility of side branches occurring randomly. The representation of them 

by cylinders is shown in the background. Cylinders can aggregate only at their ends. Generally, only one 

other cylinder can attach to an end of a cylinder, but, on occasion, two can attach randomly. B: Cylindrical 

representation (blue) of linear CMs with red (hydrophobic) binding sites at the ends and which can 

accommodate up to 2 other cylinders randomly (Pink et al. 2019). Green spheres show how the cylinders 

were represented. C: Model prediction from computer simulation for spontaneous and rennet-driven CM 

aggregation. Schematic of I(q) regions: (a) Guinier. (b) Aggregation on a large spatial scale. The slope can 

range from approximately −1.7 to −2.1. (c) Intermediate scale, possibly analogous to swollen randomly 
branched polymers, with slope approximately −2. (d) Aggregation of only a few CMs, with slope 

approximately −1. (e) Region describing single CM surface with slope of approximately −4. If no aggregation 

takes place, then the Guinier region extends over the q-range shown by the black line (f). Data could follow 

any one of the five possibilities shown from regions (a) to (e). 
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Finally, Figure 1C considers both spontaneous and rennet-driven aggregation and 

shows a schematic diagram of the predicted scattering intensity for different regions 

obtained, in part, by calculating structure functions, S(q): (a) The Guinier region which 

exhibits slope of 0 as 𝑞 → 0. (b) Region of large-scale spatial aggregates formed via 

bovine rennet activity, characterized by a straight line for which the slope can range from 

approximately −1.7 to −2.1. This fractal dimension is known through simulations carried 

out on model TAGs (Nieuwland et al., 2015). (c) The region which can arise through both 

bovine rennet-driven and spontaneous aggregation, describing aggregates on an 

intermediate spatial scale, possibly analogous to swollen randomly branched polymers, 

with a slope of approximately −2. (d) A straight-line region describing spontaneous 

aggregation of a few CMs with slope approximately −1. It is possible that the observed 

slope in the regions described by (c) and (d) lies between −1 and −2 if both kinds of 

aggregates are present. (e) The SANS region describing the average surface of a single 

micelle with slope in the neighbourhood of −4. If no CM aggregation takes place, then the 

Guinier region extends over the range (a-d) shown by the black line (f). CM aggregation 

has been described by (Choi et al., 2015), based on changes in elastic shear modulus, 

and our model is in accord with their findings. 

Structure Function 𝑆(�⃗�): Given a system of N solid particles, the structure function 𝑆(�⃗�) 

and its orientation averaged version 𝑆(�⃗�) (Landau & Binder, 2014; Vicsek, 1989) are 

defined as follows: 

𝑆(�⃗�) 	= 	 .
t
	∑ ∑ exp(𝑖Lz �⃗�. (𝑟{||⃗ − 𝑟L|||⃗ ))      (1)  

      𝑆(𝑞) 	= 	 〈𝑆(�⃗�)〉M�|M|⃗ |      (2) 

 In our case, the sum ranges over the centres of the model CMs defined by the set 

�𝑟{||⃗ �. This function can be used to compute 𝑆(�⃗�)	for any model structure and need not be 
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restricted to CMs. The vector �⃗� represents a scattering vector defined as the difference 

between an incident and scattered wavevector. The function S(q) is an average, 〈. . . 〉, of 

individual 𝑆(�⃗�)	calculations performed over many different scattering vectors of fixed 

magnitude. Examination of systems using this structure function allows for comparison 

with scattering intensity data, I(q), from neutron scattering. It has been shown (Martin & 

Ackerson, 1985; Martin, 1986; Martin & Hurd, 1987) that for some range of q 

𝐼(𝑞)	𝛼		𝑞:�       (3) 

where μ = d(3 - τ) is an effective fractal dimension representing the mass distribution of 

a system of polydisperse aggregates, within which is the fractal dimension, d, and the 

polydispersity exponent, τ. In our simulated models, we analyzed only monodisperse 

systems so that μ = d and 

𝑆(𝑞)	𝛼		𝑞:S       (4) 

 

 

3.4 Method of Analysis 

 

3.4.1 Collection of data 

 

 Data was collected using the triple-bounce silicon (220) single crystal Bonse-Hart 

instrument at the BT-5 beam line at the NCNR in Gaithersburg, MD (Barker et al., 2005). 

