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Abstract 

Microbial cells and the derivative structures have the potential to efficiently encapsulate, 

protect and controlled release a diversity of bioactive and liable compounds. The cell carriers 

with unique structural and compositional properties could potentially possess functional 

properties such as binding with target sites and transforming the compounds in situ. Whilst 

extensive studies have been carried out to develop synthetic and chemical encapsulation carriers, 

the natural microbial structures have had limited applications as microcarriers.  

The primary goal of this study is to evaluate the encapsulation and delivery functionalities of 

cell carriers. Yeast cells, yeast cell wall particles (YCWPs) and bacterial cells were selected as 

model microcarriers. Encapsulation of model phenolic compounds was carried out using an 

established pressure-assisted technology. Overall, we hypothesize that the cell-based carriers are 

able to encapsulate and effectively protect diverse profiles of bioactive chemicals and bind to 

target delivery sites. In addition, live cells will transform the encapsulated compounds with the 

intrinsic metabolic activities and deliver the functional metabolites in situ. 

In order to characterize the encapsulation and delivery of model bioactive compounds using 

cell carriers and explore their ex-vivo binding properties with target biological sites, yeast cells 

and YCWPs were applied as model microcarriers, and pathogenic biofilms and dermal tissue 

were used as model delivery sites. Scanning electron microscopy was employed to study the cell 

structural integrity after encapsulation. Confocal laser scanning microscopy and in-vivo 

fluorescence macro-imaging were applied to visualize the cellular localization of encapsulated 

substances and the binding affinity between the microcarrier and the target sites respectively. 

Quantitative understandings of the encapsulation efficiency, antimicrobial performance and 
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transdermal delivery were furthered with spectrophotometry coupled with microbiological 

protocols and HPLC analysis. 

To understand the cell carriers’ encapsulation of complex mixtures of compounds from crude 

materials, bacterial cells were selected as the model cell carrier to encapsulate phytochemicals 

from plant juices. Oxidative stability of encapsulated compounds under thermal treatment has 

also been monitored over time and measured using spectrophotometry. 

In addition, this study also evaluated a novel delivery mechanism using live cell carriers. The 

viability and metabolomic response of cell carriers after encapsulation, transformation of the 

target compound and delivery of produced metabolites were elucidated using liquid 

chromatography coupled with tandem mass spectrometry. 

The results of this study demonstrated that the cell carriers can bind to target cells and tissues 

such as pathogenic biofilms and skin surfaces, which facilitated the antimicrobial treatment and 

transdermal delivery of bioactive compounds. The microcarriers were able to encapsulate 

complex profiles of phenolic compounds and protect the compounds against degradation from 

heat and oxidation for an extended period of time. Moreover, live cell carriers were able to 

maintain viability after the encapsulation process and produce target metabolites from 

encapsulated compounds with deranged metabolic activities.  

In summary, the results of this research demonstrated that cell-based carriers are a promising 

class of new emerging microencapsulation systems with a wide range of applications. 

Furthermore, the project was the first to investigate live cell carriers as an active encapsulation 

and delivery system that can transform target substances in situ. Future studies could further the 

development of novel cell-based encapsulation carriers with enhanced functionalities and target 

modifications leveraging the unique and intrinsic properties of microorganism. 
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Chapter 1 

Introduction  

1.1 Microencapsulation using cell-based carriers  

1.1.1 Definition encapsulation 

Developed approximately 70 years ago, microencapsulation technology is a process that 

packages solid, liquid, or gaseous materials in micron-scale structures that can both contain the 

material and also release the content at a controlled rate under specific conditions (Desai and 

Park, 2005). The main objective of the encapsulation is often to protect the core or coated 

material from adverse conditions, such as oxygen, heat, pH, light, and moisture (Desai and Park, 

2005; Shahidi and Han, 1993). Diverse classes of compounds including antioxidants, flavoring, 

coloring or aromatic agents, chemicals with undesirable flavors and nutraceuticals have been 

encapsulated as a core content in microparticles (Bernard F. Gibbs, 1999). 

Microencapsulation techniques can be classified into two groups based on the type of carrier 

structures: (1) physical, chemical or physio-chemical methods that form the carrier structures 

during the encapsulation process (Ozkan et al., 2019); and (2) microencapsulation process that 

utilizes pre-formed cells and the derivative structures. In the first technique, the shell materials in 

the microparticles, also called coating or wall material, can be made of pure material or a mixture 

of sugars, gums, proteins, polysaccharides, lipoids and synthetic polymers (Fang and Bhandari, 

2010). In the second method, pre-formed carriers such as cell-based microcapsules eliminate the 

structure formation process and can provide additional functionalities such as binding with target 
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delivery sites and biotransformation of encapsulated substances. These features can be 

advantageous for certain biomedical and food applications. The cell-based delivery systems will 

be further discussed in the following section. 

1.1.2 Overview of cell-based encapsulation carriers 

1.1.2.1 Definition of cell-based carriers  

Cell based encapsulation carriers can be defined as delivery systems that are based on cells 

and their derivative products, such as yeast and yeast cell wall particles (YCWPs) (Ciamponi et 

al., 2012; Dadkhodazade et al., 2018; Young et al., 2020), bacterial cells (Li et al., 2018) and 

mammalian cells including erythrocytes (a.k.a. red blood cells), stem cells and other cells and 

extracellular vesicles (Lanao et al., 2020; Li et al., 2018). These systems can be applied in 

diverse fields such as food and nutrition (Dadkhodazade et al., 2018), biomedicine (Lanao et al., 

2020; Li et al., 2018), cosmetics, and antimicrobial treatments (Dou et al., 2021). Among others, 

microbial cell carriers have been considered as convenient and functional micro-vehicles for 

bioactive compounds due to their abundance, low production cost, and their structural and 

compositional versatility compared to synthetic particles and colloidal systems, as described in 

the following sections (Lipke and Ovalle, 1998; Paramera et al., 2011). 

1.1.2.2 Yeast-cell based encapsulation carrier 

1.1.2.2.1 Introduction and applications 
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Figure 1.1. Schematic diagrams of (A) yeast cell (Tofalo and Suzzi, 2016), and  

(B) architecture of yeast cell wall (Stewart, 2017) 

 

Yeasts are eukaryotic, single-celled microorganisms classified as members of the fungus 

kingdom. As one of the most thoroughly studied eukaryotic microorganisms, the yeast species 

Saccharomyces cerevisiae has been used for fermentation in baking and alcohol production for 

thousands of years (Legras et al., 2007). S. cerevisiae, also known as “baker’s yeast” is 

“generally recognized as safe” by the U.S. Food and Drug Administration as a food substance, 

and has been widely applied in food, medicine, cosmetics and agrochemical products. Besides its 

essential role in its native form, the yeast cell’s potential to function as a microcapsule for the 

encapsulation of phytochemicals and micronutrients has been evaluated in various studies 

including the encapsulation of 1) phenolics and other micronutrients, e.g. limonene (Errenst et 

al., 2021), resveratrol (Shi et al., 2008), curcumin (Young et al., 2017), and vitamin D3 

(Dadkhodazade et al., 2018); 2) hydrophobic animal and plant extracts, e.g. fish oil (Czerniak et 

al., 2015), and oregano essential oil (Dimopoulos et al., 2021); and 3) hydrophilic plant extracts 

and anthocyanins, e.g. Hibiscus sabdariffa (Nguyen et al., 2018). The yeast cell’s function as an 

excellent encapsulating wall material has been accredited to its physical structure and chemical 

properties, which will be discussed in the following section. 

(A) (B)
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1.1.2.2.2 Structural composition of cell wall and membrane  
 

In S. cerevisiae cells, the cell wall makes up 15 to 30% of the dry weight of the cell (Orlean, 

1997) and 25 to 50% of the volume (Lipke and Ovalle, 1998). The walls are mostly composed of 

mannoprotein, fibrous β-1,3-glucan, branched β-1,6-glucan, and a small amount of chitin. β-1,3-

glucan-chitin complex forms the fibrous scaffold of the wall, and β-1,6-glucan links the 

components of the inner and outer walls (Lipke and Ovalle, 1998). On the outer surface of the 

wall are mannoproteins, which are extensively O and N glycosylated (Nobel et al., 1990). Chitin 

as a minor component contributes to the structural integrity of the wall (Nakhaee Moghadam et 

al., 2019) and insolubility of the fibers (Lipke and Ovalle, 1998). These components are 

covalently linked to form macromolecular complexes, which are assembled to form the intact 

wall (Orlean, 1997). The stoichiometry and molecular interactions between the components are 

yet to be comprehensively characterized.  

The lattice-like cell wall structure played an important role both enabling and constraining 

the yeast-cell-based encapsulation process. The mechanical strength of the cellular structure 

enabled the carrier to stay intact through the process of encapsulation, storage and application 

(Young and Nitin, 2019). Furthermore, the stable structures better protected the encapsulated 

molecules from the environment such as heat, oxygen and UV radiation, as compared to 

structures that easily lapse during application. On the other hand, compounds needed to pass 

through the porous wall to get into the cell carrier. The yeast cell wall therefore restricted the 

transport and posed a physical barrier for encapsulation. For example, mannoproteins were 

shown to be densely packed and limited wall permeability (Nobel et al., 1990; Orlean, 1997). 

Therefore, the cell wall provided mechanical strength and protected the core compounds while 

constraining the size of the molecules that can diffuse freely into the cell.  
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The plasma membrane is a fluid bilayer structure composed mostly of phospholipids and 

ergosterols, which help separate the cytoplasm from the outside environment. It was proposed 

that acting as a liposome, the phospholipid membrane is the major permeability barrier for a 

target encapsulated molecule. (Paramera et al., 2011). The cell envelope, composed of the cell 

wall and plasma membrane, thus modulates the encapsulation process depending on the 

molecular size, shape and polarity of the target compounds (Bishop et al., 1998). Previous 

research has shown that substances with a molecular radius smaller than 0.81 nm or molecular 

weight lower than 620 Da could easily penetrate through the yeast cell wall and membrane of 

intact yeast cells (Scherrer et al., 1974). Other studies indicated that encapsulation yield will be 

higher when the molecular weight and octanol-water partition coefficients (log P value) were in 

the range 200–1000 g/mol and 2.0–6.0, respectively (Svenson, 2006). 

While the mechanism of the encapsulation process has yet to be fully understood, researchers 

have hypothesized a process of four successive stages. (1) Compounds of varied hydrophobicity 

first coat and adsorb on the cell wall surface: the absorption of hydrophilic compounds has been 

observed in previous studies (Aksu, 2005), while hydrophobic compounds were proposed to 

form oil droplets and an “oily” layer on the yeast surface (Coradello and Tirelli, 2021). (2) 

Compounds permeate through the cell wall: this stage is often considered to be based on passive 

diffusions (Coradello and Tirelli, 2021) and as the rate-determining step of encapsulation (Stirke 

et al., 2019). (3) Compounds permeate through the cell membrane: the membrane acts as the 

“sink” that stabilizes the target compounds, and eventually losses integrity with increasing 

amount of incorporated compounds. (4) Other membranous structures in the yeast cytoplasm 

replace the cell membrane as the “sink” for the exogenous compounds. More experimental 

evidence is required to confirm the mechanistic hypothesis; however, the process could consist 

of absorption and permeation through the cell wall, followed by the insertion and disruption of 
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the cell membrane, which ultimately leads to the distribution of the encapsulated compounds 

within the cell (Coradello and Tirelli, 2021).      

1.1.2.2.3 Intracellular content  
 

Naturally, the yeast cell contains a nucleus, vacuoles, mitochondria, the endoplasmic 

reticulum and a number of vesicular bodies to perform various physiological functions (Tofalo 

and Suzzi, 2016). As described in the previous section, the subcellular structures might help 

contain and stabilize the encapsulated compounds. For example, non-polar lipids including 

triacylglycerols and steryl esters are stored in so-called lipid particles as a biologically inert form 

for fatty acids and sterols in S. cerevisiae and other eukaryotes (Grillitsch et al., 2011). These 

lipid particles/droplets could act as natural reservoirs to associate with and accumulate 

hydrophobic compounds of interest intracellularly in the encapsulation process. Similarly, other 

subcellular structures including DNA, mitochondria and other lipid-membrane-based organelles 

have also shown affinity to bind a variety of bioactive compounds (Naoi et al., 2019; Sun et al., 

2008).  

In addition, yeast cells manage oxidative stress that resulted from metabolism or 

fermentation with several endogenous antioxidant systems. For instance, the naturally-occurring 

antioxidants in yeast might include superoxide dismutases, catalases and glutathione 

(Jakubowski, 2000), which have shown robust antioxidant capacity (Fakruddin et al., 2017) and 

thermal stability (Pradhan et al., 2000). These cellular constituents, therefore, could potentially 

help stabilize and protect liable molecules from oxidation during the encapsulation and 

application process.  
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1.1.2.2.4 Yeast cell wall particles (YCWPs) 
 

 

Figure 1.2. SEM image of freeze-dried YCWPs (Huang et al., 2019) 

 

In addition to leveraging the natural form of the yeast cells, studies have suggested removing 

part of the cytosol to create voids that can be filled with encapsulated materials (Soto and 

Ostroff, 2008). Often these encapsulating materials require additional stabilizers to improve 

retention in YCWPs (Jakubowski, 2000). YCWPs are partially hollow microparticles that are 

derived from the cell walls of yeast cells. The particles retained the cross-linked β-glucan layer 

and other key cell wall components of the yeast cells such as chitin and protein (Li et al., 2020; 

Osumi, 1998). Specifically, YCWPs consist of two classes: glucan particles and glucan mannan 

particles. Preparation of the YCWPs require heating the yeast cells with concentrated base and 

acid followed by repeated washing cycles (suspending and centrifuging) (Soto and Ostroff, 

2008). This chemically aggressive process is widely applied to remove the subcellular content in 

the yeast cell and might alter the natural properties of the yeast cell wall as the permeation 

barrier, which might in turn affect the encapsulation and release kinetics of the encapsulated 

compounds in the microcarrier (Young and Nitin, 2019).   
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1.1.2.3  Bacteria-based encapsulation carrier 

1.1.2.3.1 Introduction and applications 
 

Bacteria constitute a large domain of prokaryotic microorganisms, inhabiting ubiquitously on 

earth in symbiotic and parasitic relationships with human beings. Over the past two decades, 

probiotic strains’ health benefits transmitted through the gastrointestinal tract, such as 

immunomodulation, antagonistic and antimutagenic functionalities (Forestier et al., 2001; Lopez 

et al., 2008; Tiptiri-Kourpeti et al., 2016), have been increasingly uncovered with scientific 

research. Despite extensive research focused on the microorganism, limited studies in the current 

literature have looked into leveraging bacterial cells as a novel encapsulation carrier.  

1.1.2.3.2 Cellular structure 
 

 
 
 

Figure 1.3. Cell wall structure of Gram-negative bacteria, Gram-positive bacteria  

(Brown et al., 2015) 

 

Similar to the yeast cell, bacteria cells are also mechanically supported by the cell wall 

structure. The principal surface structure of both Gram-positive and Gram-negative bacteria is 

the cell wall peptidoglycans, which are highly cross-linked peptide chains in Gram-positive cells 
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and partially cross-linked in Gram-negative cells. Specifically, the cell wall of Gram-positive 

bacteria is mainly composed of a thick layer of peptidoglycan with other cell wall polymers 

attached, whereas Gram-negative bacteria is surrounded with a thin layer of peptidoglycan with 

an outer membrane structure composed of lipopolysaccharides (Salton and Kim, 1996). Located 

inside the cell wall, bacterial plasma membranes are primarily composed of proteins and 

phospholipids. Enclosed by the cell envelope, membrane-based vesicular structures and 

intracellular components are present in the cytoplasm (Salton and Kim, 1996).  

Based on the current understanding of the yeast cell carrier, the presence of bacterial cell 

envelope and subcellular components indicate that bacteria could potentially be applied as a 

novel encapsulation carrier. Similarly with the yeast cells, bacteria possess intracellular content 

with antioxidant capacity such as glutathione and other lipid and protein components (Aguilar-

Toalá et al., 2019), which would potentially protect encapsulated compounds against oxidation. 

Moreover, probiotic strains might provide additional health benefits from the probiotic carrier 

itself, as immense research has demonstrated in-vitro and in-vivo functionalities of active and 

inactivated probiotics (Forestier et al., 2001; Galdeano and Perdigón, 2006; Lopez et al., 2008). 

However, current understanding of bacterial microcarriers and the application of this 

microencapsulation system is limited. Further investigation into the physiochemical structure of 

the carriers and factors influencing the encapsulation process is still needed.       

1.1.2.4  Other cell-based carriers 

In addition to microorganisms like yeast and bacteria, mammalian cells such as erythrocytes, 

stem cells and extracellular vesicles have also been used for encapsulation and drug delivery in a 

wide range of applications. These mammalian cells have many unique advantages for in-vivo 

injection, such as long life-span in circulation, targeted release, and natural membrane-binding 

properties (Sun et al., 2017; Weber et al., 2010). However, mass production of these carriers is 
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intrinsically limited by the availability of the source material (Sun et al., 2017). To overcome this 

program, synthetic materials that mimic the mammalian cells have been increasingly developed 

and might represent another direction for cell-based encapsulation carriers (Doshi et al., 2009; 

Lee et al., 2008; Yoo et al., 2011). 

1.2 Methods of encapsulation into cell-based carriers  

1.2.1 Passive infusion  

The primary goal of microencapsulation in cell-based carriers is to allow actives to pass 

through the cell envelope and remain within the cell. Encapsulation techniques that are based on 

passive-diffusion have been widely applied due to its easy set-up and convenient procedures. The 

process typically involves mixing the aqueous suspension of the cells with the compounds of 

interest and incubating, usually with agitation and elevated temperature, for an extended period 

of time (i.e. hours). This process allows the compounds to partition into the cell barrier and into 

the intracellular compartments. The rate of permeation depends on the size, shape and polarity of 

the compounds as well as the microcapsule. It has been proposed that the size and shape of 

microcapsules are structurally optimal for diffusion of small molecules.  

Additional permeability control on the capsules can be achieved by modifying the barrier 

properties of the cell envelope. For example, a pretreatment of the cells by autolysis or 

plasmolysis is commonly applied to increase yeast cell permeability, by disrupting the cell 

membrane and cell wall while the cell wall still retains the cellular shape. Plasmolysis is a 

process in which cells lose water and cell content in hypertonic solutions, which usually involves 

incubating cell carriers with a plasmolyzing agent such as NaCl or ethyl acetate (Czerniak et al., 

2015). Other pretreatments include the use of surfactants and cell wall hydrolysis enzymes such 

as β-glucanase (Czerniak et al., 2015). These treatments have been shown to modify cell 

membrane fluidity and cell wall composition (Paramera et al., 2011), and as the result facilitate 
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the encapsulation process, increase the encapsulation rate, and affect the release kinetics for 

hydrophobic as well as hydrophilic compounds (Dimopoulos et al., 2021; Shi et al., 2007). The 

passive diffusion, however, is still limited by the required extended incubation time and heating, 

which is detrimental to heat liable bioactives and leads to suboptimal encapsulation results. 

1.2.2 Non-thermal processes to increase cell permeability 

Several non-thermal processes have been applied to assist microencapsulation by increasing 

cell permeability (Dimopoulos et al., 2021). For instance, high pressure homogenization is 

commonly used for cell permeabilization. During the process, the pressure of the cell carrier 

suspension is raised up to 1000 bar and dispensed through a valve assembly to disrupt the cell 

structure and thereby increase cellular permeability (Kleinig and Middelberg, 1998, p. 1). Pulsed 

electric field (PEP) treatment is another process that can increase cellular permeability. During 

PEP treatment at a moderate electric field, the transmembrane potential of the cell membranes 

increases, and pores are formed on the membrane (Stirke et al., 2019) 

To date, these permeabilization techniques have not been widely applied for encapsulation, 

and their improvements in the encapsulation efficiencies and impact on the release kinetics need 

to be thoroughly investigated. In addition, these techniques still involve elevated temperature or 

prolonged treatment, encapsulation and incubation process.  

1.2.3 Vacuum infusion 

Applying vacuum infusion to assist encapsulation into cell carriers has recently emerged as a 

quick, efficient encapsulation technique. In this approach, cell carriers are mixed with the 

solution of interested compound(s), and the suspension would undergo vacuum treatment 

followed by incubation and washing steps to achieve infusion and remove excess compound. 

Specifically, cell carriers suspended in the solution of target compounds with a ratio of water and 

organic solvent are contained in vacuum bags and placed inside the vacuum chamber of a 
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commercial vacuum sealing machine. The machine lowers the pressure in the chamber to 99% 

vacuum (~1.0 kPa) and holds the low-pressure environment for 5 s before sealing the bag under 

the vacuum. The sealed samples are then be placed in dark at room temperature for 10 min to 

allow for incubation. Samples were then decanted into centrifuge tubes and washed by multiple 

cycles of centrifuge using organic solvent and ultrapurified water. (Dou et al., 2021; Huang et al., 

2019; Young et al., 2017; Young and Nitin, 2019) 

This rapid, non-thermal encapsulation process has shown to enhance encapsulation efficiency 

and yield in cell-based carriers when compared to traditional passive diffusion-based methods 

(Young et al., 2017). The exact mechanisms for its effectiveness have not been confirmed. It was 

proposed that the performance enhancement can be attributed to the rapid evaporation of the 

optimal solvent of the bioactive compound during the negative-pressure treatment, which leads 

to a concentration of the bioactives, and potentially expedites partitioning of the bioactives into 

the cells (Young et al., 2017). This research was primarily conducted with yeast cell carriers and 

YCWPs. The use of other microbial carriers such as bacterial cells has yet to be explored. 

