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buffer solution and incubated at room temperature (20°C ± 3°C) for 2 h to ensure plasmin 

and plasminogen dissociated from casein and transferred to the buffer.  Following incubation, 

the casein micelles solution was centrifuged again at 100,000 × g for 1 h at 4°C to allow the 

transfer of plasmin and plasminogen into the buffer.  

For the absorbance analysis, 50 µl of supernatant buffer containing transferred 

plasmin and plasminogen was mixed with 950 µl of 50 mM of Trizma buffer (pH 7.4) 

containing 110 mM NaCl, 0.6 mM H-D-valyl-L-leucyl-L-lysine-p-nitroanilide 

dihydrochloride and 2.5 mM EACA. Another 150 plough units of urokinase were added to 

this solution to convert inactive plasminogen to active plasmin. The reaction mixture was 

incubated for 60 min at 37°C for the sufficient conversion of plasminogen to plasmin [21]. 

The absorbance of conversion at 405 nm was measured using a Spectronic Genesys 2 UV-

VIS Spectrophotometer (Scientific Support, Inc., Hayward, CA) at 30 min intervals for 3 

hours.  A similar reaction mixture without the milk serum fraction served as the blank. 

Absorbances were averaged for three replications, plotted as a function of time, and the rate 

of absorbance increase (p-nitroanilide formation) was calculated. The rates of p-nitroanilide 

formation were determined by calculating the regression of plasmin activity over time. From 

the slopes of the regression lines, the percentage of plasmin activity after treatment (heat and 

thermosonication) was calculated in Eq. (3.1), as follows: 

!!"#$!!"#$%$#& ! 100 !!"#$!#%  !"#$%&

!!"#$%"&
!   (3.1) 

where !!"#$!#%!!"#$%&  is the slope of treated sample and !!"#$%"&  is the slope of control. 
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3.4. Results and Discussion 

The total plasmin activity of skim milk were determined at bi-weekly intervals. The 

average plasmin activity (%) of skim milk over the time studied is seen in Figure 3.2.  

Figure 3.2 Effect of thermal treatments and thermosonication on total plasmin activity (%) in 
skim milk. A–D Means with the same letter within a sample day (7, 21, 35 and 49) do not 
significantly differ (P < 0.05) 

 

The results indicated that both thermal and thermosonication treatments decreased 

total plasmin activity.  However, thermosonication was more effective in keeping the plasmin 

activity at a lower level over 49 days of storage than thermal treatments of skim milk, and 

these results support the work by Vijayakumar et al. [18], who reported that 

thermosonication at 133 and 152 µm from 1 to 3 min maintained lower residual of plasmin 

activity than raw milk.  Because the amplitude was kept constant while the sonication times 

were varied, the highest thermosonication treatment of 170 µm for 60 s resulted in a 

significant decrease in plasmin activity compared to raw milk, thermal treatment, and 
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thermosonication at 170 µm for 10 s. However, there was no significant difference in the 

reduction of plasmin activity between thermosonication at 170 µm for 30 s and 170 µm for 

60 s. Thermal treatment at 72°C for 15 s yielded a reduction of plasmin activity ranging 

between 24 and 37% over 49 days of storage.  

In contrast, the total plasmin activity of heat-treated skim milk showed a significant 

increase in plasmin activity over storage of 49 days. This increase in plasmin activity can be 

attributed to the thermal inactivation of plasminogen activator inhibitor.  Prado et al. [22] 

previously reported an 80% reduction in PAI and inactivation of PI by 36% when milk was 

heated to 74.5 °C for 15 s. The same trend has also been observed in higher plasmin activity 

along with decreased plasminogen level in pasteurized milk stored at 37°C for 80 h [23]. The 

inhibitors present in fresh milk are heat sensitive and are inactivated during thermal 

treatment. In contrast, the activators are known to be heat stable; thus, increased plasmin 

activity is observed upon storage in pasteurized milk [8, 23]. Another factor that likely 

contributed to the increase in plasmin activity in pasteurized skim milk samples is the 

refolding/renaturation of inactive enzymes to their original active state. Study has shown  that 

the activity of plasmin and plasminogen was fully restored after enzymes were incubated at 

65°C for 10 min and cooled to 37°C. It is postulated that high conformational stability and 

high resistance towards destructive reactions of unfolded plasmin allows the enzyme to 

refold upon cooling without losing its activity [24]. 