The temperature of all the sample cells was ~ 20°C and the collection of the data ran from 

6 to 8 h. The data was collected point-by-point in discrete angular steps making the raw 
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data inherently one-dimensional. The Bonse-Hart method provides a very high angular 

resolution of the scattering vector �⃗� in the horizontal xy plane but greatly reduced 

resolution ±∆𝑞, in the perpendicular z direction. If qnom is the scattering vector 

corresponding to the scattering angle from the instrument (in the xy plane), then the actual 

range of variation of |�⃗�| -values is between qnom and	(𝑞\]RB + ∆𝑞,B)./B. Hence, the smeared 

USANS scattering intensity Is(q) is (Kline, 2006) 

𝐼_(𝑞) 	= 	
.
∆M`

∫ 𝐼	((𝑞B∆M`
? + 𝑞,B)./B)	𝑑𝑞,     (5) 

Raw data was prepared for analysis using software modules provided by NIST 

(Hammouda, 2010). 

 

3.4.2 Data fitting 

 

We chose to use the Guinier-Porod model (Hammouda, 2010) to analyze data 

because it allows us to identify the surface or mass fractal dimension, as well as the 

shapes and the approximate sizes of the scattering structures. This model recognizes 

that, at each structural level, the scatterer (whether the primary unit or its aggregates) can 

be spherical or have other morphologies, as indicated by the parameters d and s 

respectively in Eqn. 6 

𝐼(𝑞) 	= 	 �
M�
	exp	 /:M

N14N

�:_
5              for 𝑞 ≤ 𝑞.   (6a) 

 

𝐼(𝑞) 	= 	 �
M�

    for 𝑞 ≥ 𝑞.  (6b) 
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where q is the scattering vector magnitude, (3-s) is the dimensionality parameter, Rg is 

the radius of gyration of the scattering object, d is the Porod exponent, and G and D are 

the Guinier and Porod scale factors. As shown in Fig. 1, data can be interpreted as power 

law exponents/slopes from different linear regions of a plot of log[I(q)] vs. log(q), giving 

information about fractal dimension. The Guinier-Porod model includes this behaviour, in 

a single smooth function, as s and d for low and high-q regions respectively. The model 

also accounts for the fact that the q-value that separates the low and high-q regions 

depends on s and d as well as Rg. The transition or crossover point from the Guinier to 

Porod forms in the fit is given by (Hammouda, 2010) 

𝑞"	 = 	
"
%4
&(()*)(,)*)

-
.
"/-

        (7) 

The parameter d is typically used to explain the surface fractal structure of the 

primary object that gives rise to the Rg, but under certain circumstances it can be 

interpreted as a mass fractal.  

 The parameter s approximates the slope of the low q-range of log[I(q)] vs. log(q). 

There are two distinct physical cases: the primary objects may be independent, or they 

may form a larger aggregate. For spherical primary objects, scattering, within Guinier 

theory, is described by s = 0 (Hammouda, 2010). The converse, that s = 0 indicates the 

existence of spherical structures, is not necessarily true in complex systems. There, a 

value of s = 0 could be interpreted as an aggregate which is spherical, but it could also 

simply indicate that there is no aggregation above the length scale of the primary object. 

Without extending measurements to lower q or obtaining some other source of 

information, it cannot be determined which is the case. 

 The cases of s ≠	0	are less ambiguous since they indicate a larger aggregate that 

may be organized, for example, as thin cylinders (s=1), thin lamellae (s=2) (Hammouda, 
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2010), or possibly, chains that mimic swollen randomly-branched polymers (s=2). The 

characteristic size of the aggregate cannot be easily identified without extending to a 

lower q-region where the slope deviates from −s.  

 We used the software developed by Kline (Kline, 2006) in order to obtain the 

parameters in the Guinier-Porod model. Briefly, the two broad steps followed were: (1) 

The experimental data was reduced in reference to empty-cell data, corrected for sample 

transmission, and converted to absolute units. The data obtained was called reduced data 

and will appear in figures as Is(q). (2) The reduced data, in its natural, slit-smeared form 

for a Bonse-Hart instrument, was then fitted using the Guinier-Porod model (Eqn.6), to 

which a mathematical smearing procedure was applied (Eqn. 5). As such, the parameters 

of interest: s, d, Rg, D and G correspond to the actual physical model for I(q). These s and 

d values [as opposed to empirical parameters obtained from a direct fit to the slopes of a 

double-logarithmic plot of Is(q)]) are needed in order to compare with the theoretical model 

predictions. The data reduction, analysis and graphics production were performed with 

IGOR Pro (WaveMetrics) and modules provided by the NCNR.  
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3.5 Results and Discussion 

 

3.5.1 Coagulated Skim Milk with Calf Rennet 

 

Calf rennet with skim milk, a system with relatively little fat (< 0.5% by weight), is 

investigated first in order to understand coagulation effects in the CM networks, 

independent of the role played by FGs in the more complicated process of homogenized 

whole-milk coagulation. 

