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Abstract:  A concentrated form of cell free extract (CFE) derived from attenuated 

Lactococcus lactis supsb. lactis 303 CFE was encapsulated in liposomes prepared from 

two different proliposome preparations (Prolipo Duo and Prolipo S) using 

microfluidization. Entrapment efficiencies of 19.7 % (Prolipo S) and 14.0 % (Prolipo Duo) 

were achieved and the preparations mixed in the ratio 4 (Prolipo Duo):1 (Prolipo S). 

Cheddar cheese trials were undertaken evaluating the performance of CFE entrapped in 

liposomes, empty liposomes and free CFE in comparison to a control cheese without any 

CFE or liposomes. Identical volumes of liposome and amounts of CFE were used in 

triplicate trials. The inclusion of liposomes did not adversely impact on cheese composition 

water activity, or microbiology. Entrapment of CFE in liposomes reduced loss of CFE to 

the whey. No significant differences were evident in proteolysis or expressed PepX activity 

during ripening in comparison to the cheeses containing free CFE, empty liposomes or the 

control, as the liposomes did not degrade during ripening. This result highlights the 

potential of liposomes to minimize losses of encapsulated enzymes into the whey during 

cheese production but also highlights the need to optimize the hydrophobicity, zeta 

potential, size and composition of the liposomes to maximize their use as vectors for 

enzyme addition in cheese to augment ripening. 
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1. Introduction  

Acceleration of cheese ripening has been proposed as a way to produce a fast ripening curd for 

processed cheese or to reduce costs associated with cheese manufacture [1]. Different strategies for 

acceleration of cheese ripening have been described with the addition of exogenous enzymes being the 

most studied technique [1ï3]. The addition of exogenous enzymes is an accepted method to accelerate 

Cheddar cheese ripening, however significant amounts of enzyme are lost to the whey and can have 

adverse effects on whey quality [1]. Hence, the use of encapsulated enzymes has evolved as a method 

to combat losses to whey [4] and improve enzyme retention in the curd [5]. Previous studies have 

identified liposomes as suitable vectors for the inclusion of enzymes into cheese as they have a high 

affinity for milk fat and can encapsulate sufficiently large quantities of water soluble material [6]. 

Previous studies have described the acceleration of cheese ripening with enzymes encapsulated in 

liposomes [7ï13]. Food-grade water soluble enzymes can be encapsulated in liposomes using milk fats 

or different food-grade proliposomes [6,14], and losses to whey may be minimized as liposomes 

partition with the fat globules and the casein matrix when added to the milk [1]. Microfluidization, is a 

homogenization method based on the use of relatively high pressures, and has been described in the 

manufacture of liposomes [7,14ï16]. In contrast with other liposome preparation methods, 

microfluidization does not require organic solvents and is easy to scale up, making it suitable for large 

scale food grade applications [7,15,17]. 

The objectives of this study were to evaluate the impact of the addition of cell-free extracts (CFE) 

of Lactococcus lactis subsp. lactis 303 and liposome-encapsulated CFE of Lactococcus lactis subsp. 

lactis 303 on the ripening of Cheddar cheese. CFE of Lactococcus lactis subsp. lactis 303 was 

produced by microfluidization and subsequently encapsulated in two liposome preparations with 

different phospholipid compositions. Losses of key intracellular enzymes were monitored during 

production and ripening together with, microbiological analyses and physico-chemical characteristics 

of the cheeses (composition, water activity and microscopy). Descriptive sensory analysis and volatile 

profiling were also determined at 112 days ripening. 

2. Results and Discussion 

2.1. Lactococcus lactis subsp. lactis 303 CFE Manufacture and Encapsulation in Liposomes 

Total cell counts in 10% reconstituted skim milk (RSM) before tyndallization were  

1.0 × 10
3 
CFU/mL after which bacteria were not detected (data not shown). Lactococcus lactis subsp. 

lactis 303 cells were grown to 1.1 × 10
10

 CFU/mL (Table 1) and following microfiltration (MF) the 

retentate was processed through the microfluidizer and subsequently freeze-dried. There was a small 

decrease in cell numbers post microfluidization (9.0 × 10
9
 CFU/mL) (Table 1). 
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Table 1. Total cell counts and enzyme activities of post-proline dipeptidyl aminopeptidase 

(PepX) and lactate dehydrogenase (LDH) determined at the different stages of the cell free 

extract (CFE) preparation. 