The irreversible inactivation of plasmin also showed observed no changes in p-

nitroanilide formation in milk that underwent pasteurization above 65°C using similar 

chromogenic substance (V7127) at pH 7.4 [24]. Our results are also in agreement with 

another study which reported that low pasteurizations (60 to 70 °C), closer to conventional 
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pasteurization process temperatures (72°C, 15 s), did not significantly increase the plasmin 

activity compared to control raw milk even though studies reported the loss of heat sensitive 

plasmin inhibitors and plasminogen activator inhibitor [8, 12]. Measurement of residual 

plasmin activity after long pasteurizations indicated that plasmin and plasminogen have to be 

heated to 90 to 95°C for up to 3 min in order to achieve 90% inactivation [12]. However, the 

same amount of plasmin and plasminogen inactivation can be achieved with 

thermosonication at 170 µm for 60 s, 72°C, according to our study.  

The postulated theory of using ultrasound to increase the rate of inactivation of 

enzymes as a result of native structure unfolding from thermal denaturation was tested [24]. 

This study reported a synergistic reaction of ultrasonic cavitation and thermal effect along 

with pasteurization to reduce plasmin and plasminogen activity. Our study tested the 

inactivation of milk spoilage enzyme plasmin at shorter times (< 60s) that are relevant to be 

integrated in the dairy industry. Thermosonication at 72°C, 170 µm (140 W) for three 

different times (10, 30, and 60 s) resulted in approximately 50 to 96% decrease in plasmin 

activity. Th The results support previous study of milk thermosonicated at different 

amplitudes (133 and 152 µm) and longer times (1 and 3 min) [18]. In addition, 

thermosonication of skim milk at 150 W at 61°C showed a decrease in activity of alkaline 

phosphatase by 44%, while conventional thermization reduced the activity by approximately 

24%. Over the 49 days of storage at 4 ± 1°C the plasmin activity of thermosonicated samples 

did not show a significant increase in activity over time but all the thermosonicated skim 

milk activity values were less than the initial activity of raw milk. This effect may be 

attributed to the denaturation by sonication of the unfolded enzymes (after pasteurization) 

does not allow the refolding of the enzyme. 
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3.5. Conclusion 

Investigation of short duration (≤ 60 s) batch thermosonication in terms of 

effectiveness of reducing plasmin activity revealed that thermosonication at 170 µm(p-p) for 

30 and 60 s, decreased the total plasmin activity by 83 and 96%, respectively for up to 49 

days. Thermosonication is deemed appropriate as a method to extend the milk shelf life but 

further studies need to be done in scaled-up systems to test the feasibility of incorporating the 

technology in the industry. 
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4.1. Abstract 

The effect of psychrosonication in a continuous-flow ultrasonic system, operating at a 

frequency of 20 kHz, followed by batch pasteurization (62.8ºC, 30 min), was studied in 

whole milk. Fresh raw milk was pumped from a pressurized holding tank at 4 and 6 L/min 

and through an ultrasonic reactor at constant amplitude of 12 µmpeak-to-peak (p-p). The reactor 

was equipped with a donut-shaped horn. After psychrosonication, milk was either 

refrigerated or treated thermally by vat pasteurization (62.8ºC, 30 min) then refrigerated 

(4°C).  The total plasmin activity in stored whole milk was analyzed on days 1, 14, 28, and 

35 and compared with control groups (raw and pasteurized milk).  Neither psychrosonication 

alone nor psychrosonication with pasteurization reduced plasmin activity better than 

pasteurization alone. Continuous psychrosonication may not be an appropriate adjunct to 

pasteurization to extend milk shelf life. 
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4.2. Introduction 

Ultrasound is defined as acoustic waves at frequencies above the human hearing limit 

(> 20 kHz) [1]. Over the last decade, ultrasound applications have progressed from being 

laboratory prototypes to use for research and diagnostics into a complete operational 

technology used commercially in industries across Europe and the United States. Sonication 

application has been further enhanced by high power ultrasound technology, especially in 

food processing [2]. High power sonication is known to have a major impact on reducing the 

rate of processes, consuming only a fraction of time and energy than normally needed for 

conventional process, with high reproducibility. 