1.3 Characteristics of cell-based encapsulation systems  

1.3.1 Encapsulation efficiency  

A high encapsulation efficiency is usually desirable with microencapsulation systems, and 

reflects the ability of a microencapsulation carrier in conjunction with the encapsulation technique 

to capture and load the carrier with target bioactive compounds. Encapsulation efficiency (EE, %) 

is usually defined as: 

!!	(%) = 	 '(') × 	100%, 

where -. is the encapsulated content of the target compound(s) in the microcarriers, and -/ is 

the original content (total mass) of the target compound(s) in total before encapsulation. Factors 
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that affect encapsulation efficiencies for synthetic polymer-based carriers with chemical and/or 

physical methods have been summarized in the literature (Jyothi et al., 2010). For the cell-based 

encapsulation carriers, factors include the biochemical composition and structure of the cell 

carrier, hydrophobicity of the compounds and the encapsulation medium, and the parameters of 

the encapsulation process that might interact with and impact the loading efficiency. For 

example, it has been observed that with yeast-cell based encapsulation, EE of curcumin from a 

vacuum-based infusion process was three times of the EE of simple passive diffusion (Young et 

al., 2017). In that study, Young et al. also observed that differences in ethanol % in the 

encapsulation medium, vacuum pressure applied during encapsulation, and hydrophobicity of the 

compounds all led to different encapsulation efficacy. Specifically, the author proposed that the 

EE of the vacuum infusion technique is dependent on ethanol concentration, partition coefficient 

(influenced by the compound hydrophobicity), and the vacuum effects. The partition coefficient 

describes the equilibrium ratio of the concentration of compounds dissolved in one phase versus 

another. EE increased with an increase in ethanol concentration during passive diffusion, which 

was proposed to be a function of partition coefficient. When the yeast cell provides a more 

hydrophobic environment compared to the hydrophilic medium, hydrophobic compounds would 

partition into the yeast cells more favorably. However, the trend was different under vacuum 

infusion, which might be caused by the rapid evaporation of ethanol. Consistent with the theory 

discussed previously, Young et al. proposed that the evaporation increased the local 

concentration of bioactives on the cell surface, which might facilitate the absorption and 

permeation through the cell wall. This was confirmed based on the observation that a higher 

level of vacuum (i.e., lower pressure) led to higher EE.       

1.3.2 Protection of the core compounds   
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One of the most important objectives of the microencapsulation process is to conserve the 

functional properties of the target bioactive compounds from adverse environmental conditions. 

Past studies have indicated a protective effect of the cell-based carriers in limiting the oxidation of 

encapsulated bioactives, and its advantages in overcoming some of the limitations of synthetic 

chemical carriers that require the addition of exogeneous antioxidants. For example, Young et al. 

compared thermal and oxidative stabilities of encapsulated curcumin in yeast cell carriers and 

YCWPs to that in Pickering emulsions, and confirmed that yeast cells and YCWPs provided higher 

oxidative and thermal stability respectively, to encapsulated curcumin (Young and Nitin, 2019). 

The author attributed protection of the encapsulated constituent from degradation to the cell 

structures, which include the cell wall and intracellular components with endogenous antioxidant 

capacity. As discussed in Section 1.2.3, bacteria share key structural features with yeast cells, and 

research has indicated the antioxidant properties of intracellular content of bacteria (Aguilar-Toalá 

et al., 2019). These observations suggest the potential of bacterial carriers in protecting 

encapsulated bioactive. Different types of microcarriers and the protection they can provide against 

heat, oxidation and other adverse conditions could be further evaluated in the future. 

1.3.3 Binding and targeted delivery  

Encapsulation carriers’ ability to bind and interact with target tissue or cells is key to maximize 

target delivery of encapsulated bioactives. Pre-formed microcarriers, such as yeast, bacteria, or 

mammalian cells, naturally acquire unique mechanisms to bind with target tissue/cells, and this 

has led to a variety of bio-inspired and biomimetic carriers (Yoo et al., 2011). For instance, the 

enhanced delivery of a chlorine-based sanitizer and inactivation of pathogenic biofilms was 

partially attributed to the high binding affinity of YCWPs with bacterial and fungal pathogens 

(Huang et al., 2019). In this study, the efficiency of diverse microbes in binding YCWPs and 
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different components of YCWPs including β-1,3-d-glucan, chitin and mannan was tested. The 

results demonstrated that the binding affinity with YCWPs and YCWPs coated with the individual 

biochemical components varied among Gram positive bacteria, Gram negative bacteria, and fungal 

cells. In the antimicrobial treatment, the binding affinity between the sanitizers, microcarriers, and 

the target pathogenic cells, was shown to be favorable to improving the inactivation of pathogens 

in the biofilm. Future studies could be carried out to improve the binding efficiency of cell carriers 

for target delivery sites.  

Other structures like bacterial ghosts (bacterial structure without cytoplasmic content), virus-

based particles (reconstituted or self-assembled viral particles), eukaryotic cells and the mimetics 

have been widely applied for the delivery of drug, vaccine, DNA, and cancer-targeted therapy 

(Lubitz et al., 2009; Muzykantov, 2010; Roger et al., 2010; Waelti et al., 2002; Wu et al., 2009). 

Key attributes and challenges of the applications have been summarized by Yoo et al (2011). The 

summary reviewed applications that utilized the unique features of the natural carriers i.e. cell 

entry mechanism, antigenic components and physiochemical properties – that are yet to be fully 

understood or recognized (Yoo et al., 2011, p. 2). As a step ahead, more delivery systems could be 

developed to modify existing synthetic carriers (e.g. polymer-based capsules) and incorporate and 

leverage the natural binding and targeting mechanisms in a more controlled and appropriately 

designed system.   

1.3.4 Controlled release and bioavailability  

The ability to release encapsulated compounds at a controlled rate is another advantage that 

microencapsulation systems have to offer. This property becomes appealing when it is desirable 

to control the release rate of the retained compounds to match the needs of the application. The 

versatility and variety of microencapsulation carriers have enabled numerous applications. For 

example, slow, sustained release of pharmaceutical agents is usually optimal to eliminate potential 
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health hazards due to insufficient or excessive exposure of the delivered compounds (Birnbaum et 

al., 2000). Controlled release formulations using microcarriers are also applied in the food industry 

to retain aroma or flavor compounds for an extended period of time (Madene et al., 2006; Tari and 

Singhal, 2002). With polymer-based carriers, controlled release of the encapsulated content 

usually occurs through both diffusion and erosion as the polymer hydrolyzes (Göpferich, 1997; 

Langer and Peppas, 1983). The rate of release could therefore be controlled via the rate of 

degradation of the selected polymer matrix with appropriate physical characteristics (Birnbaum et 

al., 2000; Langer and Peppas, 1983). The release mechanism might be different for cell-based 

carriers. The natural carriers possess more complex structures with the presence of cell membrane, 

cell wall and subcellular components, as discussed above. The structural and chemical complexity 

of the carrier play an important role in controlling the release of the encapsulated content. By 

comparing the release profile of yeast cells and YCWPs, Young et al. observed that YCWPs with 

less intracellular content release the encapsulated content at a faster rate during simulated 

gastrointestinal digestion as compared to yeast cells (Young et al., 2020). It is also worth noting 

that the cell barrier remained intact with limited structural changes after the simulated digestion 

(Young et al., 2020), which might suggest that the encapsulated compounds were delivered mostly 

through diffusion.  

     Bioavailability is another key aspect for evaluating the effective delivery of 

microencapsulation processes. Bioavailability has been defined as the rate and extent to which the 

therapeutic moiety becomes available at the site of drug action for absorption, metabolism, tissue 

distribution, and bioactivity (Fernández-García et al., 2012). Bioaccessibility, which is often used 

interchangeably with bioavailability, is defined as the fraction of a compound that is released from 

its matrix in the gastrointestinal tract and thus becomes available for intestinal absorption (Benito 

and Miller, 1998). How microencapsulation technology could enhance bioavailability and/or 
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bioaccessibility of bioactives for a diversity of nutritional and therapeutic purposes has been 

extensively reviewed in the literature (Annunziata et al., 2020; Gómez-Mascaraque et al., 2017; 

Hartlieb et al., 2017; Soukoulis and Bohn, 2018). For instance, polyphenols’ low water solubility 

and degradation that easily occurs in the gastrointestinal tract after ingestion limited the amount of 

compounds that could cross the intestinal barrier and release into the bloodstream (Ozkan et al., 

2019). Microencapsulation, as one of the emerging solutions, has been found to be essential in 

stabilizing the compounds in various physiochemical conditions, protect the bioactives from rapid 

degradation and increase the water solubility, thus significantly improving the cellular uptake and 

absorption rate of polyphenols (Annunziata et al., 2020). Yeast-based carriers and the role of 

intracellular composition and cell barriers in moderating the bioaccessibility of phytochemicals in 

the process of gastrointestinal delivery have also been evaluated (Young et al., 2020). Further 

optimization of the absorption and consequent blood and tissue distribution of the target bioactives 

requires physio-chemical understanding of the delivery mechanism by which compounds are 

released and interact with the host cell, tissue, enzymes and/or microbiome through future studies.  

1.3.5 Metabolism and biotransformation 

Another potential application of cell-based encapsulation that is yet to be explored in the 

literature is to leverage the innate metabolizing activities of the microbial carriers. In biomedical 

research, scientists have developed drug delivery strategies using recombinant bacteria, which are 

bacteria that are genetically modified to generate antigens and biologically active proteins in situ 

(Hanniffy et al., 2007; Yuvaraj et al., 2007). The difference with active encapsulation carriers is 

that functional compounds were produced as the metabolites of encapsulated compounds. A range 

of bioactive compounds, e.g. most phenolics, require a hydrolyzation and transformation process 

by intestinal enzymes and microbes to become bioavailable to the human host (D’Archivio et al., 

2010; Kawabata et al., 2019). However, this transformation process is largely limited by the 
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complexity of the digestive process and the chances that the compound is released from the food 

matrix and becomes available to interact with the target tissue or symbiotic bacteria. Studies could 

be carried out to investigate encapsulation using live cell carriers so that the bioactives are 

physically combined with the capable bacteria or other cells. Further research could evaluate the 

potential of this approach to transform and deliver the active form of the target compounds in situ, 

besides protect the core compounds with the complex cell barriers and delivering them to the target 

sites with natural or modified binding properties.  

1.4 Current gaps in the knowledge for cell-based carriers  

As one of the most widely utilized natural microcarriers, yeast cells have been applied for 

microencapsulation across industries (Fang and Bhandari, 2010; Kavetsou et al., 2019; Nguyen 

et al., 2018; Normand et al., 2005). The low cost, robust cellular structure and versatility of the 

final products have made yeast cells very attractive for encapsulation of both hydrophobic and 

hydrophilic molecules (Dadkhodazade et al., 2021; Paramera et al., 2014). In addition, the pre-

formed microcapsules dramatically simplified industrial production by eliminating the needs for 

additional material and procedures (Paramera et al., 2014). While extensive studies have shown 

that yeast cells are good carriers for a range of liable bioactive nutraceuticals, gaps in the 

knowledge of advanced cell-based encapsulation systems still exist.  

Firstly, there is limited understanding of the delivery of core compounds in diverse biological 

environments. While current literature has demonstrated that yeast and its derivative 

microcarriers sustained release of core compounds (Dardelle et al., 2007) and protected the core 

against extreme environmental factors such as heat and radiation in simulated conditions (e.g. 

immersed in oil, water or solutions) (Dardelle et al., 2007; Shi et al., 2008; Young and Nitin, 

2019), limited studies have focused on the release and delivery of target compounds with 

biological samples without excess liquid. The understanding of the delivery that is naturally 
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constrained by real-life conditions upon application is essential to further the development of 

cell-based carriers and optimize for target deliveries.  

In addition, there is a lack of research on cell carriers besides eukaryotic structures. For 

instance, current literature has mostly focused on yeast cells, plasmolyzed yeast cells and/or 

YCWPs as the model carrier (Bishop et al., 1998; Coradello and Tirelli, 2021; Dadkhodazade et 

al., 2021; Nelson et al., 2006; Pham-Hoang et al., 2013), whereas bacteria cells that also possess 

complex cellular structure and functionalities have not been thoroughly investigated as 

microencapsulation carriers. In addition, purified chemicals are often used as the core 

compounds (Salari et al., 2015; Shi et al., 2008, 2007), which has limited application due to the 

high cost of the compound source. Encapsulation and characterization of complex profiles of 

phenolics from crude sources with natural and diverse carriers would massively facilitate 

industrial applications of the microencapsulation technology. 

Besides the current lack of diversity in cell carriers and compound sources, the intrinsic 

functionalities of microbial carriers for encapsulation, target delivery and potential 

biotransformation of the core compounds have not been explored. Current applications have 

mostly focused on the loading and release efficiencies of the cell carrier (Dardelle et al., 2007; 

Nguyen et al., 2018; Paramera et al., 2011). Research has also theorized that the protection of 

core compounds is attributed to the barrier properties of natural cell structures (Coradello and 

Tirelli, 2021; Nakhaee Moghadam et al., 2019). Exploration of the other intrinsic characteristics 

of the microbial carriers and how these characteristics would potentially benefit the 

encapsulation and delivery processes is not currently available. For instance, further studies on 

the microcapsules’ binding affinity with different delivery sites will enable target release and 

improve the delivery efficiency without requiring extensive and sophisticated modifications. 

Potential biotransformation of the core compounds will shed light on a generation of novel, 
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active cell carriers. Equipped with natural homing tendency to a target site (Yoo et al., 2011) 

and/or metabolic activities modulated by gene expression that could be selectively modified with 

modern bioengineering techniques, active cell carriers have the potential to achieve targeted 

delivery of bioactive substances with optimized efficacy.   

1.5 Overview of dissertation study  

With the natural complexity and functional characteristics described in previous sections, cell 

carriers lend themselves to a broad range of applications as versatile encapsulation and delivery 

materials. The rest of the study focuses on the following applications: 1) delivery of 

antimicrobial agents in food or medical environments; 2) topical delivery of bioactive 

compounds into and across human skin; 3) encapsulation and protection of mixed plant 

phenolics from crude plant sources; and 4) encapsulation and biotransformation of target 

bioactives using live cell carriers. These applications aim to leverage cell carriers’ intrinsic 

functionalities such as binding with target sites, controlled release and potential modification of 

carried compounds. In addition, these model systems enable research of cell carrier interactions 

with and their release profile in biological tissues, with minimal interferences from the 

environment. The listed applications lay the foundation for future studies that focus on more 

complex applications with the presence of additional biochemical or physical processes. 

Vacuum-assisted infusion was applied throughout this study. This encapsulation approach was 

selected based on the enhanced encapsulation efficiency with cell-based carriers and the low-

energy, rapid process. Prior study that compared the performance of vacuum infusion with 

conventional passive diffusion has shown that the vacuum technique, which takes 5 min and is 

followed by a 10-min incubation, increased encapsulation efficiency by 100%-200% when 

compared to the 24-hr passive diffusion. Encapsulation parameters were chosen based on the 
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same study, which optimized the encapsulation conditions for encapsulation efficiency of 

phenolic compounds. 

The overall hypothesis of the study is that cell-based encapsulation carriers will encapsulate 

and protect complex profiles of phytochemicals, bind to the target cells and control the release of 

encapsulated compounds. In addition, live cell carriers will also transform the encapsulated 

compounds and release their metabolites. The following objectives were designated to test the 

hypotheses.  

• Objective 1: Characterize encapsulation of a model bioactive in yeast cells and yeast 

derived cell-based carriers and evaluate ex-vivo binding properties of these cell-based 

carriers with model biological targets. In this aim, microbial biofilms and skin tissue will 

be used as model systems; 

• Objective 2: Determine the bacterial cell carrier’s capacity for encapsulating complex 

profile of polyphenols from crude plant sources and the efficacy in protecting the 

encapsulated bioactive compounds against thermal treatments; 

• Objective 3: Evaluate in-vitro modification and release of encapsulated polyphenolic 

compounds by live bacterial cell carriers. 

 

In summary, this dissertation evaluated functional properties of cell-based encapsulation 

carriers in a diversity of applications. Chapter 2 and Chapter 3 evaluated the encapsulation and 

binding properties of yeast cell carriers as they apply to biofilm inactivation and transdermal 

bioactive delivery. Chapter 4 examined bacterial carriers’ potential of encapsulating a complex 

profile of phytochemicals from crude plant sources and improving the stability of bioactives 

during thermal treatments. Chapter 5 characterized the live cell carrier’s encapsulation and 
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transformation of the target compounds. Chapter 6 provided a brief summary of conclusions and 

recommendations for future research. 
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Chapter 2 

Targeted Photodynamic Treatment of Bacterial Biofilms using 

Curcumin Encapsulated in Cells and Cell Wall Particles 

Abstract 

Efficient inactivation and removal of pathogenic biofilms in food and biomedical environments 

remain a significant challenge for the food safety applications and medical facilities. This research 

aims to develop food-grade microcarriers for the targeted delivery of the photosensitizer, curcumin 

and photodynamic inactivation of a model pathogenic bacterial biofilm. The microcarriers 

evaluated in this study include alive yeast cell carriers (aYC), deactivated yeast cell carriers (dYC), 

and yeast cell wall particles (YCWP).  The microcarriers were evaluated based on encapsulation 

yield of a model photosensitizer (curcumin), binding of the microcarriers to biofilms and 

inactivation of the bacteria in the biofilms. The results illustrate that the combination of binding 

affinity, encapsulation yield and the intracellular composition of the microcarriers influenced the 

overall inactivation of bacteria in the biofilms. All the selected compositions achieved more than 

93% inactivation of the bacteria in the biofilm using the photodynamic treatment and the yeast cell 

wall particles with curcumin achieved over 99% inactivation of the bacteria in the biofilm matrix.  

In addition, all the selected compositions demonstrated significant potential to remove biofilm 

from the plastic surface suggesting the role of binding affinity of the microcarriers in removal of 
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the biofilm from surfaces. Overall, this study advances the development of biomaterial 

formulations for targeted photodynamic inactivation and potential removal of biofilms.  

Graphical Abstract 
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2.1. Introduction  

Biofilms are a major problem in the food industry and medical facilities (Paz-Méndez et al., 

2017; Vogeleer et al., 2016). It is well recognized that bacterial biofilms exhibit higher resistance 

to antimicrobial treatments than planktonic cells (Lemosa et al., 2011; Simões et al., 2006). This 

resistance results due to both biological and physico-chemical factors. The biological factors 

include prevalence and spread of antimicrobial resistance in biofilms. The physico-chemical 

factors include restrictive transport of antimicrobials in the exopolysaccharide matrix and the 

presence of organic and abiotic compounds in the food-contact environment. Together these 

biological and physico-chemical factors can decrease efficacy of antimicrobials and thus 

contribute to enhanced antimicrobial resistance of biofilms. Therefore, inactivation and 

elimination of pathogenic biofilms in food-contact and biomedical environments remains a key 

issue for the food industry and medical facilities. 

In order to deactivate pathogenic biofilms, various anti-biofilm strategies have been evaluated. 

Current approaches include: 1) chemical disinfectants (e.g. chlorine-based compounds(Taylor et 

al., 2000), ozone(Bialoszewski et al., 2011; Taylor et al., 2000), hydrogen peroxide(Lin et al., 

2011), chelating agents and surfactants(Chen and Stewart, 2000)); 2) physical removal of biofilms 

(e.g. plasma(Lee et al., 2009), high hydrostatic pressure(Smith and Oliver, 1991), shear stress(Gião 

and Keevil, 2013), and ultrasound(Baumann et al., 2009)); and 3) biological treatments (e.g. 

bacteriocins(Mathur et al., 2018), bacteriophages(Soothill, 2013) and enzymes(Johansen et al., 

1997)). Although some of these approaches are used in the food industry and medical facilities to 

inactivate and remove biofilms from contact surfaces, there is an unmet need to address some of 

the key limitations in these processes. Major limitations include: 1) rapid quenching kinetics(Daly 

et al., 1998), lack of effectiveness in the presence of organic compounds(Vandekinderen et al., 
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2009), and health-adverse effects of chemical disinfectants(Winder, 2001); 2) deterred diffusion 

of chemical and biological agents, such as chlorine, phage and the produced enzymes, due to the 

extracellular polymeric substance (EPS) barrier(Behnke et al., 2011; González et al., 2018); 3) 

inefficiency of the physical destruction methods, especially for the inactivation of endospores and 

cell residues(Faille et al., 2014). 