 

Figure 2: Skim milk with calf rennet. This is the reduced, smeared I(q) of skim milk (black) and skim milk 

coagulated with calf rennet for 1 h (blue) and 2 h (red). The dashed lines are Guinier-Porod fits to which a 

mathematical smearing procedure has been applied (Eqn. 5).  
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Table 1: Guinier-Porod parameters obtained for the data associated with Fig. 2. Region refers to the regions 

of Fig. 1C to which this data is best related. (*) For skim milk SANS data (higher-q) from Adams et al. (2019) 

has been used to reduce uncertainties in the parameters. 

 

 Figure 2 displays the reduced, smeared scattering intensity Is(q) for skim milk and 

skim milk coagulated with calf rennet for 1 and 2 h. The data was fitted using one 

structural level containing one Guinier and one Porod region with the transition point q1 

between the two given by Eqn. 7. The results of the fits are given in Table 1. Table 1 

includes a calculation of q1. Note Rg can remain relatively constant between experimental 

conditions but changes in s and d give different q1, the transition between Guinier and 

Porod regions. 

 For skim milk, a small Guinier slope s ~ 0 indicates scattering from independent 

objects of characteristic size Rg (Hammouda, 2010) rather than a network. In this case 

the objects would be the CMs. Given the finite range of q it is not possible to rule out the 

existence of a larger network or object with a length scale greater than 2π/qmin = 10μm 

composed of something other than CMs. Since there is no evidence for large aggregates 

in uncoagulated skim milk the former explanation is preferred. The fitted, finite s does 

have a large uncertainty due to the relatively large error bars at low q and also coupling 

between the s and Rg parameters (i.e., the fit quality is maintained for a wide range of 

these parameters provided that the Rg value increases as the s value decreases). Our 
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previous measurements (Adams et al., 2019) have also shown that the residual fats do 

make a small q-dependent contribution to the signal in this region. In the case of renneted 

skim milk for 1 h and 2 h, the s values are 2.09 ±	0.02 and 1.89 ± 0.02 respectively. These 

values are in agreement with low-q slopes measured by Li et al. (2018) using USANS for 

skim milk powder in D2O after coagulation with bovine rennet and a hydrolysing enzyme 

derived from tamarillo fruit. This increase from small s indicates the formation of 

aggregates of CMs. Again, the size of these aggregates must be greater than 10μm since 

there is no indication of another structural level below the established q1. We interpret the 

change from s = 0 to s = 2 as indicating structures with 2-dimensional scaling belonging 

to regions b and c in Fig. 1G. This could correspond, for example, to a gel structure 

analogous to swollen randomly-branched polymers. The Rg value of 56 ±	4 for skim milk 

gives an object diameter ~150 nm (diameter = 2 × ��
�
	×	𝑅g for a uniform sphere) 

consistent with the previously reported CM size (Dalgleish & Corredig, 2013; de Kruif & 

Huppertz, 2012; Li et al., 2018). In the case of coagulated skim milk for 1 and 2 h, the Rg 

's are ~ 60 nm and 120 nm. The increase in s after 1h is a clear indication of network 

formation (stages 1 and 2) but looking at the Rg increase at 2 h it appears that it takes 

more than 1 hour before the action of the chymosin causes the CMs to merge into 

compact clusters that form the basis of the network in stage 3 (Boutrou et al., 2002; 

Mellema et al., 2000; 2002). The scanning electron micrographs of Boutrou et al. (2002) 

show micelle clusters and strands formed in soft cheese curd (made from micro-filtered 

raw skim milk) upon addition of rennet. Network formation is also observed using confocal 

microscopy in D2O reconstituted skim milk (Li et al., 2018) but the authors do not claim 

any change in CM size based on their USANS data. 

 A Porod exponent 𝑑 ≤ 4 was consistent with the data in all three cases. For skim 

milk, relatively noisy USANS signal over a small region in the high-q range (3 to 4.5 × 10-

3 Å-1) causes uncertainty in d. Hence the measurement reported here used SANS 
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measurements on skim milk that extend the range with excellent signal quality (Adams et 

al., 2019). The renneted data do not show significant changes in the d ≤ 4 value. All of 

these d values are consistent with a fairly smooth interface between CMs and the serum. 