Sample 

Total cell counts 

(CFU/mL  or 

CFE/g) *  

PepX 

(mM AMC /min·mL  or 

CFE/g) *  

LDH  

(units/mL  or 

CFE/g) *  

In RSM after inoculation 5.0 × 106 b nd nd 

In RSM after growth 1.1 × 1010 c 3.77 ± 0.01 a 0.00 ± 0.00 a 

After microfluidization (4000 psi) 9.0 × 109 c 25.20 ± 0.01 b 1.31 ± 0.14 b 

Freeze-dried microfluidized cells **  4.2 × 1010 c 208.69 ± 14.75 c 13.8 ± 0.37 c 

Freeze-dried CFE **  0 a 1333.1 ± 116.07 d nd 

*  Within each column, values with different superscript letters are significantly different (p < 0.05); ** Values for  

freeze-dried samples are expressed per g of freeze-dried powder, all other values are expressed per mL; nd: Not 

determined; RSM: Reconstituted skim milk; CFU: Colony-forming units; AMC: 7-Amino-4-methyl coumarin. 

In the RSM after growth, low level of PepX activity was determined but no LDH activity was 

detected indicating minimal lysis of the bacterial cells at this stage (Table 1). After one pass through 

the microfluidizer, there was a significant increase in both PepX and LDH activities (p < 0.05) and 

~18% reduction of viable cells due to cell disruption of Lactococcus lactis subsp. lactis 303 cells. The 

total cell counts, PepX and LDH activity increased in the microfluidized cells after freeze drying due 

to a concentration effect and additional cell lysis as cell counts and enzyme activities are expressed on 

weight basis rather than on a volume basis. No viable cells were present in the freeze dried CFE as 

anticipated and the level of Pep X activity was very high due to the fact that it was concentrated in the 

cell extract (Table 1). This result also highlights the fact that it is possible to freeze dry CFE and 

maintain peptidase activity. 

Encapsulation of Lactococcus lactis subsp. lactis 303 CFE was undertaken in two types of 

proliposomes (Duo and S). The amount of PepX activity in the water soluble 303 CFE used to 

manufacture the Cheddar cheese samples is given in Table 2. The Prolipo Duo preparation has a lower 

zeta potential than Prolipo S (Table 2) preparation because it contains more negatively charged 

phospholipids. Lower zeta potential values are associated with greater liposomal stability. A liposome 

with a low zeta potential can cause electrostatic repulsions, which in turn may prevent destabilization 

processes, such as coalescence and aggregation [6]. During the encapsulation process, a substantial 

amount of CFE remained unbound to the liposomes (>70%). The encapsulation efficiency of 303 CFE 

was 19.7% for Prolipo S and 14.0% for Prolipo Duo (Table 2) which was not significantly different  

(p Ó 0.05). Encapsulation efficiency of CFE in liposomes made with Prolipo S up to 58.4% has been 

reported for a cell free extract of Lactobacillus casei subsp. pseudoplantarum [12] and lower 

encapsulation efficiency in liposomes of 12.7% for cryopsin has been described [13].  

Nongonierma et al. [14] reported enzyme entrapment efficiencies of 62.7% in Prolipo C and 29.2% in 

Prolipo S for Debitrase DBP20. In Prolipo VPF 012, encapsulation efficiencies of 32%ï36% have 

been reported for bacterial and fungal proteinases [8], 35.9% for Palatase M and 40.3% for  

Lipase 50 [10]. Liposomal encapsulation as low as 12.7% for cryopsin was shown to accelerate 

proteolysis in Manchego cheese [13], therefore the encapsulation efficiencies achieved in this study 
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were deemed appropriate to positively influence acceleration of proteolysis and thus flavor in  

Cheddar cheese. 

Table 2. Zeta potential and enzyme activity of post-proline dipeptidyl aminopeptidase 

(PepX) from Lactococcus lactis ssp. lactis 303 cell-free extract (CFE) encapsulated in the 

liposomes S and Duo at the levels which were used for the cheese trials. Each value is the 

average of triplicate determinations (n = 3). 