When power ultrasound is applied in a fluid medium, the sound waves propagate in 

alternate compression and rarefaction pressure regions, creating cavitation. Negative pressure 

during the expansion cycles causes the formation of small vapor-filled voids in the liquid, 

which is known as cavitation bubbles. During this non-linear acoustical vibration, a transient 

bubble increases its radius progressively beyond its equilibrium radius before collapsing 

drastically. Consequently, a high amount of energy with localized high temperature and 

pressure are released to assist chemical reactions [3]. 

This technology has been used in a wide range of chemical, biological, medical, and 

industrial fields for various applications. Research by Manas et al. [4], Raviyan et al. [5], and 

Villamel and DeJong [6] demonstrated inactivation of enzymes in food systems using heat 

and high power ultrasound. In addition, we have shown that thermosonication (72°C, 152 

µmp-p for 3 min) can inactivate microorganisms and proteases without producing off-flavors 

in milk [7]. From these studies, thermosonication exhibits the potential to be an adjunct to 

pasteurization to extend milk shelf life by inactivating the proteases in milk.  
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Proteases are enzymes that depolymerize proteins to peptides. Plasmin (EC 3.4.21.7) 

is the principal indigenous proteinase found in milk together with from cathepsins and 

elastase. The plasmin system is composed of plasmin, its zymogen (plasminogen), plasmin 

inhibitors, plasminogen activators and plasminogen activator inhibitors. Plasmin undergoes 

proteolysis or depolymerization of protein that results in age gelation and off-flavor in stored 

milk. This process can be attributed to both native proteases and to proteases of 

psychrotrophs that survive pasteurization and grow during refrigerated storage. At a 

temperature of 20°C, psychrotrophs, especially Pseudumonas, produce twice the amount of 

proteases and lipase than at a temperature of 5°C In addition to being able to reproduce at a 

wide range of temperatures (5°C to 45°C), these proteases are highly heat stable and can 

withstand UHT pasteurization (140°C for 4 s). After surviving extreme heat treatments, 

proteases from psychrotrophs hydrolyze the casein proteins, mainly α-, β-, and κ-casein. The 

breakdown of κ-casein results in bitterness of the milk [8 - 11].   

Short duration (≤ 60 s) thermosonication is more effective compared to pasteurization 

alone in reducing plasmin activity but it is not effective in reducing the total aerobic counts 

(TAC) at the same processing conditions [12].  Benner et al. [12] compared thermosonication 

and psychrosonication in batch systems and proposed that psychrosonication with subsequent 

heating may be an appropriate method to reduce the TAC and extend milk shelf life beyond 

that after HTST pasteurization. Thus, the present work investigates the plasmin activity in 

milk after psychrosonication alone and after psychrosonication with pasteurization.  
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4.3. Materials and Methods 

4.3.1. Milk Preparation 

Fresh raw whole milk was collected from the bulk tank of Iowa State University’s 

Dairy Farm (Ames, IA). Raw whole milk was transported to the Iowa State University Center 

for Crop Utilization Research (CCUR) pilot plant and the milk was refrigerated at 4°C for 1 

h before treatment. 

4.3.2. Ultrasonic Continuous Experiment 

Two sets of control samples were prepared. Raw whole milk was stored in centrifuge 

tubes as control raw samples. For control pasteurized samples, 1000 ml of raw whole milk 

was heated in a covered double boiler stainless steel pot set on a hot plat. The milk was 

heated to 62.5ºC and held there for 30 min, mimicking vat pasteurization. The milk was 

stirred frequently using a sanitized spatula to prevent foam and scum formation. Heated milk 

samples were stored in centrifuge tubes. 