Synergistic antimicrobial approaches are being developed with superior disinfection efficiency 

compared to these conventional approaches while preventing antimicrobial resistance(Cheesman 

et al., 2017). Among these approaches, antimicrobial photodynamic therapy (aPDT), also known 

as photodynamic inactivation or photodynamic antimicrobial chemotherapy, has shown potential 

to efficiently inactivate antibiotic-resistant bacteria and biofilms(Lee et al., 2017). The principle 

mechanism for the aPDT is based on synergy between a photosensitizer and light energy at 

appropriate wavelength. The synergistic reaction produces reactive oxygen species (ROS) in the 

presence of molecular oxygen, increases the intracellular oxidative stress in microorganisms and 

results in  eventual microbial cell death(Biel et al., 2011). aPDT offers many advantages including 

rapid reaction, broad-spectrum activities, and potential avoidance of antibiotic-resistance 

development(Biel et al., 2011; Jori et al., 2006). However, the application of this approach is still 

limited due to regulated use of common photosensitizers such as methylene blue with potential 

cancer-causing properties. Furthermore, many of the common photosensitizers, such as toluidine 

blue O, methylene blue and hypericin, are hydrophobic and require additional formulations for 

their dispersal in aqueous environments(Sibani et al., 2008). Encapsulation systems such as 

nanostructures are commonly used for dispersing PDT agents in aqueous environments and 

increasing photochemical efficiency by preventing aggregation of PDT agents(Schwiertz et al., 

2009). Nonetheless, most of the PDT agents and the nanoparticles are not approved for use in a 
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food environment. The high cost and sophisticated preparation procedures of these nano-scale 

formulations also limit the mass production and industrial penetration of such technologies for 

surface sanitation.  

In this study we evaluated the efficacy of the PDT treatment for inactivation of a model biofilm 

using curcumin encapsulated yeast cell based microcarriers. Curcumin is a polyphenol found on 

Turmeric (Curcuma longa) rhizomes that has been widely used in the food industry as a natural 

colorant. Prior research has demonstrated effectiveness of curcumin as a photosensitizer for the 

inactivation of planktonic bacteria and surface attached bacteria (Hegge et al., 2012; Lee et al., 

2017). Despite promising results, there are significant limitations and challenges. These challenges 

result due to limited solubility of curcumin in aqueous environment, lack of affinity of curcumin 

and conventional encapsulation systems for curcumin to bind biofilms, and limited hydrolytic 

stability of curcumin. To address these challenges, this study evaluates the use of cell-based 

carriers as an encapsulation and delivery system for curcumin aPDT of biofilms. The cell-based 

carriers selected in this study include yeast cells (YC), including alive yeast cell carrier (aYC) and 

deactivated yeast cell carrier (dYC), and yeast cell wall particles (YCWP.) Yeast microcarrier and 

its derivatives are widely-accepted encapsulation matrix for food applications based on their 

“generally recognizes as safe” (GRAS) status (Pham-Hoang et al., 2018; Salari et al., 2015; Shi et 

al., 2008). YC and YCWP possess high encapsulation yield for polyphenolic compounds such as 

curcumin and significantly enhance physico-chemical stability as demonstrated in the literature 

and our recent studies (Soto et al., 2010; Young et al., 2017). Moreover, fungal-bacterial binding 

interactions are found ubiquitously in the environment and particularly in biofilms (Adam et al., 

2002; Millsap et al., 1998; Shirtliff et al., 2009). Therefore, based on this background knowledge, 

this study evaluated the role of these diverse cell carrier compositions derived from yeast cells for 
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the encapsulation of curcumin, binding of cell carrier compositions to biofilms, their efficacy in 

inactivation of bacteria in the selected biofilm model and influence on the structure of the biofilm 

after treatment with the selected compositions.  Listeria innocua (ATCC 33090) was selected as a 

non-pathogenic surrogate for the foodborne pathogen Listeria monocytogenes, which is a serious 

concern for the food industry based on its ubiquitous presence in the environment and biofilm-

forming ability (Colagiorgi et al., 2017).  In summary, the results of this study will illustrate the 

potential of cell-based GRAS encapsulation compositions for aPDT treatment of biofilms, 

including binding of cell carrier compositions to biofilms as well as their potential to deliver a 

model photosensitizer compound to biofilms.  

2.2. Material and Method 

2.2.1 Preparation of YCWP and YC 

Three different yeast-based microcarriers were used in this study. Yeast cells were prepared 

by suspending 0.5g of commercial baker’s yeast (Fleischmann's Active Dry Yeast) in 3.25 ml of 

phosphate buffered saline (PBS, Fisher BioReagents).  Deactivated yeast cells were prepared by 

heat inactivation of yeast cells at 97°C for 30 min. Following the inactivation, a viability reduction 

of 2.3 log cfu/ml was confirmed by plate counting. Yeast cell wall particles were prepared 

according to a previously reported hydrolysis protocol. (Soto and Ostroff, 2008) Briefly, baker’s 

yeast was suspended and heated in 1 M NaOH at 80°C for 1 hr and then in acidic solution with pH 

4 - 5 at 55°C for 1 hr. Then the insoluble residue was washed with water (1 time), isopropanol (4 

times) and acetone (2 times). The resulting slurry was dried under vacuum at room temperature 

overnight to obtain the YCWP powder. The obtained YCWP consists mainly of yeast cell wall 

glucan and a minor fraction of cell wall mannans (Soto and Ostroff, 2008). Prior to each 
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experiment, YCWP and active YC powder were washed twice with Milli-Q water and the pellet 

was collected by centrifuge at 4,400 rpm for 5 min. 

2.2.2 Encapsulation of curcumin in YCWP and YC and their characterization 

To encapsulate curcumin in cell-based carriers, 0.5 g of the wet pellet was suspended in a 5 ml 

solution that consists of 65% PBS and 35% ethanolic solution of curcumin (2.5 mg/ml). Control 

samples were prepared by using 35% ethanol instead. Encapsulation was carried out by using a 

patented pressure-facilitated infusion approach (Young et al., 2017). After the encapsulation, the 

cell pellet was washed using Milli-Q water for three times or until no curcumin was detected from 

the supernatant. 

Curcumin in the encapsulated YCWP and YC was extracted using methanol with bead beating 

at 6.0 m/s, 40 s for 3 cycles (FastPrep-24™ 5G Instrument, MP Biomedicals). The curcumin 

content was quantified using the UV-Vis spectrometry (Genesys™ 10 UV-Vis Spectrophotometer, 

Thermo Scientific) at 425nm. Encapsulation efficiency was calculated based on the curcumin 

content encapsulated in cell carriers measured using the spectroscopy and curcumin’s initial 

concentration. The equation is shown below: 

Encapsulation	efficiency = 	 Curcumin	content	in	the	cell	carriers
Initial	curcumin	content	used	for	encapsultion 	× 	100% 

The intracellular localization of curcumin in cell carriers were also visualized using confocal 

laser scanning microscopy (CLSM). Images were acquired in triplicates using with a Leica TCS 

SP8 STED 3X confocal microscope. The auto-fluorescence of curcumin was captured using an 

excitation laser at 488/15 nm, an emission detection from 498-591 nm using a band pass filter and 

a 100x oil immersion objective. Images were captured using the software Leica Application Suite 

X Version 13. Scale bars were added to the images by using the software ImageJ64.  

2.2.3 Bacteria strain and biofilm formation 
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To evaluate efficacy of the curcumin encapsulation system for the inactivation of Listeria 

biofilm, a rifampin-resistant Listeria innocua (ATCC 33090; ATCC, Manassas, VA, USA) 

provided by Trevor Suslow’s laboratory (University of California, Davis) was selected as a 

surrogate for a human pathogen, Listeria monocytogenes. A single colony was picked from an agar 

plate, cultured in a 10 ml tryptic soy broth (TSB), and the suspension was incubated with a constant 

shaking rate (150 rpm) at 37°C overnight. (Cossu et al., 2017) Bacteria culture was used for the 

following experiments after it reached an absorbance of 1.5 AU at 600 nm, which corresponds 

approximately to 1×109  CFU/ml. 

Biofilms were grown in a sterile 24-well surface-treated polystyrene plate (Corning, Corning, 

NY, USA). Volumes of 0.1 mL of the L. innocua overnight culture and 0.9 mL of the 1X M9 

medium with minimal salts (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 0.4% 

glucose (Fisher Scientific, Hampton, NH, USA) and 0.4% tryptone (Sigma-Aldrich, St. Louis, 

MO, USA), were added to each well. The plate was then incubated at room temperature for 72 hr. 

Before performing the biofilm inactivation assay, the medium in each well was discarded, and the 

wells were gently washed with 1 ml sterile phosphate-buffered saline (PBS) (United States 

Biological Co. Ltd., Cleveland, OH, USA) three times in order to remove planktonic cells. 

2.2.4 Quantification of cell carrier binding on biofilm 

YCWP and YC were stained with Calcofluor white dye (Sigma-Aldrich, St. Louis, MO, USA) 

using a constant shaking rate of 100 rpm at room temperature for 1 hr. The cells were washed with 

sterile PBS twice after staining, and then suspended in PBS at a concentration of 0.1 g/ml. One 

milliliter of stained cell carrier suspension was added to each well. After incubation with biofilm 

for 1 hour, the unbound cell carriers were removed with pipette and the wells were gentle washed 

twice with PBS. The fluorescence intensity of the carriers adhered on the biofilm was determined 
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using a fluorescence plate reader (SpectraMax® M5 Microplate Reader System, Molecular 

Devices Corporation) with an excitation/emission at 350/440 nm. The fluorescence data was 

normalized to the total fluorescent signal for the stained cell carriers used for the initial incubation 

with the biofilm. 

2.2.5 Biofilm inactivation assay with curcumin encapsulation systems and UV-A treatment 

The ability of encapsulated cell carriers to inactivate biofilm bacteria was assessed by 

inactivation of Listeria cells in a biofilm model. Encapsulated cell carriers were suspended in 

sterile PBS at a concentration of 0.1g/ml and incubated with biofilm samples in a 24 well plastic 

plate for 1 hr. The biofilms incubated with PBS for 1 hour were used as a control group. After 

incubation, the biofilm samples were gently washed with PBS to remove excess cell carriers. To 

demonstrate efficacy of using a combination of UV-A and curcumin-encapsulated microcarriers 

for the inactivation of biofilm bacteria, 200 μl PBS was added to each well in order to prevent 

biofilms from drying. Then the biofilms after incubation with cell carriers or PBS were exposed 

to UV-A for 30 min. The average light intensity of the UV-A lamp was 4.8 ± 0.1 mW/cm2. As a 

comparison group, biofilms after the same treatments were kept in the dark for 30 min. After 

treatment, the residual PBS was removed from each well.  

After treatments, the viability of the biofilm was evaluated using the standard plate counting 

method. Bacterial cells from the biofilm samples were recovered from the plastic plate by adding 

1 ml of sterile maximum recovery buffer supplemented with 0.1% v/v Tween-20. The plate was 

vortexed vigorously for 30 sec and then treated using a bath sonication device (Branson 2510 

Ultrasonic Cleaner, Branson Ultrasonics Corp., Danbury, CT, USA) for 2 min. The plates were 

sealed with sterile parafilm to prevent leaking of the recovery buffer. Quantification of viable 

bacteria recovered from biofilm was performed by serial dilution, spread plating on TSA agar 
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plates and incubating at 37°C for 24 hr. Control groups for this experiment include 1) biofilms 

incubated in PBS with/without UV-A treatment; 2) biofilms incubated with cell carriers without 

curcumin, with or without UV-A; and 3) biofilms incubated with curcumin-encapsulated cell 

carriers and without UV-A. The enzymatic activity of the cells after treatment were evaluated by 

the resazurin metabolism assay. After UV-A treatment, 1 ml of resazurin solution (50 μM in M9 

medium) was added to each well and the curves of resazurin reduction were monitored using a 

microplate reader (TECAN SpectraFluor Plus Microplate Reader, Tecan Group Ltd., Switzerland) 

for 14 hr with an excitation/emission at 530/580 nm. In this assay, the fluorescence signal is 

produced by the reduction of resazurin to resorufin based on the enzymatic activity of microbes 

(Mariscal et al., 2009; Van den Driessche et al., 2014). The time required to reach the peak 

fluorescence signal indicates the population of viable and metabolically active cells. Control 

groups for this experiment include biofilms incubated with only PBS buffer without antibacterial 

treatment (used to indicate normal growth of the biofilm sample, data not shown in the following 

figures) and biofilms incubated with PBS and treated with UV-A light (PBS). 

2.2.6 SEM imaging  

The binding of cell carriers to biofilms and the changes in morphology of biofilms after 

treatment was visualized using scanning electron microscopy (SEM). For SEM imaging, the 

biofilms were fixed using a 4% glutaraldehyde solution in PBS (pH 7.4 ± 0.1) at 4°C for 3-4 hours 

and washed once using milliQ water. The biofilm samples were then mounted onto aluminum 

stubs with a carbon conductive adhesive tape, and sputter coated with 10 nm of gold deposits. 

Electron microscopy was performed using a Philips XL-30 electron microscope at 5 kV 

accelerating voltage. 

2.2.7 Statistical analysis 
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Statistical analysis was performed using the GraphPad Prism software V.7.0a (Graphpad 

Software, Inc., La Jolla, CA). All experiments were performed in triplicate. The significant 

differences between treatments for each type of cell carriers were determined based on one-way 

ANOVA with the significance level at p < 0.05. Pairwise comparison was conducted through 

Tukey’s Test with the significance level at p < 0.01. 

2.3. Result and Discussion 

2.3.1 Encapsulation yields of curcumin in yeast cell and YCWP carriers 

 
Encapsulation content and efficiency 

Curcumin YCWP aYC dYC 
mg curcumin/ml  
suspension 
(0.1g yeast cell 
carriers on wet 
basis/ml Milli-Q 
water) 

0.41 ± 0.010 0.70 ± 0.010 0.83 ± 0.04 

Encapsulation 
efficiency 18% 31% 37% 

Representative confocal images 

Control groups: 
 
cell carriers without 
encapsulated 
curcumin 
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Experient groups: 
 
cell carriers with 
encapsulated 
curcumin 

   
 

Table 2.1. Encapsulation yield, encapsulation efficiency and representative confocal images of 

curcumin in YCWP, alive yeast cells (aYC) and deactivated yeast cells (dYC). Confocal images 

were acquired with an excitation laser at 488 nm, and an emission detection range from 498-591 

nm. The scale bars below the images represent the length of 10 µm. 

The quantification of curcumin in the encapsulated cell carriers showed that encapsulation 

efficiencies for aYC, dYC and YCWP were 31%, 37% and 18%, respectively (Table 1). The 

encapsulation yield of curcumin in YCWP was 4.1 mg curcumin encapsulated per gram of particles 

(wet basis). In comparison, the encapsulation yields of curcumin in alive yeast cells (aYC) and 

heat deactivated yeast cells (dYC) were 7.0 mg and 8.3 mg respectively per gram of yeast particles 

(wet basis).  

The intracellular distribution of curcumin in these cell carriers were evaluated by CLSM based 

on the endogenous fluorescence properties of curcumin. Images were taken and analyzed in 

triplicates to ensure consistency of the observation. The images in Table. 1 show intact cells with 

relatively uniform distribution of curcumin across the intracellular compartment. There is 

observable signal from cells in the control groups, which might be attributed to the auto-

fluorescence of the microbial cell and is lower than the cells with encapsulated curcumin. The 

imaging results also indicate that the concentration of residual curcumin outside the cells dissolved 
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or dispersed in the solution is too low to be detected, which may result from precipitation of 

curcumin during the encapsulation process.  

The encapsulation yields of curcumin in YCWP and YC are consistent with the results of a 

prior study (Young et al., 2017). The pressure-facilitated encapsulation technique adopted in this 

study expedited the encapsulation process and avoided the use of high temperature incubation 

conditions for the encapsulation of curcumin (Young et al., 2017). Differences in the encapsulation 

yields of curcumin in YCs and YCWP can be attributed to structural and compositional variations 

between YCWP and YC. Curcumin with an octanol-water log-P value of approximately 3.0 

(Priyadarsini, 2014) favors hydrophobic interactions and hydrogen bonding with yeast cellular 

components such as phospholipid membrane, glucan and proteins located in the cell membrane 

and cell organelles (Paramera et al., 2011). In contrast, YCWP are relatively hollow and porous 

microspheres that are composed primarily of b-1,3-D-glucan and chitin and devoid of cellular 

content (Soto and Ostroff, 2008). The loss of significant fraction of cytoplasmic components such 

as lipids and proteins may result in reduced partitioning of curcumin and hence reduce the 

encapsulation yield of curcumin in YCWP compared to YC.  

2.3.2 Binding affinity of the cell carriers with L. innocua biofilm  
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Figure 2.1. Efficiency of alive/deactivated S. cerevisiae and YCWPs to bind L. innocua biofilms. 

Different letters (a-c) in the graphs indicate statistically significant differences (p < 0.05).  

Binding of cell carriers to biofilms can aid in increasing localized concentration of PDT agents 

within the biofilm matrix. The results in Figure 1 show that aYC had the highest percentage of 

cells bound to the biofilm with approximately 38% of the incubated cells bound to the biofilm, 

while the heat deactivated yeast cells had a significant reduction in binding with only 7.6% of the 

incubated cells bound to the biofilm.  The YCWP had a moderate level of binding to the biofilm, 

with approximately 17 % of the incubated yeast cell wall particles bound to the biofilm.  

The result of fluorescence measurements using a plate reader were further validated using SEM 

analysis. The SEM results illustrated the morphological aspects of interactions between cell 

carriers and biofilm and provides a qualitative assessment of binding interactions (Figure S2.2). 

The images demonstrate binding of the yeast and yeast cell wall carriers to the bacterial biofilm. 

Note that the flattened morphology of YCWP in the SEM images (Figure S2.2(b)) might be caused 

by fixation or vacuum sputtering process during sample preparation (Tang et al., 2014). 

Furthermore, multiple rinse steps in preparing biofilm samples for SEM analysis can influence the 

ultra-structure of the biofilm. In addition, binding of cell carriers can further impact the biofilm 

structure during these preparation steps as illustrated in the results of Fig. S2.2. The bacterial cell 

density on biofilm samples incubated with cell carriers was qualitatively lower, compared to the 

control (Fig. S2.2). The attachment of multiple bacteria around individual yeast cells highlighted 

the polyvalent interactions between the YC and YCWP with bacteria.  

The fungal-biofilm attachment as shown in Figure S2.2 has also been observed in previous 

studies (Hogan et al., 2007; Hwang et al., 2017; Millsap et al., 1998, p. 1998; Wargo and Hogan, 

2006), including binding of alive and inactivated yeast cells to pathogenic bacteria (Tiago et al., 
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2012). In general, ability of fungi to bind bacteria can be attributed to passive physical interactions 

followed by specific ligand-receptor interactions between yeast cell wall glycoproteins (known as 

adhesins) and bacterial cell wall polysaccharides (Holmes et al., 1996). As an example, S. 

cerevisiae is known to produce lectin-like adhesins which bind to sugar residues on the surface of 

other fungi, bacterial or mammalian cells (Verstrepen and Klis, 2006). Damages inflicted on the 

cell wall structure and physical properties upon thermal treatment may explain the reduction in 

attachment of the dYC to bacterial biofilm when compared to aYC (Guyot et al., 2015; 

McEldowney and Fletcher, 1988). The results in Figure 1 indicated that the YCWP have a 

moderate level of attachment with L. innocua biofilm compared to native yeast cells. Adhesion 

between YCWP and bacteria and or the EPS of the biofilm might be mostly attributed to the beta-

glucan on the surface of YCWP, since the preparation of the YCWP in this study led to a 

composition of particles enriched in beta-glucan (Upadhyay et al., 2017). The simultaneous 

binding of multiple bacterial cells to individual YCs or YCWPs may be due to polyvalent 

interactions between oligosaccharide-binding sites on the yeast cell wall and the surface 

composition of bacterial cells. These multiple binding events lead to increased avidity of the 

fungal-bacterial adhesion (Mulvey et al., 2001). 

To the best of our knowledge, no prior study has reported binding facilitated delivery of PDT 

molecules to biofilms. This limitation in prior reports might be the results of a lack of affinity of 

the carriers for the biofilms. Most of the prior formulations for PDT had focused on improving 

dispersibility of lipophilic PDT agents. In this study, both the yeast cells and yeast cell wall 

particles have significant ability to bind bacterial biofilm based on endogenous molecules on the 

cell surface. This provides a unique advantage for the use of natural carriers such as yeast in 

contrast to synthetic assemblies such as nanoparticles. In addition, affinity for biofilms and the 
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ability to bind to them can also be helpful for the targeted delivery of PDT agents to biofilms under 

dynamic conditions. These conditions may include sanitation of food contact surfaces, sanitation 

of food materials under dynamic washing conditions as well as treatment of infections in the oral 

cavity.   

2.3.3 Inactivation of biofilm bacteria assisted with UV-A light 

  

 

Figure 2.2. Inactivation of L. innocua in a model 4-day old biofilm using a combination of 

encapsulated curcumin in cell based microcarriers and UV-A light for 30 min: Treatment (a) cell 

carriers without curcumin; (b) cell carrier with encapsulated curcumin; (c) cell carriers with 

encapsulated curcumin and UV-A treatment. Reduction was calculated in comparison to biofilms 

without treatments. The symbol * indicates statistically significant differences (p < 0.05). 