These values and the interpretation are also consistent with the measurements of Li et 

al. (2018) before and after coagulation. 

 When CMs aggregate, it is likely that there will be at least one CM that is connected 

via the hydrophobic forces to three other CMs, forming a cluster. This one CM can be 

viewed a branching point at which one branch can become a side chain while the other 

two form part of an analogue of a polymer backbone. This effect occurs randomly. The 

resulting structure could appear as analogous to swollen randomly-branched polymers 

that exhibit a fractal dimension of s = 2 (Everaers et al., 2017). However, it could, 

alternatively, look like the outcome of diffusion or reaction limited cluster-cluster 

aggregation (DLCA/RLCA) with a fractal dimension between 1.7 and 2.1 (Pink et al., 

2013).  

 

3.5.2 Coagulated Whole Milk with Calf Rennet 

 

Figure 3 displays the intensity from the reduced data for the whole, homogenized 

milk sample (black data points) as well as the samples that were coagulated using calf 

rennet for either 1, 2 or 3 h.  The parameters obtained from the Guinier-Porod fits for the 

whole milk using calf rennet are presented in Table 2. Unlike in the case of skim milk, 

there are two structural components in non-renneted whole milk that contribute to the 

signal in this range of q. The correct way to deal with this is to use deuterium contrast 

matching (Adams et al., 2019) but in this case we will approximate by treating the signal 

from CMs and FGs independently in non-coagulated whole milk. These separate curves 
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are shown in black in Fig. 3. The CM-only curve matches the fit to the skim milk Is(q). The 

appropriateness of this approximation as it pertains to neutron scattering from whole milk 

is established by Adams et al. (2019). It is possible to fit whole milk using only a single 

Guiner-Porod model (s = 0, Rg = 480 nm, d = 2.43) but in this case d cannot be simply 

interpreted as either roughness or fractal dimension of a single component with size Rg. 

 

 

Figure 3: Whole milk with calf rennet. This is the reduced, smeared I(q) of skim milk (black) and whole milk 

coagulated with calf rennet for 1 h (blue) and 2 h (red). The dashed lines are Guinier-Porod fits to which a 

mathematical smearing procedure has been applied (Eqn. 5). 
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Table 2: Guinier-Porod parameters obtained for the data associated with Fig. 4. Region labels refer to 
regions of Fig. 1C to which this data is related. (†) The parameters for the CM component of the whole 
milk are taken to be the same as the skim milk parameters from Table 1; the FG parameters are adjusted 
for the best fit. 

Using the combined Guinier-Porod models we identified two Rg values in whole 

milk. We interpreted one as the Rg due to CMs and the second one as due to FGs. In the 

monodisperse, solid sphere approximation, the Rg of 420 nm for FGs corresponds to a 

diameter of about 1.1 μm, which is in the correct range for the size of FGs, allowing for 

some CM on the surface. The Guinier slope for both components was s ≈ 0 for the non-

renneted case. This is the expected value for independent scattering objects at q values 

less than the reciprocal of the size of the largest scattering objects, namely the FGs 

(Adams et al., 2019). 

 After renneting, the single component Guinier-Porod model gives an excellent fit 

to the data. We observed an s-value of ~1.8 (close to s = 2) which, as before with skim 

milk, would indicate the presence of 2-dimensional objects (e.g. swollen randomly-

branched polymers or DLCA/RLCA aggregates). The FGs appear to play a less 

prominent role as individual objects in the Is(q) curve since there is no q1 transition in the 

correct neighbourhood for the Rg of FGs. Similar to the behaviour of 2 h skim milk, we 

observed one Rg ≈ 110 - 120 nm. The similarity to the skim milk result, where only residual 

fats are present, suggests that this Rg is due to CM aggregation. The question now arises: 
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what has happened to the Rg = 420 nm FGs and how are they incorporated into the CM 

network? We propose that CMs, some of which adhere to the surface of homogenized 

FGs (Cano-Ruiz & Richter, 1997; Michalski et al., 2002), become hydrolysed by calf 

rennet which, in turn, leads to the integration (Ong et al., 2011) of the FGs, filling in spaces 

in the CM gel network. This idea is supported by the fact that the Is(q) for fat-containing 

renneted samples is actually lower in intensity since the contrast factor between FG-CM 

is lower than between serum-CM (Adams et al., 2019). These combined FG-CM 

aggregates that make up the curds will necessarily exhibit radii of gyration much larger 

than ~420 nm. The detection of these very large FG aggregates would require the use of 

q-values smaller than those available to us (Ong et al., 2011; Walstra et al., 1999). 