The continuous experiment for psychrosonication (PS) was conducted using a 

Branson 2000 Series bench-scale ultrasonic power unit (Branson Ultrasonics, Danbury, CT) 

capable of operating at 3.3 kW and 20 kHz as illustrated in Fig. 4.1. Approximately 30 L of 

milk (4 ± 2 °C) was pumped from a 38 L stainless steel ASME pressure tank with agitator 

(Graco Inc., Minneapolis, MN) set at 1 atm to an ultrasonic reactor where the Branson 

Ultrasonics ‘‘donut” horn (Sonico, Birmingham, United Kingdom) was installed  (Figure 

4.2). Prior to the addition of milk, the entire system was scrubbed with Oasis® Enforce Self-

Foaming Chlorinated Alkaline Cleaner (Ecolab, St. Paul, MN), followed by Mikroklene® 

DF Iodine Based Detergent Sanitizer (Ecolab, St. Paul, MN). The volumetric flow rates were 

adjusted to 4 L/min and 6 L/min. The flow rates were chosen by choosing energy densities 
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(47.1 and 70.7 kJ/L) closest to the ones that gave the highest reduction in plasmin activity 

after thermosonication in the batch system (Chapter 3).  

 

Figure 4.1 Continuous flow experimental set-up. 

 

 

Figure 4.2 Branson ultrasonics ‘‘donut” shaped horn. (Picture by David Grewell) 

 

The donut horn was designed for continuous flow operation. During sonication, the 

horn vibrates in a radial direction. The horn was placed in a vertical position inside the 

sonication chamber where most of the milk passed through the center of the horn. The 

experiment was repeated four times over the course of 12 weeks using new milk samples for 

each experiment.  
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. 

Even though it was rather challenging to compare the two systems based on their type 

of operation, energy density was the parameter selected to compare their efficiencies [13]. A 

constant ultrasonic amplitude of 12 µmp–p at inner diameter was used for the donut horn. The 

flow rates were varied by adjusting the valve that was located between the sonication 

chamber and the sample outlet. The flow rates were sufficient to ensure contact with the horn 

for several seconds. However, it is important to note that the effect of reaction chamber 

design are not considered in these experiments. The sonication chamber was coated with 

TempCoat® (Impreglon, Inc., Baltimore, MD), a wear-resistant slide fluoropolymer coating 

with nonstick properties that has FDA approval.  

 

 Table 4.1. Psychrosonication treatment settings, average temperature before and after 
treatment, and average energy density. 

Ti: Initial temperature 
TPast: Temperature after pasteurization (63°C, 30 min) 
TPS: Temperature after psychrosonication  
n/a: Not applicable  
i Assumption: Ultrasonics is 70% efficient 
iiNote: 100 ml of whole milk = 0.108 kg; Cp = 3.77 kJ/ kg°C 

 
Amplitu

de 
(µm) 

Pressure 
(atm) 

Flow 
rate 

(L/min) 

Ti 
(°C) 

TPS 
(°C) 

TPast 
(°C) 

Mean 
Energy 
Density 
of US 
(J/ml)i 

Mean 
Energy 
Density 
of past. 
(J/ml)ii 

Total 
Energy 
Density 
(J/ml) 

 Control 
Raw n/a n/a n/a 4.6 n/a n/a n/a n/a n/a 

Control 
Past n/a n/a n/a 5.4 n/a 63.5 n/a 23.6 23.6 

Psychro-
sonication 12 1 

4 5.6 16.3 
63.3 70.7 19.1 89.8 

n/a n/a n/a n/a 

6 6.2 18.5 
63.3 47.1 18.2 65.3 

n/a n/a n/a n/a 
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4.3.3. Ultrasonic Relative Net Energy Gain 

The total energy delivered into the milk (Ein) in batch thermosonication and 

continuous flow psychrosonication is described by Equations (4.1) and (4.2), respectively. 

𝐸!" =   
!!"#∙!
!

   (4.1) 

𝐸!" =   
!!"#
!

   (4.2) 

where t is sonication time (s); V is volume (L); Q is volumetric flowrate (L/s); Pavg is 

average power (W); Ein is energy in and out (J/L). 

The average power of the ultrasound (Pavg) was measured from the output of the 

power supply of the ultrasonic unit that combines the voltage, current and phase of the power 

received from electrical power to the converter, then averaged to obtain the average power 

dissipated into the medium [13]. For batch sonication (Chapter 3), the energy density (Ein) 

was calculated based on Equation (4.2); dividing the average energy (J) by volume of the 

milk that was used for the experiment (L). For the continuous system, energy density (Ein) 

was calculated by dividing the average energy by the volumetric flow rate (Q) as detailed in 

Equation (4.2). 