To investigate the synergistic antimicrobial activity of encapsulated curcumin in cell based 

microcarriers with UV-A, biofilm inactivation and metabolic activity was characterized using the 

standard plate counting and the resazurin metabolic assay, respectively. The plate counting method 

assesses the absolute reduction in the number of colony forming units (CFU) of bacteria in the 

biofilm, while metabolic activity validates the reduction of total viable cell population including 

viable but growth inhibited cells (Mariscal et al., 2009). The controls for plate counting 
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quantification included yeast carriers without UV-A treatment and UV-A treatment alone. Results 

in Figure 2 showed that curcumin-encapsulated YCWPs in combination with UV-A achieved a 

2.1 log10 (CFU/cm2), 99.2% reduction in the L. innocua population in a 4-day old biofilm. In 

comparison, a combination of curcumin encapsulated in aYC and UV-A achieved a reduction of 

1.8 log CFU/ cm2 of bacterial cells under the same set of experiments (98.4% reduction), while 

the similar combination of curcumin in dYC and UV-A achieved reduction of 1.18 log CFU/cm2 

(93.3% reduction). Overall, all the three carriers exhibited significant inactivation (over 93%) of 

L. innocua cells in a biofilm matrix using a combination of encapsulated curcumin in cell-based 

carriers and UV-A light. In contrast, samples treated with encapsulation carriers but without light 

exposure, and samples treated with UV-A light solely, showed no significant reduction in the 

bacterial plate count of biofilm samples (one-way ANOVA test with significance level of 0.05, 

data not shown here). In addition, biofilms in the control group that were not exposed to UV-A 

treatment or cell carriers showed a reduction of 0.31 log CFU/well on average, and were used as 

the baseline to calculate the reduced log counts shown in Figure 2.  

These results demonstrated that the synergistic interaction of microencapsulated curcumin with 

UV-A light is comparable or more effective when compared to other emerging biofilm treatments 

in food and biomedical applications. For example, Sharma et al. (2005) has shown that 

bacteriophage KH1 was reduced by 1.2 log CFU after 4-day treatment at 4 °C from a lower initial 

population of 2.6 log CFU/coupon(Sharma et al., 2005). When compared to other aPDT 

applications of curcumin as a natural photosensitizer, a similar efficacy of ≤ 3 log reduction was 

achieved with equal or greater concentrations in solution of DMSO or ethanol (0.75-5 mg/ml) 

(Dahl et al., 1989; Najafi et al., 2016). Although conventional chlorine-based treatments usually 

report higher log reductions (Bremer et al., 2002), the various limitations associated with 
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chlorination as discussed in the previous section still remain and signify the need to develop safe 

and efficient alternatives in order to control hazardous biofilms in food and health related 

environments.  

 

 

Figure 2.3. Metabolic activity of L. innocua biofilm after 30 min UV-A treatment in the presence 

of curcumin encapsulated in (a) YCWP, (b) dYC, and (c) aYC. (d) Additional incubation time 

required to reach 50% of the peak fluorescence intensity compared to the control sample. 

Metabolic activities of the biofilms after treatments were quantified using the resazurin assay. 

Results in Figure 3(a – c) show that YCWP with curcumin has the most inactivation efficacy with 

UVA treatment with a time lag of 12.8 hr for the bioconversion of resazurin, whereas aYC and 

dYC carriers with curcumin and UV-A light had a time lag of 2.25 and 3.20 hours respectively for 

the bioconversion of resazurin. The observed antibiofilm efficiency of YCWP is consistent with 

the plate count results in the Figure 2. The biofilm inactivation by aYC and dYC is lower than 

YCWP. Note that biofilm treated with aYC showed higher metabolic activity when compared to 
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dYC by comparing Figure 3b and 3c, which is the contrary to the plate counting results in the 

Fig.2. This is due to the fact that besides the bacterial biofilm, aYC also contributed to the 

amplification of fluorescence signal by metabolizing resazurin. This is demonstrated by the control 

groups’ spectrum shown in Figure S1. 

The inactivation and metabolic activity results highlight that YCWP is the most effective 

antimicrobial carrier among the three tested carriers. It is worth noting that dYC has the greatest 

encapsulation efficiency among the three carriers and the least binding efficiency, while aYC has 

relatively high encapsulation efficiency and the most binding capability. These results indicate that 

the observed anti-biofilm activity of the PDT treatments depends on multiple factors, including 

the binding rate of the microcarriers, the encapsulation yield, interactions of the encapsulated PDT 

agent with the biofilm and with the activating UV-A light. The dependence on multiple factors 

highlight potential differences among yeast derived micro-carriers. These differences include the 

binding rate of micro-carriers that may influence the localized concentration of curcumin at the 

surface of a biofilm. In addition to binding rate, differences in intracellular compositions in these 

micro-carriers may also contribute to the observed differences in the overall antimicrobial activity. 

For example, in our earlier study we demonstrated that yeast cells and YCWPs are significantly 

different in their overall antioxidant potential (Young and Nitin, 2019). Since PDT treatment is 

based on generating ROS species upon photo-activation of curcumin, these differences in 

antioxidant potential of the micro-carriers can influence the overall activity of ROS species. 

Furthermore in our prior study we also observed differences in the release properties of 

encapsulated bioactive compounds from the yeast cell and YCWPs (Young et al., 2020), and these 

differences may also influence the PDT efficiency. In addition to these factors, we have also 

observed non-linear responses from curcumin based on its concentration levels (de Oliveira et al., 
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2018). At high concentration, curcumin exhibits significantly reduced light-induced antimicrobial 

activity compared to its activity at low concentration levels. This could be attributed to a 

combination of factors, including the balance between pro-oxidant and anti-oxidant behavior of 

diverse polyphenolics, and the potential attenuation of light transmission at relatively high 

concentration levels of curcumin.  

 

Figure 2.4. Characterization of L. innocua biofilm after UV-A treatment with different cell 

carriers. Representative SEM image of (a) control group: L. innocua biofilm before treatment; (b) 

L. innocua biofilm treated with YCWP (representative YCWP shown in yellow dash circles); (c) 

L. innocua biofilm treated with aYC; (d) L. innocua biofilm treated with dYC. The scale bars 

below the images represent the length of 20 µm. 
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In order to characterize the binding of cell carriers to biofilms and the morphological changes 

of biofilms after treatment, SEM analysis was conducted on biofilm samples after treatment with 

curcumin-encapsulated cell carriers under UV-A radiation. From the images in Figure 4, we 

observed removal of the biofilm matrix from the surface after YC and YCWP treatment combined 

with UV-A light. This removal of the biofilm could be due to the combined effect of biocidal and 

bacterial/EPS binding properties of the carriers. Studies have demonstrated that biofilm 

inactivation and removal are distinct phenomena (Chen and Stewart, 2000; Rabinovitch and 

Stewart, 2006). Removing bacteria and EPS residue in addition to inactivation is desirable since it 

prevents the microbial substances from conditioning the surface and precludes the formation of 

new biofilms.  
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Conclusion  

In summary, this research demonstrated targeted inactivation of a model biofilm based on 

specific delivery of a photosensitization agent, curcumin, to the surface of a model biofilm using 

cell-based carriers. This combination of curcumin encapsulated in cell-based carriers and UV-A 

light resulted in significant inactivation of bacterial cells in a biofilm matrix compared to the 

controls. For these selected carriers, the level of bacterial inactivation in a model biofilm ranged 

from 93.3% - 99.2%. The unique advantages of high encapsulation efficiency of curcumin in yeast 

cell carriers, tendency of the carriers to bind biofilms, and photoactivation of curcumin with UV-

A light, resulted in synergistic inactivation of a biofilm. The results indicate the role of intracellular 

composition of cell carriers in influencing the photodynamic activity of curcumin.  The results 

illustrate the potential of this approach to also facilitate removal of the inactivated biomass from 

the surface, further illustrating the affinity of the cell-based carriers to the biofilm matrix. In 

summary, the significant photodynamic antimicrobial activity of these treatment highlighted the 

potential of these biomaterial compositions for application in food and biomedical industries.  
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Supporting information  
 
 

 
 
Figure S2.1 Metabolic activity of L. innocua biofilm after 1 hr UV treatment with aYC 

encapsulated with curcumin and control groups. 

 

 

Figure S2.2 Representative SEM image of control groups of biofilms: (a) L. innocua biofilm with 

UV-A irradiation only; (b) L. innocua biofilm treated with aYC without UV-A irradiation; (c) L. 

innocua biofilm treated with YCWP without UV-A irradiation. The scale bars below the images 

represent the length of 20 µm. 

 
 
  

0 5 10 15
0

1000

2000

3000

4000

Time (hr)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (R
FU

)

PBS

a YC (w/ biofilm)

a YC + 
Curcumin + 
UVA

a YC (w/o biofilm)



 
 

57 

References  

Adam, B., Baillie, G.S., Douglas, L.J., 2002. Mixed species biofilms of Candida albicans and 

Staphylococcus epidermidis. Journal of Medical Microbiology 51, 344–349. 

https://doi.org/10.1099/0022-1317-51-4-344 

Baumann, A.R., Martin, S.E., Feng, H., 2009. Removal of Listeria monocytogenes Biofilms from 

Stainless Steel by Use of Ultrasound and Ozone. Journal of Food Protection 72, 1306–

1309. https://doi.org/10.4315/0362-028X-72.6.1306 

Behnke, S., Parker, A.E., Woodall, D., Camper, A.K., 2011. Comparing the Chlorine Disinfection 

of Detached Biofilm Clusters with Those of Sessile Biofilms and Planktonic Cells in 

Single- and Dual-Species Cultures ▿. Appl Environ Microbiol 77, 7176–7184. 

https://doi.org/10.1128/AEM.05514-11 

Bialoszewski, D., Pietruczuk-Padzik, A., Kalicinska, A., Bocian, E., Czajkowska, M., Bukowska, 

B., Tyski, S., 2011. Activity of ozonated water and ozone against Staphylococcus aureus 

and Pseudomonas aeruginosa biofilms. Med Sci Monit 17, BR339–BR344. 

https://doi.org/10.12659/MSM.882044 

Biel, M.A., Sievert, C., Usacheva, M., Teichert, M., Balcom, J., 2011. Antimicrobial 

photodynamic therapy treatment of chronic recurrent sinusitis biofilms. International 

Forum of Allergy & Rhinology 1, 329–334. https://doi.org/10.1002/alr.20089 

Bremer, P.J., Monk, I., Butler, R., 2002. Inactivation of Listeria monocytogenes/Flavobacterium 

spp. biofilms using chlorine: impact of substrate, pH, time and concentration. Letters in 

Applied Microbiology 35, 321–325. https://doi.org/10.1046/j.1472-765X.2002.01198.x 

Cheesman, M.J., Ilanko, A., Blonk, B., Cock, I.E., 2017. Developing New Antimicrobial 

Therapies: Are Synergistic Combinations of Plant Extracts/Compounds with Conventional 



 
 

58 

Antibiotics the Solution? Pharmacogn Rev 11, 57–72. 

https://doi.org/10.4103/phrev.phrev_21_17 

Chen, X., Stewart, P.S., 2000. Biofilm removal caused by chemical treatments. Water Research 

34, 4229–4233. https://doi.org/10.1016/S0043-1354(00)00187-1 

Colagiorgi, A., Bruini, I., Di Ciccio, P.A., Zanardi, E., Ghidini, S., Ianieri, A., 2017. Listeria 

monocytogenes Biofilms in the Wonderland of Food Industry. Pathogens 6. 

https://doi.org/10.3390/pathogens6030041 

Cossu, A., Si, Y., Sun, G., Nitin, N., 2017. Antibiofilm Effect of Poly (Vinyl Alcohol-co-Ethylene) 

Halamine Film against Listeria innocua and Escherichia coli O157: H7. Applied and 

environmental microbiology 83, e00975-17. 

Dahl, T.A., McGowan, W.M., Shand, M.A., Srinivasan, V.S., 1989. Photokilling of bacteria by 

the natural dye curcumin. Arch. Microbiol. 151, 183–185. 

https://doi.org/10.1007/BF00414437 

Daly, B., Betts, W.B., Brown, A.P., O’Neill, J.G., 1998. Bacterial loss from biofilms exposed to 

free chlorine. Microbios 96, 7–21. 

de Oliveira, E.F., Tosati, J.V., Tikekar, R.V., Monteiro, A.R., Nitin, N., 2018. Antimicrobial 

activity of curcumin in combination with light against Escherichia coli O157:H7 and 

Listeria innocua: Applications for fresh produce sanitation. Postharvest Biology and 

Technology 137, 86–94. https://doi.org/10.1016/j.postharvbio.2017.11.014 

Faille, C., Bénézech, T., Midelet-Bourdin, G., Lequette, Y., Clarisse, M., Ronse, G., Ronse, A., 

Slomianny, C., 2014. Sporulation of Bacillus spp. within biofilms: A potential source of 

contamination in food processing environments. Food Microbiology 40, 64–74. 

https://doi.org/10.1016/j.fm.2013.12.004 



 
 

59 

Gião, M.S., Keevil, C.W., 2013. Hydrodynamic shear stress to remove Listeria monocytogenes 

biofilms from stainless steel and polytetrafluoroethylene surfaces. J. Appl. Microbiol. 114, 

256–265. https://doi.org/10.1111/jam.12032 

González, S., Fernández, L., Gutiérrez, D., Campelo, A.B., Rodríguez, A., García, P., 2018. 

Analysis of Different Parameters Affecting Diffusion, Propagation and Survival of 

Staphylophages in Bacterial Biofilms. Frontiers in Microbiology 9, 2348. 

https://doi.org/10.3389/fmicb.2018.02348 

Guyot, S., Gervais, P., Young, M., Winckler, P., Dumont, J., Davey, H.M., 2015. Surviving the 

heat: heterogeneity of response in Saccharomyces cerevisiae provides insight into thermal 

damage to the membrane. Environ Microbiol 17, 2982–2992. 

https://doi.org/10.1111/1462-2920.12866 

Hegge, A.B., Bruzell, E., Kristensen, S., Tønnesen, H.H., 2012. Photoinactivation of 

Staphylococcus epidermidis biofilms and suspensions by the hydrophobic photosensitizer 

curcumin – Effect of selected nanocarrier: Studies on curcumin and curcuminoides XLVII. 

European Journal of Pharmaceutical Sciences 47, 65–74. 

https://doi.org/10.1016/j.ejps.2012.05.002 

Hogan, D.A., Wargo, M.J., Beck, N., 2007. Bacterial biofilms on fungal surfaces. Biofilm mode 

of life: mechanisms and adaptations 13, 235–245. 

Holmes, A.R., McNab, R., Jenkinson, H.F., 1996. Candida albicans binding to the oral bacterium 

Streptococcus gordonii involves multiple adhesin-receptor interactions. Infection and 

Immunity 64, 4680. 

Hwang, G., Liu, Y., Kim, D., Li, Y., Krysan, D.J., Koo, H., 2017. Candida albicans mannans 

mediate Streptococcus mutans exoenzyme GtfB binding to modulate cross-kingdom 



 
 

60 

biofilm development in vivo. PLOS Pathogens 13, e1006407. 

https://doi.org/10.1371/journal.ppat.1006407 

Johansen, C., Falholt, P., Gram, L., 1997. Enzymatic Removal and Disinfection of Bacterial 

Biofilms. APPL. ENVIRON. MICROBIOL. 63, 5. 

Jori, G., Fabris, C., Soncin, M., Ferro, S., Coppellotti, O., Dei, D., Fantetti, L., Chiti, G., Roncucci, 

G., 2006. Photodynamic therapy in the treatment of microbial infections: Basic principles 

and perspective applications. Lasers in Surgery and Medicine 38, 468–481. 

https://doi.org/10.1002/lsm.20361 

Lee, H.-J., Kang, S.-M., Jeong, S.-H., Chung, K.-H., Kim, B.-I., 2017. Antibacterial photodynamic 

therapy with curcumin and Curcuma xanthorrhiza extract against Streptococcus mutans. 

Photodiagnosis and Photodynamic Therapy 20, 116–119. 

https://doi.org/10.1016/j.pdpdt.2017.09.003 

Lee, M.H., Park, B.J., Jin, S.C., Kim, D., Han, I., Kim, J., Hyun, S.O., Chung, K.-H., Park, J.-C., 

2009. Removal and sterilization of biofilms and planktonic bacteria by microwave-induced 

argon plasma at atmospheric pressure. New J. Phys. 11, 115022. 

https://doi.org/10.1088/1367-2630/11/11/115022 

Lemosa, M., Pereiraa, A.M., Abreua, A.C., Saavedrac, M.J., 2011. Persister cells in a biofilm 

treated with a biocide. 

Lin, S.-M., Svoboda, K.K.H., Giletto, A., Seibert, J., Puttaiah, R., 2011. Effects of Hydrogen 

Peroxide on Dental Unit Biofilms and Treatment Water Contamination. Eur J Dent 5, 47–

59. 

Mariscal, A., Lopez-Gigosos, R.M., Carnero-Varo, M., Fernandez-Crehuet, J., 2009. Fluorescent 

assay based on resazurin for detection of activity of disinfectants against bacterial biofilm. 

Appl. Microbiol. Biotechnol. 82, 773–783. https://doi.org/10.1007/s00253-009-1879-x 



 
 

61 

Mathur, H., Field, D., Rea, M.C., Cotter, P.D., Hill, C., Ross, R.P., 2018. Fighting biofilms with 

lantibiotics and other groups of bacteriocins. npj Biofilms and Microbiomes 4, 9. 

https://doi.org/10.1038/s41522-018-0053-6 

McEldowney, S., Fletcher, M., 1988. Effect of pH, temperature, and growth conditions on the 

adhesion of a gliding bacterium and three nongliding bacteria to polystyrene. Microb Ecol 

16, 183–195. https://doi.org/10.1007/BF02018913 

Millsap, K.W., Mei, V.D., C, H., Bos, R., Busscher, H.J., 1998. Adhesive interactions between 

medically important yeasts and bacteria. FEMS Microbiol Rev 21, 321–336. 

https://doi.org/10.1111/j.1574-6976.1998.tb00356.x 

Mulvey, G., Kitov, P.I., Marcato, P., Bundle, D.R., Armstrong, G.D., 2001. Glycan mimicry as a 

basis for novel anti-infective drugs. Biochimie 83, 841–847. 

Najafi, S., Khayamzadeh, M., Paknejad, M., Poursepanj, G., Kharazi Fard, M.J., Bahador, A., 

2016. An In Vitro Comparison of Antimicrobial Effects of Curcumin-Based Photodynamic 

Therapy and Chlorhexidine, on Aggregatibacter actinomycetemcomitans. J Lasers Med Sci 

7, 21–25. https://doi.org/10.15171/jlms.2016.05 

Paramera, E.I., Konteles, S.J., Karathanos, V.T., 2011. Microencapsulation of curcumin in cells of 

Saccharomyces cerevisiae. Food Chemistry 125, 892–902. 

https://doi.org/10.1016/j.foodchem.2010.09.063 

Paz-Méndez, A.M., Lamas, A., Vázquez, B., Miranda, J.M., Cepeda, A., Franco, C.M., 2017. 

Effect of Food Residues in Biofilm Formation on Stainless Steel and Polystyrene Surfaces 

by Salmonella enterica Strains Isolated from Poultry Houses. Foods 6. 

https://doi.org/10.3390/foods6120106 



 
 

62 

Pham-Hoang, B.-N., Winckler, P., Waché, Y., 2018. Fluorescence Lifetime and UV-Vis 

Spectroscopy to Evaluate the Interactions Between Quercetin and Its Yeast Microcapsule. 

Biotechnology Journal 13, 1700389. https://doi.org/10.1002/biot.201700389 

Priyadarsini, K., 2014. The Chemistry of Curcumin: From Extraction to Therapeutic Agent. 

Molecules 19, 20091–20112. https://doi.org/10.3390/molecules191220091 

Rabinovitch, C., Stewart, P.S., 2006. Removal and Inactivation of Staphylococcus epidermidis 

Biofilms by Electrolysis. Appl. Environ. Microbiol. 72, 6364–6366. 

https://doi.org/10.1128/AEM.00442-06 

Salari, R., Rajabi, O., Khashyarmanesh, Z., Fathi Najafi, M., Fazly Bazzaz, B.S., 2015. 

Characterization of Encapsulated Berberine in Yeast Cells of Saccharomyces cerevisiae. 

Iran J Pharm Res 14, 1247–1256. 