 When considering the network that has been formed for calf-renneted skim milk, 

as with Rg there also appears to be very little effect associated with longer renneting 

times. In fact, the largest s value for calf-renneted skim milk, 2.1, in Table 1 indicates the 

densest network occurs for the shortest coagulation time and with very little or no fat 

present. This is not the case with fungal rennet as we shall present in Subsection 3.4 . 

 The behaviour of Rg is also roughly consistent with a network that is either 

dominated by CMs or clusters of several CMs. The large Rg value in the fat component 

of the whole milk seems to disappear from the data and is instead replaced in the 

coagulated samples with Rg ~ 100 nm, which is in the correct range of values for the 

fractal objects composed of several fused/particulate micelles in the form of junction 

nodes/strands. This stage 3 behaviour does seem slower in skim milk samples compared 

to whole milk. 

 Time and fat content also seem to have an effect on the Porod exponent as Rg 

increases. Two Porod slopes were obtained for the whole milk sample: one associated 

with CM and the other with FG. Both values are below the ideal smooth value of d = 4 but 
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still larger than d = 3.5. Interpretation of d after the rennet has been added is potentially 

complicated as it is hard to separate the contribution from the CM and the FG but again 

given that Rg is much smaller than the FG size and the similarity to skim milk, these d 

values are likely referring to clusters of CMs that have fairly smooth surfaces. Table 2 

shows that the Porod exponent increases with longer renneting time going from 3.0 at 1 

h to 3.59 after 3 h. 

 A doubling of Rg upon addition of rennet would mean roughly 23 = 8 CMs (volume 

scaling) combining to give the basic primary unit which composes the network. Skim milk 

d values always stay fairly close to 4; so even if there is a growth stage for micelle fusion 

in skim milk it appears to occur with very compact packing and with growing objects 

maintaining smooth surfaces. In whole milk the size increase occurs after only 1 h but the 

objects are much rougher at first as we see a large initial drop in d, then an increase from 

2.8 to 3.6 occurs between 1 and 3 h. In Fig. 3 this can be seen as steeper slopes for 

approximately q ≥	 5	 ×	 10-4	 Å-1 as rennet times increase. This observed increase is 

consistent with the results of Mellema et al. (2000) who concluded that longer duration of 

coagulation gives rise to closer packing among the CMs, including fusion of micelles. 

Hence, the increase in d may indicate the formation of a progressively smoother boundary 

surface of the aggregates mainly due to fused micelles. In whole milk this increase is not 

accompanied by any significant Rg changes, indicating that, due to compaction following 

fusion (Mellema et al., 2000), the clusters formed after 1 h do not increase in size by 

incorporating more CMs as the aggregation process continues. 

 Given the relationship between s and the shape of the aggregates it may seem 

natural to extend this concept to the possibility of flat CM clusters on the surface of FGs 

to give s ≈ 2. However, the skim milk data shows that s ≈ 2 arises even without fats. The 

other reason to doubt this hypothesis is that the range of this slope extends to the lowest 
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q values measured. This would indicate the proposed lamellar, raft-like aggregates of CM 

clusters are much larger than the host FGs, an impossibility. 

 

3.5.3 Coagulated Skim Milk with Fungal Rennet 

 

 Figure 4 and Table 3 summarize the results for skim milk with and without fungal 

rennet. The runs involving fungal rennet presented several issues. The overall intensity 

is much lower than when using calf rennet, which contributed to a relative increase in 

noise in the data. There is uncertainty in whether or not the scalding at 45° C sufficiently 

halts the enzymatic action of R.miehei. Runs could take up to 6 hours and samples could 

sit in the sample changer for 12 hours at 20° C before data collection commenced. In 

Fig.4 there is a decrease in Is(q) with increased renneting time rather than the increase 

seen with calf rennet. As to this final point, although we did not take any special measures 

to ensure that each sample loaded after renneting contained the same amounts of initial 

components, this effect could indicate a substantial shift of scattering weight to q values 

below our measurement range when using Myco. The curds themselves also appeared 

quite different visually. Using calf rennet gave curds that were several millimeters in size 

but the Myco curds appeared much smaller (less than 1 mm in size) much more like 

feathering of cream in coffee. In the future, we may carry out the coagulation process in 

the sample cell or monitor intensity at a specific q point as a function of time during active 

coagulation to account for different amounts of curds in the different sample cells and to 

check time dependent behaviour. 
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Figure 4: Skim milk with fungal rennet. Data is for skim milk (black) and skim milk coagulated with fungal 

rennet (Myco) for 1 h (blue) and 2 h (red) showing the fitted Guinier-Porod models (dashed lines).  
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Table 3: Guinier-Porod parameters obtained for the data associated with Fig. 5. Region labels refer to 

regions of Fig. 1C. Skim milk data, fits and parameters are the same as in Fig. 2 and Table 1. 