 

4.3.4. Total Plasmin Assay 

A new bottle of milk was opened for each analysis.  Total plasmin activity is defined 

as the activity converting inactive plasminogen to active plasmin in milk or cream samples 

[16]. The procedure for measuring the total plasmin activity was based on the methodology 

used by Politis et al. [14], which was a modification of their conventional methodology based 

on Rollema et al. [15], as previously described in Chapter 3. 
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4.4. Results and Discussion 

The plasmin activity of samples of whole milk raw (control group #1), pasteurized 

(control group #2), PS 4 L/min, PS 4 L/min & pasteurized, PS 6 L/min, and PS 6 L/min & 

pasteurized was determined at bi-weekly intervals. The average plasmin activity (%) of 

whole milk is seen in Figure 4.3. 

 
Figure 4.3 Effect of thermal treatments and psychrosonication on total plasmin activity (%) 
in skim milk. A–C Means with the same letter within a sample day (1, 14, 28 and 42) do not 
significantly differ (P < 0.05) 

 

Raw samples and samples psychrosonicated at 4 and 6 L/min had similar average 

total plasmin activity throughout the storage period. In addition, pasteurized control samples 

and samples psychrosonicated at flow rates of 4 and 6 L/min with subsequent pasteurization 

also showed no significant differences in their total plasmin activity up to 28 days, but these 

thermally treated samples had significantly lower plasmin activity compared to the ones 

without pasteurization. This shows that thermal treatment reduced plasmin activity and 
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maintained it at lower level over 28 days of storage than in milk that was treated only with 

psychrosonication.  

On day 42, there were no significant differences between the controls and the samples 

that were treated with psychrosonication and/or pasteurization. The plasmin activity values 

were not significantly lower than those of the initial plasmin activity of raw milk. Thermal 

treatment at 63°C for 30 min yielded a reduction of 38 to 46% in plasmin. This result was in 

agreement with study that reported a reduction of enzymes (alkaline phosphatase, γ-

glutamyltranspeptidase, lactoperoxidase) activity in milk by 24% after heating to 61°C for 

56.3 s. Our previous study showed an approximate reduction of 24 to 50% in total plasmin 

activity [7].  In addition, irreversible inactivation of milk plasmin activity is observed when 

heated from 65 to 92°C [17]. Skim milk that was treated with heat in previous experiment 

(Chapter 3) also showed an approximate reduction of 24 to 37% through 49 days of storage.  

Milk that was treated with PS at 4 and 6 L/min, followed by pasteurization exhibited 

a plasmin activity reduction of 53 and 60%, respectively. In contrast, the plasmin activity of 

both samples that had been treated with PS only at 4 and 6 L/min exhibited increased activity 

by 14% on day 14, which differs significantly from the plasmin activity of PS and 

pasteurized samples. No literature is available on the effect of PS (4 to 6°C) on plasmin and 

plasminogen activity. However, zero inactivation of native milk enzymes was found after 

continuous sonication combined with heat at 55°C for 40.2 s. Additionally, when skim milk 

was sonicated without any pasteurization at 23.5°C, γ-glutamyltranspeptidase (GGTP) and 

lactoperoxidase (LPO) were only inactivated by 22% and 14%, respectively [6]. The trend of 

temperature dependence on lemon pectinesterase (PE) inactivation showed that continuous 

sonication from 40 to 60°C (35 µm, 200 W) had no significant inactivation effect on the 
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enzyme [18]. Thus, it can be postulated that the PS milk at 4 and 6 L/min at 4°C did not 

exhibit any significant reduction in enzyme activity compared to raw milk and our data from 

statistical analysis supports this theory.  

4.5. Conclusions 

The results of this study clearly demonstrated that psychrosonication alone (at 4 and 6 

L/min, with energy densities of 47.1 and 70.7 kJ/L, respectively) did not reduce plasmin 

activity at a level higher than pasteurization of milk. PS followed by pasteurization reduced 

plasmin activity better than PS alone, but the factor that made the difference is the 

pasteurization and not the psychrosonication. In order to have a synergetic effect of plasmin 

inactivation using ultrasound, milk needs to be sonicated at temperatures between 60 to 

92°C. In short, psychrosonication is not a feasible technology to extend milk shelf life. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

Demands from consumers for fresh food with high quality sensory properties are on 

the rise, along with requirements for safety and substantial shelf life. Despite their high 

perishability, milk products need to compete against shelf stable beverages in the 

marketplace.  Thus, fresh milk requires pasteurization to eliminate pathogens to safe levels 

and to decrease the rate of deterioration. The shelf life of milk is limited by heat stable 

proteases and microorganisms. There are many emerging technologies such as high pressure 

processing, pulsed electric fields, ultraviolet light treatment, and ultrasonication.  