Schwiertz, J., Wiehe, A., Gräfe, S., Gitter, B., Epple, M., 2009. Calcium phosphate nanoparticles 

as efficient carriers for photodynamic therapy against cells and bacteria. Biomaterials 30, 

3324–3331. https://doi.org/10.1016/j.biomaterials.2009.02.029 

Sharma, M., Ryu, J.-H., Beuchat, L.R., 2005. Inactivation of Escherichia coli O157:H7 in biofilm 

on stainless steel by treatment with an alkaline cleaner and a bacteriophage. Journal of 

Applied Microbiology 99, 449–459. https://doi.org/10.1111/j.1365-2672.2005.02659.x 

Shi, G., Rao, L., Yu, H., Xiang, H., Yang, H., Ji, R., 2008. Stabilization and encapsulation of 

photosensitive resveratrol within yeast cell. International Journal of Pharmaceutics 349, 

83–93. https://doi.org/10.1016/j.ijpharm.2007.07.044 

Shirtliff, M.E., Peters, B.M., Jabra-Rizk, M.A., 2009. Cross-kingdom interactions: Candida 

albicans and bacteria. FEMS Microbiol Lett 299, 1–8. https://doi.org/10.1111/j.1574-

6968.2009.01668.x 



 
 

63 

Sibani, S.A., McCarron, P.A., Woolfson, A.D., Donnelly, R.F., 2008. Photosensitiser delivery for 

photodynamic therapy. Part 2: systemic carrier platforms. Expert Opinion on Drug 

Delivery 5, 1241–1254. https://doi.org/10.1517/17425240802444673 

Simões, M., Simões, L.C., Machado, I., Pereira, M.O., Vieira, M.J., 2006. Control of Flow-

Generated Biofilms with Surfactants: Evidence of Resistance and Recovery. Food and 

Bioproducts Processing, Fouling, Cleaning and Disinfection in Food Processing 84, 338–

345. https://doi.org/10.1205/fbp06022 

Smith, J.E., Oliver, J.D., 1991. The effects of hydrostatic pressure on bacterial attachment. 

Biofouling 3, 305–310. https://doi.org/10.1080/08927019109378184 

Soothill, J., 2013. Use of bacteriophages in the treatment of Pseudomonas aeruginosa infections. 

Expert Review of Anti-infective Therapy 11, 909–915. 

https://doi.org/10.1586/14787210.2013.826990 

Soto, E., Kim, Y.S., Lee, J., Kornfeld, H., Ostroff, G., 2010. Glucan Particle Encapsulated 

Rifampicin for Targeted Delivery to Macrophages. Polymers 2, 681–689. 

https://doi.org/10.3390/polym2040681 

Soto, E.R., Ostroff, G.R., 2008. Characterization of Multilayered Nanoparticles Encapsulated in 

Yeast Cell Wall Particles for DNA Delivery. Bioconjugate Chem. 19, 840–848. 

https://doi.org/10.1021/bc700329p 

Tang, S.-Y., Zhang, W., Soffe, R., Nahavandi, S., Shukla, R., Khoshmanesh, K., 2014. High 

Resolution Scanning Electron Microscopy of Cells Using Dielectrophoresis. PLOS ONE 

9, e104109. https://doi.org/10.1371/journal.pone.0104109 

Taylor, R.H., Falkinham, J.O., Norton, C.D., LeChevallier, M.W., 2000. Chlorine, Chloramine, 

Chlorine Dioxide, and Ozone Susceptibility of Mycobacterium avium. Appl. Environ. 

Microbiol. 66, 1702–1705. https://doi.org/10.1128/AEM.66.4.1702-1705.2000 



 
 

64 

Tiago, F.C.P., Martins, F.S., Souza, E.L.S., Pimenta, P.F.P., Araujo, H.R.C., Castro, I.M., 

Brandao, R.L., Nicoli, J.R., 2012. Adhesion to the yeast cell surface as a mechanism for 

trapping pathogenic bacteria by Saccharomyces probiotics. Journal of Medical 

Microbiology 61, 1194–1207. https://doi.org/10.1099/jmm.0.042283-0 

Upadhyay, T.K., Fatima, N., Sharma, D., Saravanakumar, V., Sharma, R., 2017. Preparation and 

characterization of beta-glucan particles containing a payload of nanoembedded rifabutin 

for enhanced targeted delivery to macrophages. EXCLI J 16, 210–228. 

https://doi.org/10.17179/excli2016-804 

Van den Driessche, F., Rigole, P., Brackman, G., Coenye, T., 2014. Optimization of resazurin-

based viability staining for quantification of microbial biofilms. Journal of Microbiological 

Methods 98, 31–34. https://doi.org/10.1016/j.mimet.2013.12.011 

Vandekinderen, I., Devlieghere, F., Van Camp, J., Kerkaert, B., Cucu, T., Ragaert, P., De Bruyne, 

J., De Meulenaer, B., 2009. Effects of food composition on the inactivation of foodborne 

microorganisms by chlorine dioxide. International Journal of Food Microbiology 131, 

138–144. https://doi.org/10.1016/j.ijfoodmicro.2009.02.004 

Verstrepen, K.J., Klis, F.M., 2006. Flocculation, adhesion and biofilm formation in yeasts. 

Molecular Microbiology 60, 5–15. https://doi.org/10.1111/j.1365-2958.2006.05072.x 

Vogeleer, P., Tremblay, Y.D.N., Jubelin, G., Jacques, M., Harel, J., 2016. Biofilm-Forming 

Abilities of Shiga Toxin-Producing Escherichia coli Isolates Associated with Human 

Infections. Appl. Environ. Microbiol. 82, 1448–1458. 

https://doi.org/10.1128/AEM.02983-15 

Wargo, M.J., Hogan, D.A., 2006. Fungal—bacterial interactions: a mixed bag of mingling 

microbes. Current Opinion in Microbiology 9, 359–364. 

https://doi.org/10.1016/j.mib.2006.06.001 



 
 

65 

Winder, C., 2001. The Toxicology of Chlorine. Environmental Research 85, 105–114. 

https://doi.org/10.1006/enrs.2000.4110 

Young, S., Dea, S., Nitin, N., 2017. Vacuum facilitated infusion of bioactives into yeast 

microcarriers: Evaluation of a novel encapsulation approach. Food Research International 

100, 100–112. https://doi.org/10.1016/j.foodres.2017.07.067 

Young, S., Nitin, N., 2019. Thermal and oxidative stability of curcumin encapsulated in yeast 

microcarriers. Food Chemistry 275, 1–7. https://doi.org/10.1016/j.foodchem.2018.08.121 

Young, S., Rai, R., Nitin, N., 2020. Bioaccessibility of curcumin encapsulated in yeast cells and 

yeast cell wall particles. Food Chemistry 309, 125700. 

https://doi.org/10.1016/j.foodchem.2019.125700 

 

 



 

 
 

66 

Chapter 3 

Yeast cell microcarriers for delivery of a model bioactive compound 

in skin 

Abstract 

This study was aimed at developing a cell-based encapsulation carrier for topical delivery of 

bioactives to the skin. The overall objectives were to evaluate the ability of the yeast-cell based 

carrier to bind to the skin surface following topical application, and to quantify controlled release 

of curcumin as a model bioactive in ex-vivo skin models, using a combination of imaging, 

modeling and analytical measurements. Both porcine skin tissue and clinically obtained human 

skin biopsies were studied. The results demonstrated that upon incubation with the ex-vivo skin 

tissues, the cell carriers rapidly bound to the skin surface following topical delivery and provided 

sustained release of encapsulated curcumin. The microcarrier binding and penetration of curcumin 

in the dermal compartment was also shown to increase with incubation time. The average flux Jp 

of curcumin in human skin biopsies was 0.89 ± 0.02 ug/cm2/h. These results illustrated the 

potential of a novel cell-based carrier for high-affinity binding to skin surfaces, efficient 

encapsulation of a model bioactive and controlled release from the cell carrier to the skin, with 

enhanced permeation to the dermis section. Overall, this study demonstrated a new class of cost-
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effective carriers for improving delivery of bioactives to the skin and potentially other epithelial 

tissues.   

Graphical Abstract 
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3.1. Introduction 

Dermal and transdermal delivery systems aim to deliver therapeutic and cosmetic actives to 

skin sub-layers and across the skin tissue (Karande and Mitragotri, 2009). The dermal route offers 

certain advantages over oral delivery and hypodermal injections as it circumvents the first-pass 

metabolism and reduces discomfort and safety issues of the injectables (Brown et al., 2006; 

Karande and Mitragotri, 2009). Cutaneous delivery systems therefore present a noninvasive 

approach to address dermal and systemic pathologies, cosmetic needs, and delivery of vaccines      

(Thomas and Finnin, 2004)     . Diverse delivery systems such as micro- or nano-scale emulsions 

(Liu et al., 2011; Su et al., 2017; Teichmann et al., 2007; Zillich et al., 2013), liposomes (Margalit 

et al., 1992), and nanostructured carriers (Contri et al., 2014b, 2014a; Rachmawati et al., 2013; 

Ramezanli et al., 2017; Silva et al., 2016) has been evaluated for these applications. However, 

various factors including retention of bioactives on the skin surface and constrained permeation 

into the tissue are some of the key challenges limiting topical delivery of bioactives (Couto et al., 

2014; Elias, 1983; Teichmann et al., 2007). Therefore, diverse encapsulation systems for enhanced 

retention, improved permeation and controlled release of the encapsulated bioactives are being 

evaluated for the topical delivery of bioactives to the skin. 

Most of these current encapsulation systems do not have endogenous mechanisms to bind to 

the skin surface with high avidity. It is widely recognized that ability of the encapsulation carriers 

to bind the tissue surface and provide controlled release of encapsulated actives are some of the 

key desirable features for effective delivery of the bioactives (Contri et al., 2014b, 2014a; Shalaby 

and El-Refaie, 2018). In the case of topical skin applications, binding of the carriers to the skin 

surfaces can reduce removal of the carrier and encapsulated compounds due to normal perspiration 

and physical activities during an extended period. Furthermore, these carriers may provide 
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controlled release of bioactives into the skin tissue for an extended period and thus achieve higher 

permeation into the skin tissue and optimal biological activity for the delivered actives. To achieve 

these objectives, encapsulation carriers incorporated with synthetic ligands have been proposed 

for the active binding of the nano-micro carriers to various target cells or tissues (Allen, 2002; Kim 

et al., 2005; Margalit et al., 1992). However, technical complexity in modifying carriers with 

targeting ligands and cost barriers limit applications of this approach for the topical delivery to 

skin (Srinivasarao and Low, 2017). Thus, there is an unmet need for cost effective encapsulation 

carriers with high encapsulation yield and binding avidity. 

Cell based encapsulation approaches such as yeast cells and cell wall particles have emerged 

as an effective encapsulation carrier for diverse bioactives based on encapsulation yields and 

efficiencies (Nelson et al., 2006; Paramera et al., 2011; Salari et al., 2015; Soto and Ostroff, 2008; 

Young et al., 2017). The encapsulation of compounds in cell-based carriers is significantly 

influenced by partitioning properties of the encapsulants in cells, and the rate of encapsulation or 

infusion of compounds in cell-based carriers can be influenced by various factors, including 

composition of cell-based carriers and exogenous factors such as pressure and temperature (Bishop 

et al., 1998; Ciamponi et al., 2012; Shi et al., 2008; “US5288632A - Encapsulation of material in 

microbial cells - Google Patents,” n.d.; Young et al., 2017). Cell-based carriers, based on their 

unique composition and structure, can be a host to diversity of hydrophilic and hydrophobic 

compounds and also simultaneously encapsulate diversity of compounds (Young et al., 2017). The 

micro-scale size of the carriers eliminate the need to fabricate microparticles and the diversity of 

compositions can be achieved by selecting cell-based carriers from diverse sources including 

microbial cells. In addition, the microcarriers offer enhanced protection against oxidative and 

thermal stability of bioactives compared to colloidal carriers such as emulsions (Young and Nitin, 
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2019). With our expanding understanding of the skin microbiome and its functions, it is well 

established that a diversity of microbes, including yeast, are present on the skin surface (Belkaid 

and Tamoutounour, 2016; Findley et al., 2013). These microbes have developed specific 

mechanisms to bind to the skin surface and persist on the skin surface upon exposure to 

perspiration and other physical stresses (Dranginis et al., 2007; Grice and Segre, 2011; Romero-

Steiner et al., 1990). Many microbes such as probiotic bacteria such as Bifidobacteria longum and 

Bifidobacteria bifidum (De et al., 2017), Lactobacillus rhamnosus and Lactobacillus reuteri 

(O’Neill and McBain, 2013) and yeast Saccharomyces cerevisiae substances (Gaspar et al., 2017) 

have also been proposed or patented as beneficial ingredients for skin products. Thus, these 

microbial compositions provide an opportunity to develop solutions for topical dermal delivery of 

bioactives for both therapeutic and cosmetic applications. 

The overall motivation of this study was to evaluate the functionality of yeast cell carriers for 

the topical delivery of beneficial bioactives using ex-vivo skin tissue models. To the best of our 

knowledge, this is the first study reporting development and application of cell based microcarriers 

for transdermal topical delivery of bioactives. The overall hypothesis of this study is that cell-

based carriers with relatively high encapsulation yield of compounds, and endogenous properties 

enabling them to bind to the skin surface, can be an effective transdermal topical delivery system 

for the skin.  As a part of the human skin microflora, Saccharomyces has a thick cell wall which 

is composed of highly crosslinked glucan associated with a mannoprotein layer and a small amount 

of chitin (Findley et al., 2013; Kollár et al., 1997). Based on the cell wall composition, yeast cells 

have a potential to bind biological tissues without additional modifications such as attaching 

ligands or antibodies to the surface. In this study, curcumin was selected as a model bioactive 

compound. Curcumin is one of the widely studied bioactive compound with antioxidant and anti-
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carcinogenic properties for both oral and topical applications (Chun et al., 2003; Griesser et al., 

2011; Vaughn et al., 2016). Curcumin has been proposed for the treatment of various inflammatory 

diseases of the skin (Vollono et al., 2019); for example, topical alcoholic gels of curcumin have 

been evaluated for the treatment of Psoriasis (Heng et al., 2000). The proposed mechanism is based 

on reduction in expression of TNF-alpha by macrophages treated with curcumin. Similarly, topical 

application of curcumin has been considered for the reduction of erythema and itching in patients 

affected by eczema (Rawal et al., 2009). Despite beneficial properties of curcumin, its 

hydrophobicity and limited stability are some of the key limitations for its applications in product 

formulations (Tønnesen et al., 2002). Therefore, microencapsulation of curcumin in yeast cells 

could potentially improve curcumin’s applicability in hydrophilic topical delivery formulations 

and enhance delivery to the skin tissue, overcoming the poor water solubility and stability of the 

compound (Paramera et al., 2011).      

In summary, this study evaluates binding of yeast cell-based encapsulation carriers to skin 

tissue and the delivery of encapsulated curcumin. The novel aspects of this study include: (1) the 

topical delivery and attachment of the yeast encapsulation carrier for enhancing delivery of 

curcumin to the skin and (2) the evaluation of percutaneous diffusion of bioactive compounds from 

yeast cell carriers. This research overall aims to develop a new delivery system for topical 

applications of bioactive compounds for cosmetic and pharmaceutical industries.  

3.2. Materials and Methods 

3.2.1 Materials 

Both porcine and human skin samples were collected to evaluate the cell-based delivery system 

in this study. Specifically, porcine tissue was used for the topical attachment experiment and 

curcumin permeation test. Human biopsies were then collected to validate and quantify the 
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transdermal permeation of curcumin. Porcine skin samples were obtained from the Meat Science 

Laboratory, Department of Animal Science (University of California, Davis). Skin tissue of 6-

month-old pigs was collected within 3 hours of slaughtering. Collected tissue was snap frozen in 

a liquid nitrogen and stored at -80°C. Prior to the experiments, frozen skin pieces were thawed at 

room temperature. Skin integrity was examined visually and also subsequently with microscopic 

imaging. Healthy human facial skin biopsies were collected from patients who were undergoing 

Mohs surgery according to the IRB guidelines (Department of Dermatology, University of 

California, Davis). After surgical removal, the skin was cleaned with saline and analyzed within 6 

hours after surgery to ensure vitality and intactness of the tissue. A total of 13 biopsies from 7 

patients were collected and analyzed. Curcumin, isopentane, Dispase I (protease), HPLC grade 

acetone, methanol and ammonium acetate were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Corning 12mm Transwell with 0.4 µm pore polyester membrane inserts were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). 

3.2.2 Preparation of curcumin-encapsulated yeast cells  

Yeast cells were encapsulated with curcumin via a negative pressure-facilitated process as 

described in our previous study (Young et al., 2017). Briefly, 0.5 g of the yeast wet pellet was 

suspended in a 5 ml solution that consists of 65% PBS and 35% ethanolic solution of curcumin 

(2.5 mg/ml). Control samples without curcumin were prepared using 35% ethanol instead. After 

encapsulation, the cell pellet was washed five times using Milli-Q water until no curcumin was 

detectable in the supernatant based on the UV-Vis analysis (curcumin absorption peak at 425 nm). 

3.2.3 Quantification of encapsulation efficiency 

Encapsulated curcumin in yeast cells was extracted using methanol. After suspension of cells 

in methanol, the yeast cells were disrupted by bead beating at a speed 6.0 m/s with 3 cycles of 40 
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sec (FastPrep-24™ 5G Instrument, MP Biomedicals) and followed by sonication for 10 min 

(Branson 2510 Ultrasonic Cleaner, Branson Ultrasonics Corp., Danbury, CT, USA). After 

centrifugation at 16,100 rcf for 20 min, the curcumin content in methanol extract was measured 

based on the peak absorbance of curcumin at 425 nm by using a UV-Vis spectrophotometer and 

quantified using a standard curve of serially diluted curcumin solutions in methanol (Genesys™ 

10 UV-Vis Spectrophotometer, Thermo Scientific). 

3.2.4 In-vitro release of curcumin in solution from yeast cell microcarriers 

The release of curcumin from the yeast cells was measured using a transwell diffusion 

chamber. In this approach, yeast carriers are separated from the release solution by a membrane, 

thus limiting the direct contact of the cell carriers with the solution. Release of curcumin from 

yeast carriers was characterized as a function of DMSO concentration. DMSO was selected as it 

is a water miscible, non-volatile solvent that is commonly used to disperse hydrophobic molecules 

in aqueous phases (Modrzyński et al., 2019). In addition, studies have evaluated the role of DMSO 

in generating hydrophobic hydration to enhance the solubility of hydrophobic solutes in aqueous 

phases (Panuszko et al., 2019). A binary mixture of water-DMSO was selected to illustrate the role 

of the hydrophobic environment of the skin surface in promoting the release of curcumin from 

yeast microcarriers (De Luca and Valacchi, 2010). Thus, by increasing the % of DMSO in aqueous 

solution, we can evaluate the role of lipid-rich regions of the skin surface in influencing the release 

of curcumin from yeast cell carriers.  

3.2.5 Ex-vivo skin penetration experiments 

Skin samples were incubated with the encapsulation formulations in a Transwell chamber. 1 

ml of the tissue culture medium (Iscove’s Modified Dulbecco’s Medium supplemented with 10% 

Fetal Bovine Serum, 2.5 mg/ml Amphotericin B, and 100 unit/ml Penicillin-Streptomycin, Gibco 

by Life Technology) was added into each bottom well. The skin biopsy sample was carefully 
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placed in the insert, with the epidermis on the top. 1-2 ml of yeast cell slurry with encapsulated 

curcumin was then added topically to the biopsy material and incubated at 32°C with 5% CO2 in 

the dark. The volume of topically applied yeast cell slurry was adjusted to cover the top surface of 

the skin sample. After a series of incubation time intervals, the skin surface was rinsed with PBS 

to remove unattached yeast cells. 

3.2.6 Analysis of yeast cell carrier’s attachment to the skin surface  

The overall goal of this measurement was to characterize binding of yeast cells to the skin 

surface. For this measurement, yeast cells were stained with a DNA staining dye (Propidium Iodide 

(PI)) at a final concentration of 50 mM for 20 min. Excess dye was removed by dispersing the cell 

pellet in MilliQ water and centrifuging at 4400 rpm for 5 min. DNA staining dye was selected 

based on its enhanced binding of nucleic acids in the pre-stained yeast cells and lack of release of 

the dye upon extended incubation in solution and other biological mediums (data not shown).  

After incubation of tissue samples with the stained yeast cells as described in the previous section, 

macroscale fluorescence images of the intact skin biopsies were acquired using the MaestroTM in-

vivo fluorescence imaging system 2.0 (Cambridge Research & Instrumentation, Inc., Woburn, 

MA, USA). Images of the skin samples were acquired with an excitation wavelength of 535 nm 

and emission was detected from 600 to 630 nm. Average fluorescence intensity was calculated 

using the Maestro version 2.10.0 software. For this measurement, regions of interest (ROI) was 

drawn on the images of each skin biopsy surface to quantify the average fluorescence signal of the 

PI dye on the skin surface, which corresponds to the number of yeast carriers attached on the skin 

surface. 10-20 ROI per image was chosen at random to represent the overall signal. 
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3.2.7 Visualization of encapsulated curcumin penetration profile in skin tissue  

After incubation with curcumin-loaded yeast cell carriers, skin tissue samples were snap frozen 

in a liquid nitrogen with isopentane as a freezing medium, and then cryo-sectioned into 20 µm 

cross-sectional slice using a research cryostat microtome (Leica CM1950). Fluorescence images 

of the tissue slices were then obtained using a confocal laser scanning microscope with a 63x 

objective lens (Leica TCS SP8 STED). To measure relative distribution of curcumin in a tissue 

section, the tissue samples were excited using a UV laser with an excitation wavelength of 405 nm 

and the fluorescence signal corresponding to curcumin fluorescence was detected using a band 

pass emission filter 495 nm - 561 nm. To identify contributions from the endogenous fluorescence 

of skin tissue samples, confocal images were also obtained for the control tissue samples not 

incubated with curcumin. The brightfield images were captured using the transmission channel 

simultaneously. Triplicate images were then analyzed and annotated using the ImageJ software to 

assess the mean fluorescence intensity corresponding to delivery of curcumin in the tissue.  