 Zeta 

potential 

Total activity  Unbound Encapsulated 

 PepX activity  *  % total activity  PepX activity  *  % total activity  PepX activity  *  % total activity  

Prolipo S ī17.0 822.1 ± 273.1 100.0 610.4 ± 216.1 74.2 a 162.2 ± 33.4 19.7 b 

Prolipo Duo ī39.3 3275.0 ± 1073.8 100.0 2448.4 ± 905.6 74.8 a 459.4 ± 144.5 14.0 b 

* PepX activity is expressed in µmol pNA/min·mL; Values with different superscript letters are significantly different (p < 0.05). 

The final preparation used in the cheese-making trials contained a mixture of both Proliposome 

preparations at a ratio of 4 parts Prolipo Duo and 1 part Prolipo S. This mixture was utilized as the 

Prolipo Duo liposomes are more hydrophobic than the Prolipo S and should partition better with the 

milk fat globule membrane and the casein matrix during cheese production increasing retention in the 

cheese curd [1,6]. It has been suggested that liposomes are distributed in the curd in the same fashion 

as bacterial cells [3], where liposomes behave as a carrier for different enzyme activities similarly to 

bacterial cells. However, it is believed that enzyme release from liposomes occurs at a faster rate than 

from bacterial cells [3,18]. Although the mechanisms of enzyme release from liposomes in cheese are 

poorly understood [5]. It has been suggested that enzyme release from liposomes in cheese may 

involve various parameters including temperature, pH and ionic strength [9]. In addition, it is thought 

that liposome degradation in cheese may occur following aggregation processes which are favored at 

low pH values. It has been shown that a decrease from pH 7 to 5 was responsible for the release of 

active agent (calcein) encapsulated in liposomes [19]. Several studies have demonstrated the potential 

of liposome encapsulated enzymes as a means to accelerate cheese ripening [10ï12], by reducing 

losses to whey [4]. 

2.2. Influence of CFE and Encapsulated CFE on the Composition and Water Activity of the Cheeses 

The composition of the cheeses was determined at day 14 (Table 3). No significant differences  

(p Ó 0.05) were evident for moisture, fat, protein, salt or pH between the four cheeses (Table 3). This 

suggested that addition of encapsulated or non-encapsulated 303 CFE did not adversely impact on the 

composition of the cheese, which is in agreement with Bainville et al. [20]. 
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Table 3. Composition of the cheese samples determined at day 14 of ripening. Each value 

is the average of triplicate determinations (n = 3). Cheese 1, Control; Cheese 2, cheese with 

empty liposomes S and Duo; Cheese 3, cheese with liposomes S and Duo containing the 

encapsulated Lactococcus lactis ssp. lactis 303 cell-free extract (CFE); Cheese 4, cheese 

with Lactococcus lactis ssp. lactis 303 CFE. 

 Moisture 

(% w/w) 

Fat 

(% w/w) 

Protein 

(% w/w) 

Salt 

(% w/w) 

Water  

activity  

pH 

Cheese 1 39.19 ± 1.03 a 29.63 ± 0.68 a 24.95 ± 0.62 a  1.79 ± 0.23 a 0.967 ± 0.002 a 5.12 ± 0.11 a 

Cheese 2 39.29 ± 0.96 a 29.78 ± 0.65 a 24.87 ± 0.44 a  1.72 ± 0.17 a 0.972 ± 0.005 a 5.08 ± 0.07 a 

Cheese 3 39.31 ± 0.83 a 29.67 ± 0.68 a 24.82 ± 0.32 a  1.74 ± 0.12 a 0.969 ± 0.002 a 5.12 ± 0.09 a 

Cheese 4 38.68 ± 0.89 a 29.92 ± 0.58 a 25.19 ± 0.61 a  1.95 ± 0.22 a 0.970± 0.002 a 5.16 ± 0.12 a 

Within the same column, values with similar superscript letters are not significantly different (p Ó 0.05). 