In the present work we demonstrated that batch thermosonication reduced plasmin 

activity by 83 to 96% for up to day 49 compared to control raw skim milk when sonicated at 

170 µm(p-p) (140 W), at 72°C for 30 and 60 s, respectively. Despite the fact that non-active 

plasmin activity is able to return to its active native state after pasteurization as a 

consequence of enzyme refolding, thermosonication is more effective in maintaining lower 

residual plasmin activity compared to raw and pasteurized milk over 49 days. 

In order to test the feasibility of sonication in a large-scale process, scale-up is 

considered an important aspect. Taking into consideration that a lower total aerobic bacterial 

count (TAC) is achieved by psychrosonication with subsequent pasteurization instead of 

thermosonication, the scale-up process was focused on psychrosonication. Continuous flow 

psychro-ultrasonication using a “donut” horn, used in large-scale raw milk treatment, was 

studied for potential scale-up. The flow rates for the process were set based on the energy 

density levels that yielded the most reduction rate from the batch system. The results of this 
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study showed that psychrosonication at 4°C alone at 4 and 6 L/min, with energy densities of 

47.1 and 70.7 kJ/L, did not reduce the plasmin activity to values lower than those for raw 

milk. In contrast, the milk that was psychrosonicated then pasteurized showed lower plasmin 

activity than raw milk. No significant difference was found in plasmin activity between 

control pasteurized and psychrosonicated samples followed by pasteurization, thus 

confirming that the major reduction of plasmin activity was a result of pasteurization. Thus, 

psychrosonication is not a feasible technology to be used in the dairy industry to extend milk 

shelf life. 

Future work should include: 

1. Testing the enzyme kinetics for both thermosonication and psychrosonication with 

pasteurization using skim and whole milk for finding the optimum temperature-time-

amplitude combination to inactivate plasmin and plasminogen.  

2. Food grade, sterile equipment is also needed to for the continuous sonication chamber 

to eliminate cross contamination, as the presence of microorganisms may affect the 

total plasmin activity in the milk. An automatic system to set the flow rate in 

continuous system should be installed to increase the accuracy of the method when 

repeating the experiments.   

3. Batch psychrosonication should also be conducted to study the effect on total plasmin 

activity so that the energy densities from the batch process can be used for scale-up. 

The storage time on psychrosonicated milk can also be increased before 

pasteurization to investigate the effectiveness of the method.  
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4. In addition, thermosonication needs to be tested also in scaled up processes in a 

sterile environment to better understand the process in a larger scale than batch 

process. 
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APPENDIX: EXPERIMENTAL DATA 

 

 

 

 

 

 

 

 

 
 
 
 
Figure A.1 Plot of absorbance increase over 3 hours in thermosonicated skim milk serum after 7 

days of storage 
 

 

 

 

 

 

 

 

 

Figure A.2 Plot of absorbance increase over 3 hours in thermosonicated skim milk serum after 21 
days of storage 
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Figure A.3 Plot of absorbance increase over 3 hours in thermosonicated skim milk serum after 35 
days of storage 

 

 

 

 

 

 

 

 

Figure A.4 Plot of absorbance increase over 3 hours in thermosonicated skim milk serum after 42 
days of storage 
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Figure A.5 Plot of absorbance increase over 3 hours in psychrosonicated followed by 
pasteurization of whole milk serum after 1 day of storage 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6 Plot of absorbance increase over 3 hours in psychrosonicated followed by 
pasteurization of whole milk serum after 14 day of storage 
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Figure A.7 Plot of absorbance increase over 3 hours in psychrosonicated followed by 
pasteurization of whole milk serum after 28 day of storage 

 

 

 

 

 

 

 

 

 

 

 

Figure A.8 Plot of absorbance increase over 3 hours in psychrosonicated followed by 
pasteurization of whole milk serum after 42 day of storage 

 