 

 We were able to obtain satisfactory fits using the GP model, but the data do not 

show a clear visual transition between high and low q-regions associated with q1 in Eqn.7. 

The crossover is subtle and this manifests as an increased uncertainty in Rg (as high as 

40% in relative terms). Attempts to fit this data to a single power law without any transition 

had mixed results. For the 1~h run a single power law gave a slope of 2.25 and a 

normalized 𝜒�B=1.06 . The GP fit shown in Fig. 4 has a 𝜒�B=0.86. For the 2~h run the 

respective 𝜒�B values are 1.80 and 1.34. We conclude that a simple power law would work 

for the 1 h run (with slight preference to GP) but not for the 2 h run (s and d values differ 

by 0.29 and 0.55 respectively). Extension of the q range using SANS would be helpful to 

establish the validity of the GP model for the Myco runs. 

 The values obtained for the Guinier slope indicate that the fractal dimension of the 

gel matrix over a period of 2 h decreased by only 3% indicating that rearrangements and 

fusion processes barely changed the density of the network. In terms of cluster formation, 

the increase in Rg occurs after just one hour. This is similar to whole milk with calf rennet 

as opposed to skim milk with calf rennet, which takes longer for CM fusion. There is an 

increase from d = 2.36 to 2.56 with longer renneting time but d remains significantly lower 

than for calf rennet. This suggests a gel structure that is fractal over a wider length scale 

where it is more difficult to identify the individual CMs. The gel structure appears relatively 
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amorphous with a fine texture (larger number of strands with no significant differences in 

the sizes of strands and junction nodes) (Boutrou et al., 2002; Li et al., 2018; Milanovic et 

al., 1998). This could be the result of micellar rearrangements/fusion with the extended 

non-specific proteolysis of the fungal rennet. 

 

3.6 Coagulated Whole Milk with Fungal Rennet 

 

 As with the skim milk data, the reduced data for whole milk and fungal rennet show 

only a subtle transition between the Guinier and Porod regions. The Guinier slopes s 

show a steady increase with renneting time. This is the only combination of milk and 

rennet that shows this behaviour. In calf rennet the largest s values occur at the shortest 

time and without fat. We have also included a second run of the 3 h sample where we 

repeated a scan 24 h after the initial run. The sample was left at room temperature for 

this time period. In comparison to the other aggregates, the eventual fractal dimension (s 

= 2.26) is the largest, indicating the densest network. We ascribe this increase in density 

to continued non-specific proteolytic action of R. miehei, not specifically restricted to the 

release of GMP hydrophilic peptides of κ-caseins (Walstra et al., 1999). 

Rearrangements/fusion of the micelles and the formation of new crosslinks and strands 

(van Vliet, 2000) would result from the enzymatic action of R. miehei that continues even 

after scalding at 45° C (Celebi et al., 2014). As expected, there was an increase in the 

fractal dimension of the network for fungal-renneted whole milk (Table 4) in comparison 

to fungal-renneted skim milk as a result of the availability of modified FGs, which act as 

junction nodes with more CMs available to form strands and crosslinks (Lopez & Dufour, 

2001; Ong et al., 2011). However, this increase in s with fat was not seen with calf rennet, 
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perhaps due to the different role played by chymosin limited specific proteolysis of CMs 

forming the clusters. 
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Figure 5: Reduced-data of whole homogenized milk coagulated with fungal rennet (Myco). Runs are for 1 

h (blue), 2 h (green), 3 h (red) and 3 h with 24 h further at room temperature (orange), showing the fitted 

Guinier-Porod models (dashed lines). Arrows are guides to the eye that indicate where extrapolated low 

and high q linear trends intersect.} 
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Table 4: Guinier-Porod parameters obtained for the data associated with Fig. 5. Region labels refer to 

regions of Fig. 1C to which this data is related. (‡) These fits were restricted to q > 0.9 x 10-4  Å-1.  