3.2.8 Quantification of penetrated curcumin in skin layers 

3.2.8.1 Tissue preparation and extraction 

After incubation with curcumin-encapsulated cell carriers, stratum corneum, remaining 

epidermis and the dermis layer were separated from the treated skin tissue and extracted separately 

from the tissue samples for a HPLC analysis of curcumin. The corneum layer was firstly removed 

by tape stripping based on well-established protocols (Breternitz et al., 2007; Nagelreiter et al., 

2015). Briefly, regular adhesive tape (3M Deutschland GmbH, Neuss, Germany) was pressed onto 

the skin top surface using a roller and pressed gently across the tape. The tape was then removed 

with forceps in one swift movement. The first tape was discarded. Tape stripping was then repeated 

for 30 times on each site or stopped earlier when small glistening spots indicated that the glistening 
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layer was reached (Breternitz et al., 2007). The remaining tissue was then soaked in dispase 

solution (100 units/ml) overnight at 4°C. The epidermis layer was then carefully peeled off from 

the dermis layer (Kitano and Okada, 1983). Excess enzyme was then washed off using PBS. In 

order to extract curcumin from the skin tissues, the tapes, epidermis layer and dermis layer were 

submerged separately in methanol (4 ml) and sonicated for 15 min, followed by gentle shaking for 

2 hr in the dark. The obtained methanolic extract solution was then passed through 0.2 μm PTFE 

filters (Titan 3, Thermo Scientific, Madison, WI, USA) prior to chromatography analysis. 

3.2.8.2 HPLC analysis to quantify delivery of curcumin from cell-based carriers 

Curcumin extracted from tissue samples was analyzed using a HPLC equipped with a 

refractive index and a diode array detector (Prominence Liquid Chromatograph, Shimadzu Corp., 

Kyoto, Japan). Curcumin was separated from the mobile phase using a reverse phase C18 column 

(ZORBAX SB-C18, 4.6 ⋅ 250 mm, particle size 5-µm, Agilent), and quantified using a binary 

mobile phase adopted from the previously reported protocol (Heukelem et al., 1992). Briefly, 

during the first phase of LC separation, solvent A (methanol: 0.5M ammonium acetate, 80:20, 

acidified to a final pH of 5 using 3 M hydrochloride acid) was maintained for 10 min at a flow rate 

of 1 ml/min. After the initial 10 min, a linear gradient was programed to reach 100% of solvent B 

(methanol: acetone, 70:30) at 20 min. Solvent B was continued for 5 min before returning to the 

initial conditions. Curcumin was detected using a diode array detector based on the characteristic 

absorbance peak wavelength of curcumin at 425 nm. The curcumin peak was evident at an elution 

time around 4.05 min. Extracted curcumin concentration was quantified based on a standard curve 

generated using a serial dilution of curcumin solution in methanol.  

3.2.9 Estimation of the Effective Diffusion Coefficient 
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To estimate the effective diffusivity of curcumin from yeast cell carriers to the skin tissue, the 

fluorescence imaging data was quantified using the Image J software (64-bit, version 1.48). The 

mean fluorescence signal intensity per unit area (pixel/cm2) in porcine tissue cross-section images 

was quantified as a function of incubation time. Three representative fluorescence images were 

acquired at each of the four time points (0 hr, 3 hr, 6 hr and 12 hr).  This normalized mean 

fluorescence intensity per unit area was calculated to represent the cumulative concentration of 

curcumin in a tissue sample as a function of time.  Penetration of curcumin in a tissue was modeled 

based on the Fickian diffusion model for a semi-infinite 1-D slab (the geometries are shown in Fig. 

1).  

 

Figure 3.1. The1-D semi-infinite slab diffusion model used to model the diffusion of 

encapsulated curcumin from microcarriers into skin samples 

Fick’s Second Law of Diffusion is expressed as "#
"$
= 	'()) 	

"*#

"+*
	, where C is the penetrant 

concentration at depth x and incubation time t. The equation was then solved using the following 

initial and boundary conditions: - = -./0, 1 = 2, 3 ≥ 0; 	- = 0, 1 = 0, 3 ≥ 0; 	- = 0, 0 < 1 <

2, 3 = 0. Here the curcumin concentration in the applied yeast matrix was assumed to be constant 

(-./0) on the skin surface (1 = 	2), the concentration at the dermis end layer was zero based on the 

assumed perfect sink condition (Hansen et al., 2013; Todo et al., 2013), and the initial curcumin 
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concentration within the tissue (0 < 1 < 2) was also assumed to be zero as no exogenous curcumin 

was added to the tissue prior to its incubation with curcumin encapsulated in yeast cells.  

The effective diffusion coefficient ('())) was then calculated using the equation 1 based on 

the total amount :$ of curcumin in the skin tissue as a function of time t  

;<
;=

= 1 − ∑
A

(CDEF)*H*
exp L−

Meff(CDEF)*H*$

O*
PQ

DRS   (Equation 1) 

:Q denotes the uptake quantity after infinite time (the data obtained at 24 hr), and l (m) denotes 

the thickness of skin tissue, which was the average value obtained from bright field images. A 

similar approach has been used to describe the mass transport in skin tissue from 

microencapsulation carriers (Carreras et al., 2015; Sigurdsson et al., 2013). The effective diffusion 

coefficient '()) was then obtained by using a non-linear least square method using the Curve 

Fitting Function of the MATLAB software. The model was validated with goodness-of-fit 

parameters RMSE and adjusted R2.  

3.2.10 Statistical analyses 

Results are presented as mean ± standard deviation. Statistical analyses were conducted using 

MS Excel. One-way ANOVA and Tukey test were carried out to determine significance variation 

among groups at level 0.001. 

3.3. Results and Discussion 

3.3.1 S. cerevisiae cells as encapsulation carriers for hydrophobic compounds  
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Figure 3.2.  Fluorescence microscopy images of a) Nile red and b) curcumin encapsulated in yeast 

cells. The images were acquired using an Olympus IX-7I inverted fluorescence microscope with 

a 100x objective.  

Encapsulation of curcumin and Nile red (as a fluorescence marker) in yeast cells was carried 

out using the negative pressure-facilitated infusion techniques as described in the materials and 

methods section. With this encapsulation process, the encapsulation yield was 7.00 mg curcumin/g 

(±0.33 mg/g) of yeast cell (wet weight). The encapsulation yield is comparable to that found in 

prior studies that reporting encapsulation yields for curcumin in nanoparticles and other micro- 

and nano-scale structures (Krausz et al., 2015; Mazzarino et al., 2012; Mukerjee and Vishwanatha, 

2009). Using the pressure-assisted encapsulation technology, our group has previously 

demonstrated significant improvement in encapsulation yield (3 times more curcumin into yeast 

cell carriers) and process kinetics (more than 200 times faster) compared to passive-diffusion based 

encapsulation methods (Young et al., 2017).       

Fluorescence imaging was used to characterize the intracellular localization of curcumin and 

Nile red encapsulated in yeast cells respectively. The images in Figure 2(a) and (b) illustrate that 

encapsulated compounds had a uniform distribution within the cell and the yeast cells maintained 

structural integrity during the encapsulation process. This result is consistent with the observations 
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reported in our previous study (Young et al., 2017). A prior study by Paramera et al. (2011) also 

demonstrated the interactions of curcumin with yeast intracellular components using differential 

scanning calorimetry (DSC) thermograms. The size and surface charge of the cell-based carriers 

and chemical properties of the carriers before and after encapsulation was also characterized in our 

study and the results are presented in the supplementary Table S3.1, given in the Supplementary 

Information section at the end of the chapter.   

3.3.2 Attachment of microcarriers to skin surface  

 

Figure 3.3. Maestro in vitro fluorescence macro-images of yeast attachment on porcine skin 

biopsies. The images were acquired using x excitation and y emission channels corresponding to 

the PI fluorescence properties. The control images of skin bioposies without labeled cells were 

acquired for spectral unmixing. Original signal represented the raw image, and the composite 

signal represented the processed signals that represented the source of the fluorescence, e.g. yeast 



 

 
 

81 

signal was labelled as red and skin sample signal was labelled as green. The yellow color of 

incubated skin samples indicated the composite signal of both skin and yeast cells.  

We evaluated the affinity of yeast cell carriers to bind the skin surface using quantitative 

macro-scale imaging. For this imaging, the MaestroTM in-vivo fluorescence imaging system was 

used as described in the materials and methods section. Yeast cells were labeled with a DNA 

binding PI dye to enable fluorescence measurements. Fluorescence signals of bound yeast cells on 

the skin tissue samples were acquired as described in the materials and methods section. To 

distinguish the emission signals of the labeled yeast cells from the endogenous autofluorescence 

of the tissue, obtained images were processed using the spectral unmixing function, which help 

differentiate signals with different spectrum and label them with distinct colors. Representative 

images of the skin tissue upon incubation with yeast cell carriers for different incubation times are 

shown in Figure 3a. Figure 3b characterizes changes in the mean fluorescence signal intensity 

corresponding to the binding of yeast cell carriers with the skin tissue as a function of incubation 

time, e.g. the color changed to yellow after 30min incubation and became increasingly red that 

resembles yeast signal with longer incubation time. Statistical analysis of the image quantification 

data showed that significant initial binding took place within the first 30 min of incubation. The 

amount of bound yeast also increased with an increase in incubation time of yeast cells with the 

skin tissue. In summary, these results indicate yeast cell carrier has intrinsic bioadhesion properties 

and is able to bind onto skin surface efficiently with a relatively uniform coverage of the skin 

tissue. 

Although topical binding of S. cerevisiae to the skin surface for drug delivery has not been 

extensively reported before, our observations are consistent with preceding studies regarding ex 

vivo adherence of other fungi species (Duek et al., 2004; Law et al., 1997). The adherence to 



 

 
 

82 

epithelial surface is recognized as a first step of microbial colonization and proliferation. 

Generally, the microbial attachment is initiated by non-specific associations between biomolecules 

such as hydrophobic interactions between epithelial and fungal lipids. These early, non-specific 

interactions may facilitate interactions among mannan proteins from yeast cell wall with the 

glycoproteins or glycolipids on the skin surface, resulting in extended attachment to target sites 

(Coad et al., 2014; Law et al., 1997). This enhanced binding of encapsulation carriers to target 

tissues can provide significant advantage for the delivery of bioactive compounds. Bioadhesive 

liposomes (Margalit et al., 1992), hydrogel (Parente et al., 2015) and nanoparticles (Contri et al., 

2014b; Suh et al., 2019) have been proposed to improve topical retention time of the particles, and 

therefore reduce administration frequency and improve delivery compared to non-adherent 

particles (Deng et al., 2015). Both non-specific and specific modifications of non-adherent carriers 

have been proposed to increase their bioadhesion. The examples of non-specific modifications 

include particle size (Verma et al., 2003), surface charge of the particles, and optimized viscosity 

of the formulation (Hua et al., 2004). Specific modifications to improve bioadhesion include 

anchoring specific ligands covalently to the particle surface, which enables high affinity binding 

to the target membrane receptors or the extracellular matrix (Allen, 2002; Kim et al., 2005; 

Margalit et al., 1992). In comparison, yeast cell carriers provide intrinsic bioadhesion properties 

and do not require external modifications to achieve the desired binding of the delivery carriers to 

the skin surface. 

3.3.3 Curcumin permeation in porcine skin tissue  
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Figure 3.4. Curcumin penetration from yeast encapsulation carrier in porcine skin. Bright field 

and fluorescence microscopy images were acquired using a Leica confocal laser scanning platform 

TCS SP8 with a 63x objective. 

In-vitro release of curcumin in solution from yeast cell carriers was characterized as described 

in the methods section. The results are presented in the supplementary information section. The 

results (Fig. S1) illustrate an increase in release of curcumin from yeast cell carriers with an 

increase in the % DMSO in aqueous solution. After evaluation of release in solution, the release 

of curcumin from yeast cell carriers was evaluated using skin tissues. Yeast cell carriers with and 

without curcumin were incubated with porcine skin tissues samples using the vertical Franz in 

vitro diffusion cell. The transdermal distribution of curcumin in a porcine skin was visualized as a 

function of incubation time using confocal microscopy. The fluorescence imaging data is based on 

curcumin’s intrinsic fluorescence properties and the images illustrate the distribution of curcumin 

in cross-sectional tissue slices as a function of incubation time. Imaging data was quantified as 

described in the materials and methods sections. Confocal laser scanning microscopy (CLSM) has 

been extensively used for visualizing penetration of compounds in the skin (Alvarez-Román et al., 
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2004). As shown in Figure 4, curcumin penetrated through stratum corneum within 3 hours of 

incubation. After incubation for 6 hours, curcumin reached the dermis compartment with a 

relatively uniform distribution in the dermis. This is consistent with the results of previous studies 

where curcumin’s delivery to the dermis compartment was observed using CLSM after 12-24 

hours of ex vivo incubation (Lei et al., 2015; Naz and Ahmad, 2015). Furthermore, curcumin 

release from cells and its penetration into skin tissue was modeled as the Fickian diffusion process 

through a continuous non-polar pathway based on the moderate hydrophobicity and molecule size 

of curcumin (Draelos, 2016; Rachmawati et al., 2013; Zhao et al., 2013).   

To assess the overall release and diffusion rate of encapsulated compound from yeast cell 

carrier into skin tissue, the fluorescence imaging data representing the diffusion of curcumin in 

tissue was quantified to represent the relative concentration levels of curcumin in the tissue. Based 

on this quantification, the release profile of curcumin as a function of incubation time in the human 

skin tissue was assessed. This data set (Figure S3.2) represents the normalized average increase in 

fluorescence intensity of curcumin in the skin tissue.  Based on the analytical solution for the 1-D 

Fickian diffusion in a slab, the effective diffusion coefficient for the transport of curcumin was 

obtained. The curve fit in supplementary Fig. S2 represents solution of the 1-D diffusion equation 

as described in the materials and methods section.  Equation 1 was solved iteratively to calculate 

the effective diffusion coefficient for curcumin release into the skin tissue from yeast cell carriers. 

The key assumption in this calculation is that the transport of curcumin is based on passive 

diffusion. This assumption is valid as yeast cells remain intact on the surface of skin with extended 

incubation (data not shown), suggesting that cell lysis has limited role in the transport of curcumin 

from the carrier to the skin tissue. Thus, the release of curcumin from yeast cell carriers is mediated 

by passive release from yeast cell carriers followed by diffusion into the skin. Based on these 
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assumptions the effective diffusion coefficient was calculated to be '()) = 2.00	×	10-7 cm2/hr. 

The model fit the observations well with RMSE of 0.0780 and adjusted R2 of 0.96. 

Assessment of an effective diffusion coefficient can provide a quantitative measure to compare 

the results across different studies (Couto et al., 2014). The effective diffusion coefficient 

calculated from the imaging measurements is of the same order of magnitude reported for 

curcumin with other bio-adherent nanoparticle carriers in human buccal tissue (Mazzarino et al., 

2012). In some studies, effective diffusion coefficients of higher magnitudes have also been 

reported for curcumin released from different carriers such as microemulsions (Liu et al., 2011), 

nanoemulsion (Naz and Ahmad, 2015) and topical gels (Patel et al., 2009) in skin tissue. In many 

cases, these formulations were combined with chemical diffusion enhancers such as surfactants 

and organic solvents that may enhance the rate of permeation of curcumin. Many of these 

surfactants and solvents are potential irritants and thus cannot be used in most product formulations 

(Al-Rohaimi, 2015). Some of the micro- and nano-scale carriers may also penetrate into the skin 

through various pathways, which would increase the effective diffusion coefficient of the 

encapsulated curcumin. This penetration, however, has also raised concerns regarding potential 

risks for human health (Larese Filon et al., 2015). Furthermore, the slower diffusion rate observed 

for the yeast cell carriers may indicate the role of yeast cell components such as cell walls and 

intracellular components in retarding the release of encapsulated curcumin. Higher viscosity of 

cell-based formulations compared to emulsions may also contribute to the slower release of 

curcumin from cell-based carriers (Hua et al., 2004). Thus, yeast cell carriers may provide an 

extended release of curcumin. Retention of encapsulated compounds might be desirable to sustain 

the release for a longer period of time and reduce administration frequency, especially for 

compounds with adverse side effects when administrated in acute dosages. 
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Based on our understanding, the release of encapsulated compounds is based on partitioning 

of the compounds between the yeast cell and its surroundings, based on the chemical potential of 

the compound in the yeast cell and surrounding compartment. During this partitioning process, the 

compound can diffuse across a semi-permeable cell wall of yeast microcarriers. In the case of skin 

tissue, this partitioning is largely influenced by the relative partitioning of compounds between 

yeast microcarriers and the keratin and lipid rich domain of stratum corneum (Das and Olmsted, 

2016). Thus, the rate limiting steps for the topical delivery of curcumin from the cell carriers are  

adsorption into the stratum corneum from the cell carrier surface, and penetration across this 

outermost hydrophobic layer on the skin surface, as reported in previous studies (Mitragotri, 2003; 

Trommer and Neubert, 2006). The partitioning properties of yeast microcarriers can be modified 

by pre-treatment processes, such as those causing changes in the intracellular composition of yeast 

cells, and can influence the release properties. This was validated in a simulated gastric and 

intestinal digestion studies in our prior research. This study also validated the cellular structure of 

yeast cells including cell wall and intracellular content was maintained despite after extensive 

treatment with proteases, acids, and surfactants (Young et al., 2020). Thus, the release mechanisms 

are not induced by degradation of the microcarriers, but rather based on the concentration 

difference and partitioning properties. Future studies can be designed to evaluate the role of factors 

such as cell wall integrity and intracellular composition in controlling the release of encapsulated 

compounds.  

In this study, average fluorescence intensities of curcumin and depth of diffusion at different 

incubation time periods were quantified from confocal images and used for calculating the 

effective diffusion coefficient. Technically, the flux and the effective diffusion coefficients 

calculated from imaging measurements might not be directly comparable with those from chemical 

quantifications due to the limitation of natural fluorophores. The fluorescence quenching of the 
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fluorophores and the background signal of biological tissues might also limit the sensitivity of 

fluorescence measurements. Despite these constraints, imaging data provides relative quantitative 

information of the spatial diffusion profile across different layers in a skin tissue and this 

information is helpful as localization of the delivered compound in different skin compartments is 

fundamentally associated with its biological functionalities (Brown et al., 2006; Yamashita and 

Hashida, 2003). Such quantitative information is usually not easily attainable using conventional 

analytical approaches, which often require extraction of compounds from tissue samples.  

3.3.4 Visualization and quantification of curcumin retention in human skin tissue  

 

Figure 3.5. Curcumin penetration from yeast encapsulation carrier in human skin. Bright field and 

fluorescence microscopy images were taken in triplicates using a Leica confocal laser scanning 

platform TCS SP8 with a 63x objective. 

In order to validate the observations made using a porcine tissue model, delivery of curcumin 

in a human skin biopsy model system was further evaluated. 13 pieces of healthy human facial 

skin biopsies were collected from 7 Mohs surgery patients and analyzed using a combination of 
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fluorescence imaging and HPLC quantification. Consistent with the results in Figure 4, Figure 5 

shows that curcumin penetrated the stratum corneum within 3 hours of topical application on the 

ex-vivo biopsy skin of the yeast cell carriers with encapsulated curcumin. After incubation for 12 

hours, curcumin was distributed relatively uniformly in both the stratum corneum and dermis 

compartments of the human skin biopsies. Overall, these results suggest efficient release of 

curcumin from cell carriers on the skin surface followed by permeation across the stratum corneum 

to the epidermis and dermis compartments of the tissue (Alkilani et al., 2015; Mitragotri, 2003).  

The observed transdermal delivery of curcumin in human skin tissue (Fig. 4) is consistent with 

the pattern shown by the porcine ex-vivo skin model in the previous section (Fig. 3). Pig skin tissue 

has been widely used as a model for human skin in transdermal studies since pig skin tissue shares 

similar anatomic and physiological characteristics with human tissue (Barbero and Frasch, 2009; 

Godin and Touitou, 2007). Based on the imaging observations of human biopsies, the overall 

fluorescence intensity was lower in the case of human tissue when compared to pig tissue. Higher 

permeability of hydrophobic substances in porcine skin has been observed in previous studies 

(Godin and Touitou, 2007). In this study, the difference in the quantities of delivered curcumin 

between porcine and human tissue might also be attributed to the structural intactness of biopsied 

human skin. Before harvesting, the porcine skin underwent mechanical and chemical treatments, 

such as scalding and hair removal agents, which could reduce the barrier property of the stratum 

corneum and increase the tissue permeability.  
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µ 

Figure 3.6. HPLC quantification of cumulated curcumin in human facial skin tissue by a) tape-

stripping and dispase separation of dermis and epidermis. Measurement was carried out after 12 

hr incubation of skin topically with curcumin-yeast encapsulation system.  