Some textural defects have also been associated with addition of liposomes into cheeses, which is 

thought to be due to an increase in cheese moisture [7,8,10ï12]. An increase in the cheese moisture has 

been associated with water binding at the liposome surface [12]. In addition to the increased moisture, 

the associated decrease in the protein content can lead to a less firm and more brittle cheese  

structure [8]. In contrast, Lariviere et al. [7] showed that apart from increased moisture levels, cheeses 

with liposomes did not have any negative textural issues in comparison to a control cheese without 

liposome addition. No significant differences (p Ó 0.05) were noted in water activity between the 

cheeses, highlighting that not only was there no differences in moisture, but that water activity was not 

altered by the inclusion of liposomes. Lower water activity is known to reduce rates of proteolysis in 

cheese [21]. 

2.3. Enumeration of Starter and Non-Starter Lactic Acid Bacteria and Enzyme Activities during 

Cheese Ripening 

Evolution of LAB and NSLAB were monitored during the ripening in each cheese (Figure 1). As 

anticipated, LAB counts (Figure 1a) decreased and NSLAB increased during ripening (Figure 1b). The 

decrease in LAB has been attributed to the changes in the cheese matrix including reduction in pH, 

lactose content and an increase in salt concentration [5]. There were no significant differences in the 

cell counts determined for the four cheeses both for LAB and NSLAB (p Ó 0.05). 
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Figure 1. Microbiological count in different cheeses for (a) lactic acid bacteria (LAB) and 

(b) non-starter lactic acid bacteria (NSLAB) as a function of ripening time. Each point is 

the average of three determinations (n = 3). Cheese 1, Control; Cheese 2, cheese with 

empty liposomes S and Duo; Cheese 3, cheese with liposomes S and Duo containing the 

encapsulated Lactococcus lactis ssp. lactis 303 cell-free extract (CFE); Cheese 4, cheese 

with Lactococcus lactis ssp. lactis 303 CFE. 

(a) 

 

(b) 

 

PepX and LDH activities were measured in the curd and whey samples during production of each 

cheese. Only residual activities for LDH from starter LAB were found as anticipated (data not 

reported), as cell lysis does not normally occur in the early stages of cheese making [22]. There were 

no significant differences between PepX activities of the different curd samples (p Ó 0.05), but there 

were significant differences (p < 0.05) in PepX activity in the whey samples (Figure 2). 
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Figure 2. Post-proline dipeptidyl aminopeptidase (PepX) in the curd and whey from the 

different cheese samples. Each point is the average of three PepX determinations (n = 3). 

For the whey or curd samples, figures with different letters are significantly different  

(p < 0.05). Cheese 1, Control; Cheese 2, cheese with empty liposomes S and Duo;  

Cheese 3, cheese with liposomes S and Duo containing the encapsulated Lactococcus lactis 

ssp. lactis 303 cell-free extract (CFE); Cheese 4, cheese with Lactococcus lactis ssp. lactis 

303 CFE. 

 

Significantly higher PepX activities were measured in the whey in Cheeses 3 and 4, compared to 

Cheeses 1 and 2 (p Ó 0.05). As Cheeses 1 and 2 did not contain additional CFE it was anticipated that 

levels should be similar and lower than Cheeses 3 and 4. The fact that levels of Pep X are significantly 

higher (p < 0.05) in Cheese 4 highlights that significant amounts of the added free CFE were lost to the 

whey at drainage. The fact that additional levels of PepX activity were not found in curds and that 

lower levels were in the whey in Cheese 3 in comparison to Cheese 4 indicates that additional CFE is 

incorporated into the curd within the liposome preparations. 

PepX and LDH activities were monitored in the different cheeses over 112 days of ripening. There 

were no significant (p Ó 0.05) differences between the four cheese for PepX or LDH activity. Both 

LDH and PepX (Figure 3a,b) activities increased numerically during ripening. LDH levels increased 

up to day 56 and then dropped up to day 84 and increased again up to day 112 in all cheeses  

(Figure 3a). The initial increase in LDH activity is likely related to lysis of starter LAB (Figure 1a), 

and the later increase presumably due to a combination of continued lysis of starter LAB and lysis of 

NSLAB. Even though NSLAB were seen to numerically accumulate (Figure 1b) at this time point, it is 

anticipated that a percentage will also autolyse [23]. PepX activity increased rapidly between day 0 

and 28 and then leveled off (Figure 3b). 
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Figure 3. (a) Lactate dehydrogenase (LDH) activity in the different cheese samples as a 

function of ripening time. (b) Post-proline dipeptidyl aminopeptidase (PepX) activity in the 

different cheese samples as a function of ripening time. Each point is the average of three 

determinations (n = 3). Cheese 1, Control; Cheese 2, cheese with empty liposomes S and 

Duo; Cheese 3, cheese with liposomes S and Duo containing the encapsulated  

Lactococcus lactis ssp. lactis 303 cell-free extract (CFE); Cheese 4, cheese with 

Lactococcus lactis ssp. lactis 303 CFE. 