  

In terms of the CMs, the Porod exponents of whole/Myco (2.9, 2.9, 2.8) at 1,2 and 

3 h are intermediate between skim/Myco (2.4, 2.6) at 1 and 2 h, and for the whole/calf 

(2.8, 3.2, 3.6) at 1,2, and 3 h. Also, the long renneting time Rg values are smaller than 

any other case. Reduction in Rg from 140 nm (1 h) to 58 nm (3 h + 24 h) and 

corresponding increase in the fractal dimension s from 1.87 to 2.26 (Table 4) could be 

caused by CMs breaking away from strands and junction nodes and forming new cross 

links, and rearrangements, fusion and compaction of aggregated CMs (Mellema et al., 

2000) . The short time Rg values are larger but then they decrease to the point where it  

appears there are no clusters of multiple CMs at long renneting times. In addition, the 

single CM ``clusters'' appear to be quite rough and never become as smooth as the calf 

rennet samples. The difference between d and s is greatest after 1 h but then d decreases 

and approaches s, perhaps as a result of extensive and continuing proteolysis due to the 

fungal rennet. The lipids may also play a role in maintaining the roughness.  The data in 

Fig. 5 are also different from the other cases in that there is a slight upturn in Is(q) at the 

smallest q values for the 3 h runs. Perhaps this indicates the length scale for the micro-

curd structure but we could not go to smaller q values to verify this.  
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3.7 Conclusions 

 

 We have carried out ultra-small angle neutron scattering (USANS) on samples of 

commercially available skim and homogenized whole milk, both uncoagulated and 

coagulated, under the effects of enzymatic activity. The enzymes used were (a) chymosin 

in calf rennet and (b) Myco brand fungal rennet made from R. miehei. We also carried out 

modelling and computer simulations of the aggregation process. 

Our conclusions are as follows: 

1) Using a spontaneous aggregation model (Pink et al., 2019) modified for CM 

aggregation in bovine-renneted milk, and employing Monte Carlo simulations, we 

observed that the slope of log S(q) vs. log(q) changed from a value of -1 to -2 as 

q decreased. Thus, the computations suggest that on a smaller spatial scale, 

characteristic of micelle size, linear micelle structures form and cluster, and give 

rise to larger aggregates that were consistent with there being diffusion limited 

cluster-cluster aggregation or microstructures analogous to swollen randomly 

branched polymer network.  

 

2) In our previous study, we found that for both skim milk and whole milk, in the 

absence of rennet and at constant temperature (~20° C) and pH (~7), the small-q 

slope of log S(q) was effectively zero, indicating independence of scattering 

objects, predominantly from casein micelles and fat globules respectively in the 

USANS range (Adams et al., 2019). In all cases after 1 hour of rennet activity, the 

s-value increases to approximately 2. This was interpreted that the CM aggregates 

on the scales in the USANS region were formed via DLCA followed by RLCA, or 
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that the structures formed were analogous to swollen randomly-branched 

polymers. The presence of fat led to larger s values for Myco but not for calf rennet. 

 

3) In the case of fungal-rennet coagulation of whole milk, an increase in the fractal 

dimension of the gel network as indicated by s was observed compared to calf 

rennet and also with coagulation time, indicating the continued activity of the fungal 

enzymes and formation of new crosslink strands, and rearrangements and fusion 

of the micelles within the aggregates with surface-modified FGs acting as pseudo-

protein junction nodes. Rearrangements, fusion and compaction induce syneresis 

within the system, along with the network becoming finer with the formation of more 

strands, and probably amorphous in texture. 

 

4) In the case of whole milk coagulation with calf rennet, due to their specific 

proteolytic activity of the enzyme chymosin, the dimensionality of the gel network 

was roughly constant at s =1.8. The most significant trend was an increase in the 

Porod exponent which changed from d = 2.8 to 3.6. We concluded that the 

increase was due to rearrangement and fusion of the casein micelles in the small 

clusters of several CMs each that originally formed.  

 
 

5) Well-defined CMs or CM aggregates feature much less prominently in the log Is(q) 

with fungal rennet and the fractal structures exist over a wider q range. An 

extension of the q range is necessary to fully describe this behaviour. 

 

 For future work, conducting SANS, microscopic and rheological studies of these 

systems could complement the knowledge obtained from our USANS studies on 
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coagulated whole and skim milk and shed more light on the structural elements of the 

network. Our findings on the coagulation of commercial skim and whole milks with no 

further processing provide new insights on the structure of the networks involved and can 

be utilized to enhance approaches to the manufacturing of commercial cheese. 
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4 Summary and Conclusions 
 

The microstructure of commercial milk and coagulated milk samples was investigated 

in two studies using USANS and SANS scattering methods and D2O contrast 

measurements in order to examine CM and FG components of the milk. The goals of the 

two studies were to provide a description of the size and morphology of CM and FG 

components of commercial milk, at the milk (Study 1) and coagulated milk (Study 2) 

phases of cheese production.  