To quantitatively understand cutaneous delivery of curcumin from yeast encapsulation 

carriers, curcumin deposition in different layers of human skin tissue after 12 hours of incubation 

was analyzed using HPLC (Figure 6). The amount of curcumin retained in the stratum corneum, 

the epidermis and the dermis layer were 0.64 ± 0.07 µg/cm2, 0.40 ± 0.19 µg/cm2 and 9.85 ± 1.38 

µg/cm2, respectively (Figure 6). Based on this cumulative measurement of curcumin, the average 

flux of curcumin in the skin tissue Jp equals 0.89 ± 0.02 µg/cm2/h. The total amount of delivered 

curcumin is within the range of results reported by previous studies on curcumin and other related 

phenolic compounds in skin tissue (Chen et al., 2012; Friedrich et al., 2015; Liu et al., 2011). 

In Figure 5 is also observed a significantly higher brightness in the outermost corneum layer 

of the tissue cross-sections. This is consistent with the HPLC analysis results, which suggested 

that the stratum corneum, with 10% of the total thickness of the epidermis layer, contained 57% 

of the total amount of curcumin that had been delivered into the epidermis of the skin samples. 
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This phenomenon was previously referred to as the reservoir function of the stratum corneum 

(Jacobi et al., 2005) and can be observed in the confocal imaging data as well. This localization 

could result from the moderate hydrophobicity of the curcumin, which facilitates the hydrophobic 

interactions with the lipophilic composition of the stratum corneum.  

Furthermore, Figure 6 showed that a significant amount of curcumin accumulated in the dermis 

layer after 12 hours for incubation. This trend is in agreement with a prior study using a topical 

delivery of curcumin in a skin tissue (Friedrich et al., 2015). The accumulation of curcumin in the 

dermis could be attributed to the fact that dermis occupies a majority of the tissue mass per surface 

area (van der Maaden et al., 2012) and curcumin continuously diffused from the epidermis layer 

through non-polar pathways into the dermis region (Goates and Knutson, 1994). Both the imaging 

results and analytical quantification using HPLC demonstrate efficient permeation of curcumin in 

the human skin tissue using the yeast cell carriers.   
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Conclusion  

In summary, this study demonstrates the efficacy of a novel topical delivery carrier for the 

controlled release of bioactive compounds to the skin tissue. The results illustrate rapid binding of 

the cell-based encapsulation carrier (yeast cells) to the skin tissue upon topical incubation. The 

binding of the cell based microcarrier increased with incubation time on the skin tissue. The cell-

based microcarriers encapsulated a model bioactive with relatively high efficiency compared to 

conventional encapsulation approaches. The microcarriers provided controlled release of the 

encapsulated bioactive into the skin tissue and enhanced both the released amount and the 

permeation of the bioactive to the dermal section of the ex-vivo skin tissue. Overall, the results of 

this study illustrate a novel, cost-effective encapsulation and controlled release system for topical 

delivery of bioactives to the skin tissue. Further studies, including clinical studies, will develop 

clinical applications of this delivery system to promote health and clinical needs. 
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Supporting information 

 

Figure S3.1 The release of curcumin from yeast cell carriers as function of incubation time and 

percentage of DMSO in aqueous solution using a Transwell chamber.      

 

 

 



 

 
 

93 

 

Fig S3.2 Release of curcumin from yeast cell carriers into human skin tissue measured based on 

the quantification of average fluorescence intensity in the skin tissue as a function of topical 

incubation time of yeast cell carriers with curcumin on the isolated skin tissue. 

 

Table S3.1 Particle size and zeta potential of native yeast carriers and yeast carriers after 

infusion of curcumin 

 Particle size (um) 

(mean±sd) 

PDI Zeta potential 

(mV) (mean±sd) 

Native yeast carrier 6.10±0.427 0.09±0.024 -22.51±0.414 

Curcumin infused yeast carrier 6.86±0.036 0.17±0.003 -21.60±0.844 
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Chapter 4 

Encapsulation of polyphenolics from pomegranate and grape juices 

in a model lactic acid bacterium 

Abstract  

This study was aimed at developing an innovative cell-based carrier to encapsulate 

phytochemicals from complex plant sources. The overall objective was to evaluate the 

encapsulation of a diverse range of phytochemicals directly from fruit juices using inactivated 

probiotic bacteria Lactobacillus casei as a model microcarrier. Muscadine grape (MG) juice and 

pomegranate (Pom) juice were prepared from fresh fruit and used as sample juices. After 

incubation with inactivated bacterial cells, 64.36 % and 66.97 % of the total anthocyanins, and 

60.81 % and 72.67 % of the total antioxidant compounds, were encapsulated in the microcarrier 

from Pom and MG juices respectively. Confocal images illustrated a uniform localization of the 

encapsulated material in the cell carrier. The spectral emission scans indicated the presence of a 

diverse class of polyphenolic compounds, which was then characterized using high performance 

liquid chromatography (HPLC). Using HPLC, diverse phytochemical compound classes were 

analyzed, including flavanols (catechin and epicatechin), phenolic acid (gallic acid and caffeic 

acid) and hydroxycinnamic acid (coutaric acid), flavonols (quercetin and glycosylated myricetin), 

and polymeric polyphenols. The analysis validated that the cell carrier could encapsulate a broad 

profile of bioactive compounds from fruit juice, and the encapsulated content and efficiencies 
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varied by the chemical class, compound and the juice matrix. In addition, after a heat treatment at 

90 °C for 60 min, more than 87 % total antioxidant capacity and 90 % anthocyanin content were 

recovered from both encapsulated MG and Pom. In summary, these results highlight significant 

potential of a selected bacterial strain for simultaneous encapsulation of diverse phenolic 

compounds from fruit juice and thereby improving their process stability.  

 

Graphical Abstract 
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4.1. Introduction 

Plants produce a wide variety of human health-benefiting compounds (Craig, 1999). Numerous 

studies have shown that plants contain rich and complex profiles of phytochemicals, including 

anthocyanins and other polyphenols.(Alu’datt et al., 2017; Lätti et al., 2008) The bioactive 

functionalities of these compounds, such as anti-oxidant, anti-inflammatory, anti-carcinogen and 

maltase inhibition, may deter or prevent chronic diseases such as cancer (Dai and Mumper, 2010), 

cardiovascular diseases (Morton et al., 2000) and diabetes (Asgar, 2013). Therefore, there is an 

increasing demand by consumers and the industry for the isolation, and their integration of these 

bioactive compounds with food. The challenges, however, lie in the complex chemical profile of 

the plant-based materials and the lack of stability under processing and storage conditions of 

bioactive compounds (Chang et al., 2006; Laine et al., 2008; Wang and Xu, 2007).  

Several extraction techniques have been developed for separating these polyphenolic 

compounds from plant materials, such as absorption and ion-exchange technologies with 

microporous resins (Basafa and Hawboldt, 2021; Kammerer et al., 2019), liquid-liquid extraction 

(Mantilla et al., 2015), and membrane filtration (Sygouni et al., 2019). Some of the key limitations 

of these approaches include inefficient extraction of a large diversity of polyphenolic compounds, 

labor intensive processes using high volumes of organic solvent, and limited protections for the 

sensitive compounds against degradation after extraction (Basafa and Hawboldt, 2021; Lavelli et 

al., 2017). Thus, there is a significant need to develop environmentally and economically friendly 

approaches to efficiently separate and stabilize the high-value bioactive compounds from plant 

sources and deliver their health-promoting functionalities. Furthermore, these solutions may also 

need to address the sensory challenges with some of the plant bioactives. 

Microencapsulation processes have been applied to concentrate, protect and facilitate the 

incorporation of the polyphenolic compounds from plant extracts into food and pharmaceutical 
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matrices (Borrmann et al., 2013; Kuck and Noreña, 2016). By definition, microencapsulation 

refers to technologies of formulating solids, liquids or gaseous materials into microparticles or 

dispersion, with diameters typically ranging between 0.1-1000 μm (Desai and Park, 2005; Singh 

et al., 2010). In industrial applications, the microencapsulation process offers a wide array of 

advantages in delivering polyphenolics, such as protecting encapsulated phyto-active compounds 

from degradation during processing and storage (Ersus and Yurdagel, 2007; Laine et al., 2008), 

controlling and targeting the release of the encapsulated compounds, and masking the undesirable 

physical characteristics of the polyphenolic compounds, such as  solubility, smell and taste (Al-

kasmi et al., 2017; Zhao et al., 2020) etc. The most common coating materials in microcapsules 

are polymers, which include natural (e.g. polysaccharides, proteins and lipids) and synthetic 

polymers (e.g. poly (lactic acid), poly (glycolic acid) and copolymers (Pall Magnusson et al., 

2011)). The shell for these microparticles is often formed using both physical and chemical 

processes, such as spray drying and coacervation (Borrmann et al., 2013; Ersus and Yurdagel, 

2007). Encapsulation systems can provide protection for the bioactive compounds using a 

combination of exogenous preservatives and coating materials. However, conventional 

encapsulation systems lack mechanisms to selectively bind phytochemicals from plant extracts 

and to protect these health-promoting phytochemicals often without exogenous preservatives 

(Matos et al., 2018; Tikekar et al., 2013). 

Biological microscale structures, such as microbial cells, have emerged as promising 

encapsulation carriers for bioactive compounds. The results of these prior studies illustrate that 

microbial cells such as yeast cells can bind and encapsulate purified phytochemicals and protect 

them from oxidative and thermal stresses (Young and Nitin, 2019). These pre-existing cell-based 

microstructures eliminate the need for expensive processes used for creating these microstructures 

from biopolymers, eliminate or reduce the exposure of phytochemicals to heat, oxygen and other 
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physical factors that may deteriorate the encapsulated compounds, and thus reduce/eliminate the 

need of exogenous preservatives and antioxidants (Belščak-Cvitanović et al., 2011; Tikekar et al., 

2013; Young and Nitin, 2019). Current studies using microbial cells have focused on purified plant 

derived compounds, and to the best of our knowledge no study has evaluated the role of microbial 

carriers for binding and encapsulation of diverse phytochemicals from plant juices or 

concentrations. Furthermore, most of the studies using microbial cells have focused on yeast cells 

as a model system, with limited emphasis on bacterial cells for the binding and encapsulation of 

complex polyphenolic compounds.  

Thus, the focus of this study was to evaluate binding and encapsulation of phytochemicals 

from two diverse fruit juices using inactivated probiotic bacteria Lactobacillus casei. Muscadine 

grapes (MG) juice and pomegranates (Pom) juice were selected in this study since these are 

popular and highly valued fruits with rich phytochemical profiles and antioxidant properties 

(Martino et al., 2013; Wu and Tian, 2017). Inactivated probiotic bacteria L. casei was selected as 

it is a widely used probiotic strain from a Lactobacillus family and thus is widely accepted as a 

beneficial ingredient in food systems (Forestier et al., 2001; Galdeano and Perdigón, 2006). Heat 

inactivated cells were selected for the encapsulation to limit metabolism of the encapsulated 

compounds as well as to increase permeability of the cells for the fruit phytochemicals.  

Furthermore, inactivated probiotic cells retain some of the beneficial probiotic functions as 

illustrated by recent studies (Adams, 2010; Lopez et al., 2008). To develop a simple approach that 

can be adapted by other researchers, an incubation process was utilized to bind and encapsulate 

phytochemicals from the juice matrix of MG and Pom using bacterial cells in this study. To 

characterize the binding and encapsulation efficiency, the anthocyanin content and antioxidant 

properties of the juice matrix before and after incubation was measured. To further characterize 

binding and localization of phytochemicals to bacterial cell matrix, multispectral fluorescence 
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confocal imaging data was acquired. The binding and encapsulation yield of key phytochemical 

compounds from MG and Pom matrices was also quantified using a high-performance liquid 

chromatography (HPLC). The effectiveness of the selected bacterial carrier to protect encapsulated 

phytochemical compounds was also assessed based on thermal treatment of both the encapsulated 

phytochemicals and the phytochemicals in a control juice matrix.  

In summary, this study demonstrates the potential of using an inactivated probiotic bacterial 

cell carrier for binding and encapsulation of phytochemicals from a complex composition of two 

different juice matrices. Results are presented to characterize the binding and encapsulation 

process and stability of encapsulated compounds in bacterial carriers, using a combination of 

chemical analysis, spectral imaging and antioxidant properties.  

 

4.2. Material and Method 

4.2.1. Plant material 

Fresh SweetHeart Pomegranates grown in Madera, CA, U.S.A. were procured from a local 

fresh fruit market. Muscadine grapes were obtained from the Coca-Cola Company, Atlanta, GA. 

Both cultivars are predominant varieties in the United States. Fruits were stored at 4 °C until juice 

processing.  

4.2.2. Reagents and standards 

Phenolic standards (gallic acid, catechin, epicatechin, caffeic acid, couratic acid, quercetin and 

myricetin glycosides) were obtained from Sigma Chemical Co. (St. Louis, Mo., U.S.A.). 

Keracyanin chloride were obtained from Sigma Chemical Co. as the anthocyanin standard. For the 

HPLC analysis, phosphoric acid (85 wt. % in H2O) was obtained from Signal Chemical Co. TPTZ 

(2, 4, 6-tripyridyl-s-triazine) and FeCl3·6H2O used for the FRAP assay were obtained from 

Thermo Fisher Scientific Inc. All solvents used in this study are HPLC grade.  
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4.2.3. Juice processing 

A slow masticating juicer (KOIOS, Model SHA1066) was used to prepare the fresh fruit juice 

from grapes and pomegranates. The fruits were rinsed with deionized water and air dried before 

juice processing. Pomegranates were cut prior to juicing. Juice and pomace samples were collected 

separately from the juicer. The mass of fruit and produced juice were recorded, and the juice yield 

was calculated as a ratio of the mass of juice to the total fruit mass. Fresh juice was then divided 

into 5 ml aliquots and freeze-dried overnight. The dried juice powder was then reconstituted with 

5 ml of DI water and centrifuged to remove any insoluble plant material. 

4.2.4. Bacterial strains and cell preparation  

Lactobacillus casei (ATCC 393) was selected as a model for human probiotic bacteria. The 

stock strain is stored in liquid nitrogen. MRS agar and broth were used to culture this strain 

according to the ATCC protocol. Before experiments, the stock strain was streaked onto MRS agar 

plates and incubated overnight at 37 °C. A single colony from the agar plate was then used to 

inoculate liquid medium, which was then incubated at 37 °C without agitation to achieve the 

stationary phase of bacterial culture. After centrifugal separation, the bacteria were inactivated 

using 70 % ethanol for 30 min and washed with sterile Phosphate Buffered Saline (PBS). The 

bacteria were then suspended in sterile PBS at a concentration of approximately 1010 CFU/mL. 

4.2.5. Encapsulation in inactivated cell carriers  

Bacteria pellet was collected after centrifugation (11,000 rpm for 5 min) and mixed with the 

reconstituted Pomegranate or muscadine grape juice. The encapsulation process was carried out in 

a 4°C cold room for 24 hours with mild agitation. After encapsulation, the aqueous juice matrix 

and cell carriers were separated by centrifugation (11,000 rpm for 5 min) and collected separately. 

The cells were washed once using sterile PBS buffer.  

4.2.6. Confocal fluorescence imaging 
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Confocal Laser Scanning Microscopy (CLSM) images of bacterial cells after encapsulation, 

with and without incubation with pomegranate or muscadine juice samples, were collected using 

a Zeiss LSM 510 upright microscope (Carl Zeiss AG) with 40x/1.1 water objective. Each sample 

was excited at 405 nm using an argon diode laser. Emission (xyz) scans were acquired using a 

500-550 nm bandpass emission filter. Lambda (xyλ) scans of each sample were collected over a 

range of 470-670 nm with 20 nm step size. Average intensity of the images acquired at different 

wavelengths during the lambda scan was measured using ImageJ software and plotted using an 

Origin 8.0. 

4.2.7. Phenolic extraction and HPLC analysis 

Phenolic compounds were extracted by mixing 2 ml of the reconstituted juice sample with 13 

ml of acidified methanol (with 1 % HCl). After mixing using a vortexer, the mixture was sonicated 

using a bath sonicator for 10 min and the extract was separated from the remaining juice solids by 

centrifugation at 5500 rpm for 5 min. Samples was then diluted 10-fold with milliQ water for 

HPLC analysis. To assess encapsulation efficiency and yield in cell-based carriers, phenolic 

content in the aqueous phase before and after encapsulation process was quantified.  

Chromatographic separation and detection of phenolic compounds were performed on an 

Agilent 1260 Infinity reverse phase HPLC (RP-HPLC) system (Santa Clara, CA) equipped with a 

thermostatic autosampler, thermostatic column compartment and a diode array detector (DAD) 

according to a method adapted from Oberholster et al..(Hirzel et al., 2017) An Agilent PLRP-S 

100 Å (4.6 × 150 mm, 3 μm) column with an Agilent 3 × 5 mm guard column (PL1310-0016; 

Santa Clara, CA) was used at a temperature of 35°C for all analyses. Two solvents were used in 

this analysis, solvent A with 1.5 % phosphoric acid solution, and solvent B with acetonitrile 

containing 20 % (v/v) solvent A. The protocol establishes a gradient as follows: 0 min, 94% solvent 

A; 73 min, 69% A; 78 min, 38% A; and 90 min, 94 % A. The flow rate was 1 mL/min and the 
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injection volume for all samples was 10 μL. Samples were filtered through 0.45 μm type HA 

Millipore filters (Millipore Corp.,Bedford, Mass., U.S.A.) prior to injection. 

Phenols were monitored at multiple wavelengths, including 280 nm for gallic acid, and flavan-

3-ols, 320 nm for hydroxycinnamates, 360 nm for flavonols, and 520 nm for anthocyanins, using 

the DAD detector. Absorbance spectra was recorded from 250 nm to 600 nm. External calibration 

curves were prepared with standards of HPLC grade purity and used for quantification of the target 

compounds. Polymeric phenols were quantified as catechin equivalents. Chromatograms were 

integrated using the Agilent CDSChemStation Software. 

4.2.8. Heat treatment and extraction 

Thermal stabilities of the encapsulated bioactive compounds were evaluated using a 

thermostatic water bath at 90 °C for up to 60 min. 1 mL suspension of encapsulated cells were 

added to the prewarmed 20 mL glass vials (Thermo Scientific™ B780020) and incubated in the 

dark for 1, 2, 5, 10, 20, 40, 60 min. After the treatment, 1 mL acidified methanol was added to 

each vial. Bead-beating at 6.0 m/s for 30 s for 3 times (FastPrep-24™ 5G Instrument, MP 

Biomedicals) was then carried out to facilitate thorough extraction. Finally, the homogenized 

samples were sonicated using a bath sonication device (Branson 2510 Ultrasonic Cleaner, Branson 

Ultrasonics Corp., Danbury, CT, USA) for 10 min. The methanolic extract was then centrifuged 

to remove cell debris and the supernatant was used for subsequent anthocyanin measurement and 

total antioxidant capacity quantification.  

4.2.9. Colored pigment measurements 

Anthocyanin content in juice and encapsulation matrix was measured using a UV-Vis 

spectrometry. Absorbance value of the clarified samples were scanned from 250 nm to 500 nm, 

and a peak intensity was recorded at 530 nm for all the samples. Samples were diluted accordingly 

to avoid saturation in the absorbance signal.  
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4.2.10. Total antioxidant capacity measurements  

The total antioxidant capacity of the juice matrix was quantified using the Ferric Reducing 

Antioxidant Power (FRAP) assay. The protocol was adapted from Benzie and Strain (1996). The 

stock solutions included 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution in 40 mM HCl, 

and 20 mM FeCl3·6H2O solution. The fresh working solution was prepared by mixing 25 mL 

acetate buffer, 2.5 mL TPTZ solution, and 2.5 mL FeCl3·6H2O solution and then warming the 

mixture at 37 °C before using. Fruit extracts (150μL) were allowed to react with 2850 μL of the 

FRAP solution for 30 min in the dark. Changes in color of the solution (indicating the presence of 

ferrous tripyridyltriazine complex) were quantified using a UV-Vis measurement at 593 nm using 

a spectrometer. The standard curve was generated using a range of Trolox solutions between 25 

and 800 μM. Results were expressed in μM TE/ml fresh juice. The samples were diluted in case 

the absorbance value measured for the samples was over the linear range of the standard curve. 

4.2.11. Statistical analysis 

Statistical analysis was performed using the GraphPad Prism software V.7.0a (Graphpad 

Software, Inc., La Jolla, CA). All experiments were performed in triplicates. The significant 

differences between the treatments were determined through one-way ANOVA with a significance 

level at p < 0.05. Multiple comparison was then carried out using the Holm-Šídák test with a 

significance level at 0.05. 
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4.3. Results and Discussion  

4.3.1. Total antioxidant capacity and anthocyanin content in juice matrices and 

encapsulated cell carriers  

 

Table 4.1 Characterization of Pom and MG juice matrix (A) and the encapsulation efficiency of 

the polyphenolics from the juice using L. casei cell carrier (B). Antioxidant activity of the juice 

before and after encapsulation was quantified for this characterization. 