(a) 

 

(b) 

 

2.4. Evolution of Proteolysis in Cheeses over Ripening 

No significant differences (p Ó 0.05) could be determined for pH 4.6 water soluble nitrogen/total 

nitrogen (WSN/TN%) (Figure 4a), or total free amino acids (TFAA) (Figure 4b), between all four 

cheeses during ripening. No difference in primary proteolysis as measured by pH 4.6 WSN/TN% was 

anticipated, as the CFE added in Cheeses 3 and 4 contained only peptidase activity and as the added 

liposomes in Cheeses 2 and 3 did not influence composition or water activity, levels of primary 

proteolysis should not be different between these cheeses. However, it was anticipated that levels of 

secondary proteolysis would have been significantly higher in Cheese 3 and maybe Cheese 4 due to 

additional levels of added CFE in encapsulated or in free form, respectively. As no TFAA differences 

were evident and no statistical differences were found in PepX activity between the cheeses this 
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indicates that the concentration of CFE added in Cheeses 3 and 4 was either (1) insufficient to 

influence secondary proteolysis, (2) most PepX activity was lost at whey drainage (Figure 2), a definite 

factor in Cheese 4, or (3) in the case of Cheese 3, the liposomes remained intact throughout ripening 

and did not release sufficient additional Pep X activity (Figure 3b). It is notable that as differences of 

PepX lost to the whey were significantly less in Cheese 3, and levels within the curd in Cheese 3 and 4 

were similar, this suggests that the liposomes in Cheese 3 did not rupture significantly during ripening. 

Figure 4. (a) pH 4.6 Water soluble nitrogen/total nitrogen (WSN/TN) as a function of 

ripening time of the different cheeses. (b) Average total free amino acids (TFAA). Each 

point is the average of three determinations (n = 3). Cheese 1, Control; Cheese 2, cheese 

with empty liposomes S and Duo; Cheese 3, cheese with liposomes S and Duo containing 

the encapsulated Lactococcus lactis ssp. lactis 303 cell-free extract (CFE); Cheese 4, 

cheese with Lactococcus lactis ssp. lactis 303 CFE. 

(a) 

 

(b) 

 

2.5. Cryo SEM of Liposomes within Cheese Curd up to 28 Days of Ripening 

Cryo SEM was utilized to visualize the liposomes after manufacture and to determine their presence 

and location in the cheese. The liposomes had a heterogonous size as seen in the micrographs on 

Figure 5a,b. Similar results have already been reported with liposomes manufactured with Prolipo S 

and C showing a bimodal distribution made of populations of small (30ï40 nm) and large vesicles 

(300ï700 nm) [14]. 
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Figure 5. (a) and (b), cryogenic-scanning electron micrography (Cryo SEM) of liposomes. 

Cryo SEM of the control cheese (Cheese 1) and the cheese with liposomes S and Duo 

containing the encapsulated Lactococcus lactis ssp. lactis 303 cell-free extract (Cheese 3). 

Cryo SEM at day 1 for (c) Cheese 3 and (d) Cheese 1 and at day 28 for (e) Cheese 3 and  

(f) Cheese 1. Some liposomes are circled on micrographs. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Analysis of cheeses with (Cheese 3) and without (Cheese 1) liposomes was carried out to visualize 

the liposomes in the cheese at day 1 and 28. Granular particles seen in Cheese 3 (Figure 5c) and absent 

from Cheese 1 (Figure 5d) at day 1 were identified as liposomes. At day 28, liposomes could be clearly 

seen on the micrograph of Cheese 3 (Figure 5e) which again were absent in Cheese 1 (Figure 5f), as 

expected. The micrographs confirmed that liposomes partitioned with the curd during cheese 




