Study 1 examined commercial skim and whole milk. A model based on a Schulz 

distribution provided a good fit to the data below q = 0.007 Å-1.  Casein micelles were 

observed to have diameters in the range of 96±10 nm with 33% polydispersity. Consistent 

with previous research (de Kruif & Huppertz, 2012), the average SLD of the micelles in 

homogenized whole milk ranged from -0.04 x 10-6 Å-2 to 2.8 x 10-6 Å-2 with 50% dilution 

by D2O and a match point of 43 ± 3%. Fat globules in homogenized whole milk were 

observed to have diameters in the range of 470 ± 40 (440 ± 100 in skim milk) with 

polydispersity of 45 ± 5%. Supporting the model and previous findings, the volume 

fraction of FGs was found to be 0.34 ± 0.0002, with evidence that the CMs and FGs are 

independent of each other, arising from the Guinier slope plateauing to a s = 0 in the high-

Q region. Taken together, the results of the scattering experiments on skim and whole 

commercial milk samples was found to support a Schulz model with bimodal distribution 

of spheres corresponding to the CM and FG components of milk. These findings agree 

with measurements obtained in studies using other techniques to examine these 

components separately. The analyses presented here are the first to simultaneously 

study CMs and FGs in commercial milk using USANS and SANS scattering methods and 

offer a foundation for Study 2 in which commercial milk is examined in the coagulated 

phase of cheese production. 
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Study 2 examined the structures of CM and FG gel networks that are formed in the 

coagulation of skim and whole commercial milks. Two types of enzymes (i.e., calf-rennet 

and fungal-rennet) were used to induce coagulation over a range of coagulation times. 

USANS was applied in the range of 5x10-5 < q < 3x10-3 Å-1 and the Guinier-Porod model 

used to study the fractal structures and sizes of CMs and FGs in the coagulation process 

over the time points. The coagulation data provided evidence of aggregation with fractal 

properties analogous to swollen randomly branched polymers (Pink et al. 2019). As 

mentioned in Study 1, prior to coagulation the Guinier slope was close to zero, indicating 

independence of the CM and FG components. One hour following introduction of rennet, 

the s-value increased to approximately 2 for both skim and whole milks. However, in the 

presence of fat, whole milk s-values increased from 1 to 3 hours for fungal-rennet (s = 

1.87 vs. 2.21) but not calf-rennet (s = 1.84 vs. 1.81). Fungal-rennet findings indicated 

continued proteolysis and micellar rearrangements between 1-3 hours, whereas 

arrangements induced by calf-rennet stabilized at approximately s = 1.8 around 1 hour. 

Fungal rennet CMs and CM aggregates were less prominent in the I(q) and fractal 

structures were found over a wider q range. These findings require clarification with 

additional experiments that extend the q range. There were few studies of microstructures 

using scattering techniques with rennet coagulation of commercial milk, and none prior to 

this study that used fungal rennet in the coagulation process. Thus, the findings from 

Study 2 provide evidence of the fractal characteristics of gel networks formed in 

coagulation using commercial milk samples, extending previously reported scattering 

findings for reconstituted milk samples. In addition, the study has contributed new data 

on microstructures in coagulation induced by the fungal-derived rennet Mucor miehei.  

Taken together, these two studies provide a strong foundation for understanding the 

microstructure of the components of milk and coagulated milk as these components 

undergo the process that will eventually lead to cheese. Thus, a natural next step in the 

immediate term is examination of the microstructures of commercial cheese using 
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USANS and SANS techniques. In the longer term, more closely controlled experiments 

with fungal derived rennet would be beneficial to shed more light on the dynamics, growth, 

and hierarchy of structural elements within these networks. A possible experiment to 

provide further insight and build on our findings could be combined rheological and 

scattering experiments in tandem (Rheo-SANS). This would probe different time-

dependent properties such as deformation rate, yield-stress, etc. This dual-instrument 

method would simultaneously measure and augment microstructural properties of the 

softmatter system. These properties are all essential to construct psycho-physical models 

of texture, melt, and stretch (Lucey et al. 2003). Such models will be of use in the finessed 

cheese manufacturing processes, and provide an understanding of sensations such as 

mouthfeel, crumbliness, hardness, and springiness. 
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