 

Pom and MG both contain a variety of phytochemicals, which in general can be classified into 

alkaloids, carotenoids, nitrogen-containing compounds, organosulfur compounds, and 

phenolics.(Yang and Xiao, 2013, p. 201) Many in vitro and in vivo studies support that antioxidant 

property of the phytochemicals’ plays a major role in their essential health benefits such as anti-

inflammation and anti-carcinogen.(Magrone et al., 2020; Speciale et al., 2010) Therefore, in this 

study, the total antioxidant capacities of the juice samples obtained from fresh fruits and of the 

encapsulated compositions in cell-based carriers were assessed. Furthermore, anthocyanin content 

was quantified as one of the major water-soluble polyphenolics present in both fruits.  
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To characterize the overall efficiency of encapsulating complex profiles of phytochemicals 

using the bacteria cell carriers, the encapsulation efficiency was measured based on the difference 

in antioxidant concentration of the juice sample before and after incubation with cells. To quantify 

this ratio, antioxidant concentrations in juice samples and in juice residue after the encapsulation 

process were measured using the FRAP assay. These differences in the FRAP values before and 

after encapsulation reflect the relative amount of phenolics infused or bound to a selected cell 

based micro-carrier. Table 1A showed the total antioxidant capacity of Pom and MG juice samples 

measured using the FRAP assay. The results indicated that the MG juice sample has substantially 

higher antioxidant concentration compared to the same volume of a Pom juice. The encapsulation 

efficiency in the selected bacterial carrier were 60.81 % and 72.67 % for Pom and MG, 

respectively. These percentage values indicate the total fraction of antioxidant compounds bound 

and encapsulated in a bacterial cell carrier with respect to total antioxidant content in the individual 

juice samples. These results suggest that a simple incubation method allows phytochemicals to 

passively diffuse from a juice matrix to inactivated L. casei cells and results in an efficient binding 

and encapsulation of the antioxidant compounds in the cell carrier.  

In addition to characterizing the encapsulated antioxidant content, encapsulation efficiencies 

of the anthocyanin pigments from the juices to the cells were evaluated. Anthocyanins, being water 

soluble, are one of the major polyphenolic fractions in fruit juices and have significant 

contributions to its antioxidant properties. In order to assess the anthocyanin content in the juice 

before and after encapsulation, the juice matrix was extracted using methanol as described in the 

materials and methods section, and the total anthocyanin content in the extract before and after 

incubation with cells was measured using an UV-Vis spectrophotometry. The measured 

absorbance at 530 nm was converted to an equivalent keracyanin chloride concentration (an 

anthocyanin standard) using a standard curve. The results show that Pom and MG juice had 
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approximately 3.37 !M/mL and 9.12 !M/mL of the equivalent keracyanin content. Similar to the 

total antioxidant activity results, the total anthocyanin concentration in the MG juice was higher 

than the anthocyanins in the Pom juice. After incubation with inactivated bacterial cells, 64.36 % 

and 66.97 % of the total anthocyanins from the Pom and MG juices were encapsulated or bound 

to the cell carriers respectively. In summary, these results highlight a significant potential of the 

selected bacterial strain for encapsulating phenolic compounds from complex juice samples.   

4.3.2. Confocal images and lambda scans of encapsulated cells  

 

Fig. 4.1. Confocal fluorescence microscopy of juice encapsulated cells with a 405 nm excitation, 

and 500-550 nm emission; (a) L. casei control cells; (b) L. casei cells encapsulated with Pom juice; 

(c) L. casei cells encapsulated with MG juice. At lower left is the zoomed-in view of the same 

image; zoomed-in views in (b) and (c) demonstrate the uniform intracellular localization of 

polyphenolic compounds in the cell carriers.  

 

To help visualize the encapsulated compounds and their intracellular distribution in the cell 

carriers, confocal multispectral fluorescence images were acquired based on the endogenous 

fluorescence signals of phytochemicals. The images were collected with a 405 nm excitation and 

an emission in the FITC channel from 500-550 nm. The fluorescence intensity of cells in each 

image was quantified by randomly selecting 20 regions of cells (eliminating the background 
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region) and measuring the mean pixel intensity using the ImageJ software. The mean background 

intensity was subtracted from the cell signals to remove the background signal. 

 As shown in Fig. 1, the signal intensity of L. casei carriers increased by approximately 26-

fold following an incubation of cells with Pom juice (Fig. 1b), and a 24-fold increase upon 

incubation with a MG juice (Fig. 1c) as compared to the auto-fluorescence signal from the control 

cells (Fig.1a.) Differences in the fluorescence signal intensity between the controls and the 

modified cells with juice phenolics were statistically significant with a p-value ≤ 0.05. The 

zoomed-in views in Fig. 1b and 1c indicated that the cell carriers retained their cellular structure 

after the encapsulation process, and the encapsulated material was localized uniformly across the 

intracellular compartment.  

 

 

Fig. 4.2. Mean intensity of confocal lambda-scans over the range of 470-670 nm with a 405 

nm excitation.  

 

Further, lambda emission scans (Fig. 2) were collected in the range from 470-670 nm with a 

20 nm step size with an excitation wavelength at 405 nm. The results in Fig. 2 revealed the 

fluorescence spectral profile of phenolic compounds encapsulated in the L. casei cells. Cells 
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incubated with Pom juice showed a broad fluorescence intensity distribution from 500 nm-600 nm 

with a peak maximum at around 550 nm. Cells encapsulated with MG juice also showed a broad 

emission distribution over a range of 450-630 nm with a peak maximum around 515 nm and a 

secondary peak around 590 nm. 

A broad emission range is usually associated with the presence of a diverse class of 

polyphenolic compounds. Based on the previous literature related to fluorescence properties of 

polyphenolics,(Agati et al., 2013; Iriel and Gabriela Lagorio, 2009; Singh and Mishra, 2015) the 

emission band between 533 nm to 595 nm mostly corresponds to anthocyanin content. The Pom 

spectra with the emission peak centered around 550 nm and the MG spectra with the secondary 

emission around 590 nm indicates the presence of anthocyanin compounds in the cell carriers from 

both juice matrixes. In addition, the major peak in the MG spectra around 515 nm suggests possible 

encapsulation of other phenolic compounds. Plant phenolics such as ferulic acid are known to have 

fluorescence emission centered around 520 nm - 530 nm.(Drabent et al., 1999; Lichtenthaler and 

Schweiger, 1998; Maurya et al., 2008)  

The broadening of the peaks observed in Fig. 2 could be attributed to other photoactive 

compounds present in the complex juice matrix. The shift in the emission range compared to the 

peaks observed from prior literature could also be caused by multiple factors. Anthocyanin 

polymerization during the juice processing and storage process could cause the emission to shift 

towards shorter wavelengths (Agati et al., 2013). In addition, fluorescence emission spectrums are 

known to be sensitive to environmental factors, including the excitation wavelength, medium pH 

and polarity, present macromolecules, etc.(Lakowicz, 2006) and these factors may contribute to 

the shifts observed in Fig. 2. In our measurements, phenolic compounds that emit blue fluorescence 

(400 nm - 470 nm) were not captured in Fig. 2 due to the limitation of the available wavelength 

range in this imaging systems. To address these gaps in the compositional analysis of encapsulated 
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compounds, analytical measurements using a HPLC method with known standards were 

conducted.    

4.3.3. Phenolic profile of the juice matrix and encapsulated cell carrier 

Table 4.2. Phenolic profile of Pom and MG juice and encapsulated compounds in L. casei cell 

carrier  

Analyzed polyphenols  Pom MG 

Class Compound Molecular 
structure 

Molecular 
weight 
(g/mol) 

Log P 
value 

Content in 
20% juice 

matrix 
(μg/ml) 

Encapsulation 
efficiency 

Statistical 
significance 
(p < 0.05) 

Content in 
20% juice 

matrix 
(μg/ml) 

Encapsulation 
efficiency 

Statistical 
significance 
(p < 0.05) 

Flavanol 

(+)-
Catechin 

 
 
(C15H14O6) 

290.27 
0.41 
(Poaty, 
2009) 

 11.30 
84.29% 

(±3.84%) 
* 16.78 

17.40%  

(±14.12%) 
- 

(-)-
Epicatechin 

 
 
(C15H14O6) 

290.27 1.8 247.14 
68.75% 

(±6.72%) 
* 3.18 

18.77%  

(±9.08%) 
* 

Phenolic 
acid 

Gallic Acid 
 

 
(C7H6O5) 

170.12 0.7 0.13 
8.06%  

(±5.14%) 
* 1.69 

18.43%  

(±1.95%) 
* 

Caffeic 
Acid 

 
(C9H8O4) 

180.16 1.15 3.24 
87.50% 

(±4.30%) 
* 0 - - 

Coutaric 
Acid 

 
(C13H12O8) 

296.23 
-1.32 
(Jana, 
2017) 

1.71 
73.21% 

(±8.27%) 
* 0.07 

10.24%  

(±6.06%) 
- 
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Flavonol 
and 
derivatives 

Quercetin 

 
 
(C15H10O7) 

302.23 1.48 20.93 
1.20%  

(±6.20%) 
- 21.70 

2.83% 

 (±3.75%) 
 

Myricetin 
3-
glycosides 

(C21H20O13) 

480.40 -0.45 0.72 
48.61% 

(±9.46%) 
* 3.53 

69.85%  

(±3.03%) 
* 

Polymeric 
poly-
phenols 

Polymeric 
polyphenols 

- 
(a mixture of 
polymeric pigments) 

- - 14.19 
12.94% 

(±3.61%) 
* 26.09 

97.97%  

(±2.53%) 
* 

 

Among the diverse groups of bioactive compounds present in the fruit and fruit juices, 

polyphenolics constitute one of the largest and most diverse groups of phytochemicals (Abbas et 

al., 2017). To characterize the polyphenolic profile of the juices and the encapsulation efficiency, 

the samples of juice before and after incubation with cells were analyzed using HPLC, and based 

on these measurements, encapsulation efficiency of selected polyphenolics was quantified. As 

shown in Table 2, the target compound classes and compounds included in this study were 

flavanols including catechin and epicatechin, phenolic acid including gallic acid, caffeic acid and 

a hydroxycinnamic acid, coutaric acid, flavonols including quercetin and glycosylated myricetin, 

and polymeric polyphenols. 

As observed from Table 2, most of the investigated compounds were present in both Pom and 

MG juice at different concentrations and had different levels of encapsulation efficiency. For 

flavanols, catechin and epicatechin were present in both the samples, while Pom juice contains 

significantly higher level of epicatechin (247.14 !g/mL) than MG juice (3.18 !g/mL). Catechin 

concentrations in Pom and MG juice were 11.30 !g/mL and 16.78 !g/mL, respectively. The 
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encapsulation efficiencies of both the selected flavanols in L. casei cells were consistently higher 

from Pom juice than from MG juice. 84.29 % of catechin and 68.75 % of epicatechin were 

encapsulated in cells incubated with Pom juice, and only 17.40 % of catechin and 18.77 % of 

epicatechin were encapsulated upon incubation of cells with MG juice. 

In terms of the phenolic acids, both the amounts of phenolic acids in the selected juice products 

and their encapsulation efficiencies in L. casei also varied with the fruit source. In the case of Pom 

juice, caffeic acid (3.24 !g/mL in juice) had the highest encapsulation efficiency in cells at 

87.50 %, followed by coutaric acid (1.71 !g/mL in juice) with an encapsulation efficiency of 

73.21 %. In contrast, only 8.06 % of gallic acid content from Pom juice was encapsulated in the 

cell carriers.  In the case of MG juice with a gallic acid content of 1.69 !g/mL, encapsulation 

efficiency was 18.43 %. In MG juice, a relatively lower amount of coutaric acid (0.07	!g/mL) was 

measured and the encapsulation efficiency was also relatively lower at 10.24 % compared to Pom 

juice. Caffeic acid was below the detection limit in the MG samples.  

Among flavonols, both Pom and MG juices contain similar levels of quercetin. Pom juice 

contains 20.93 !g/mL quercetin and MG contains 21.70 !g/mL. The encapsulation efficiencies of 

quercetin were however consistently low from both fruit juices, which is 1.20 % and 2.83 % from 

Pom and MG respectively. Glucoside derivatives are commonly found in grapes and wines, 

particularly delphinidin-3-glucoside, petunidin-3-glucoside and malvidin-3-glucoside (Revilla, 

1999). In the juice samples obtained in this study, MG contains 3.53 !g/mL myricetin 3-glycosides 

and a high encapsulation efficiency of 69.85 % was observed upon incubation of cells with MG 

juice, whereas Pom juice contains only 0.72 !g/mL and the encapsulation efficiency from Pom 

juice samples was 48.61 %. 

Another commonly abundant group of compounds in juice samples from these two fruits is 

polymeric polyphenols. Pom juice contains 14.19 !g/mL polymeric phenol, and MG contains 
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26.09 !g/mL polymeric phenol. The polymeric phenol identified using this protocol represents a 

mixture of polymeric pigments, which are formed based on reactions between grape anthocyanins 

and other components in the juice such as tannin, catechins and proanthocyanidins.(Peng et al., 

2002; Remy et al., 2000) The encapsulation efficiencies of polymeric polyphenols in this study 

varied significantly with the fruit source of the juice. 97.97 % of the polymeric phenol was captured 

by the cell carriers upon incubation with MG juice, whereas in the case of Pom juice only 12.94 % 

was encapsulated in the cell carriers. 

Taken together, the imaging and HPLC measurement results illustrate that cell carriers can 

simultaneously encapsulate a diversity of bioactive compounds from a complex juice matrix. 

Compared to previous studies that have predominantly focused on yeast cells for the encapsulation 

of purified hydrophobic polyphenolic compounds,(Ciamponi et al., 2012; Young et al., 2017) the 

results of this study suggest the potential of diverse cell carriers, including bacterial cell carriers, 

to simultaneously encapsulate multiple compounds from mixtures. Furthermore, since the 

encapsulation process was conducted using water soluble compounds in fruit juices, this study 

demonstrates that bacterial cell carriers can bind and encapsulate compounds from hydrophilic 

extracts and juices. Together with prior studies, the results of this study illustrate the potential of 

cell carriers to encapsulate both hydrophobic and hydrophilic bioactives.  

The encapsulation process of these compounds from cell carriers can be attributed to both 

composition and structure of cell carriers. Besides the structural integrity that withstood the 

encapsulation process as shown in Fig 1, bacterial and yeast cell carriers have a relatively high 

fraction of protein content on a dry basis. In the case of L. casei cells, the protein content can be 

as high as 80% or higher on a dry basis. Similarly, the protein content in yeast cells can range from 

25-60% on a dry basis.(Górska et al., 2016; Pacheco et al., 1997) In addition, cell carriers also 

express both soluble and structural proteins including membrane associated proteins. In previous 
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studies, protein-polyphenolic interactions have been explored and the binding between protein 

isolates and polyphenolic compounds from juice or other plant extracts has been demonstrated.(de 

Morais et al., 2020; Milani et al., 2017; T. Diaz et al., 2020) Thus, it is likely that a relatively high 

concentration and diversity of proteins in micro-scale cell carriers significantly promote the 

binding of diverse polyphenols from a juice matrix.  

In addition to proteins, bacteria and yeast cells also contain a diversity of carbohydrate 

biopolymers mostly concentrated in cell walls and lipids that are integral parts of the cell 

membranes. Prior studies have shown interactions between polyphenols and cellular 

polysaccharides,(Pekkinen et al., 2014; Rosa et al., 2013) and the binding mechanism could be 

attributed to a range of physical and chemical interactions.(Jakobek, 2015) The complex and 

porous structures and surface properties of the cell wall has also been proposed to be important for 

the binding process.(Fernandes et al., 2014; Le Bourvellec et al., 2005; Saura-Calixto, 2011) These 

compositions and cellular structures can provide a rich environment for partitioning and 

compartmentalization of diverse compounds in cell-based carriers.  

The results illustrate that the encapsulated content and efficiencies varied by the chemical 

class, compound and the juice matrix. Quercetin as a monomeric flavonol showed consistently low 

incorporation rate from both juices, while the glycosylated myricetin has significantly higher 

encapsulation efficiencies (48.61 % and 69.5 % from Pom and MG juice, respectively). In contrast, 

polymeric polyphenols yielded the highest encapsulation efficiency among all compounds tested 

from MG juice (at approximately 97 %), while the same class of compounds from Pom juice 

showed a significantly lower encapsulation efficiency (~ 12 %).  This trend of differences in 

encapsulation efficiency based on differences in the composition of juice matrix was also observed 

in the case of flavonols and phenolic acids. Furthermore, no clear correlation between 

encapsulation efficiency and relative hydrophilicity of the compounds was observed based on 
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these measurements. These observations suggest that the partitioning of the compounds in cells 

from a juice matrix significantly depends on the interactions among the polyphenolic compounds 

and also other components of the juice. Characterization of these interactions is beyond the scope 

of this study, but these results suggest that it may be possible to select cellular compositions among 

the diverse class of microbes that may promote binding of selective polyphenols from a given plant 

extract and juice.  

4.3.4. Stabilization of bioactive compounds against heat treatment  

 

 

Fig. 4.3. Retention of antioxidant content of phenolic bioactives from grape and pomegranate 

juice samples upon selected heat treatment both with and without encapsulation in the selected 

cell-carrier. After treatment juice samples were extracted with 85 % methanol and quantified 

using the FRAP assay. 
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One of the important functionalities of encapsulation carriers is to protect the bioactive 

compounds from adverse environmental factors and food processing conditions. In order to 

evaluate the effectiveness of the selected bacterial carrier in protecting and stabilizing the 

encapsulated juice polyphenols, the encapsulated cells were heat-treated at 90 °C for 1, 2, 5, 10, 

20, 40, 60 min in a temperature-controlled water bath. The heating conditions were selected based 

on prior studies.(Fischer et al., 2013, p. 201; Wang and Xu, 2007) After the heat treatment, the cell 

encapsulated polyphenolics were extracted using the methods described in section 2.8 of the 

Material and Methods section. The total antioxidant concentration of the extract was then 

measured using the FRAP assay. The control group of cells with encapsulated compounds but 

without the heat treatment were also extracted using the same approach and used for calculating 

the retention ratio during the treatment. The results in Fig. 3 illustrate the percentage of total 

antioxidant capacity retained at each time point during the heating process. As observed in Fig. 3, 

the bacterial carrier effectively protected encapsulated compounds during thermal treatment. 

Approximately 93% of the antioxidant capacity for the encapsulated MG juice was retained after 

1 hour of heat treatment, whereas only 74% of the initial antioxidants were preserved without using 

encapsulation after the heat treatment of juice for 1 hour. Pom juice showed higher resistance 

against heating, where 80% of the antioxidant activity still persisted after the heat treatment for 1 

hour. Upon encapsulation in the cell carriers, 87% of the total antioxidant capacity was retained in 

the encapsulated Pom juice content. Overall, these observations indicated that cell carriers can 

effectively protect encapsulated antioxidant compounds against thermal stress.  

In addition to the total antioxidant capacity, the retention of anthocyanins was also monitored 

during the heating process at 90 °C. Cells encapsulated with polyphenols from the juice matrix 

were sampled at 1, 2, 5, 10, 20, 40, 60 min, and compared to the non-heated polyphenols 

encapsulated in cells from the juices. As described previously, the anthocyanin content retained in 
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the cells was extracted using methanol and measured using a UV-Vis spectrometer. Fig. 6 shows 

similar patterns of enhanced stability of anthocyanin compounds on cell carriers similar to the 

results in Fig. 5. Despite the fact that the MG juice contains more colored pigments (Fig. 2B), these 

 
 

Fig. 4.4. Stability of juice pigments with and without encapsulation under heat treatment. After 

treatment, the juice samples were extracted with 85 % methanol and quantified using UV-Vis 

measurements at 530 nm.   

 

compounds seemed to be more susceptible to heat when compared to the pigments from Pom juice. 

Only 61 % of the anthocyanin pigments in the MG juice were retained after 60 min of heat 
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treatment. In contrast, 90 % of the encapsulated anthocyanin pigments were preserved in the cell 

carriers. In terms of the Pom matrix, 84 % of the anthocyanins survived the heating of the juice, 

and nearly 100 % of the encapsulated pigments were preserved in the cell microcarriers. These 

results demonstrated that the bacterial cell carriers effectively protected encapsulated anthocyanins 

from degradation caused by the thermal treatment, and the protective effect was more significant 

for anthocyanins from MG than Pom. 

Overall, the results demonstrated that, after 60 min of heat treatment at 90 °C, more than 87 % 

total antioxidant capacity and 90 % anthocyanin content were recovered from both encapsulated 

MG and Pom as compared to the respective juices without encapsulation. The degradation of 

juices’ phenolics content including anthocyanin from heating were comparable with previous 

studies (between 15 % - 30 %).(Fischer et al., 2013; Wang and Xu, 2007) Additionally, in terms 

of the Pom juice, the loss of antioxidants was higher than the percentage of anthocyanin 

degradation. This might indicate that while pigment was better retained by the cell carriers, 

colorless phenols might be more heat labile and more susceptible to degradation.(Fischer et al., 

2013; Martino et al., 2013; Nayak et al., 2011) 

 The thermal stability of encapsulated active compounds was statistically significantly 

higher than non-encapsulated juice of both fruits. This protective effect of microcarriers has been 

observed in a range of encapsulation systems such as spray-drying particles(Robert et al., 2010) 

and emulsions(Zaidel et al., 2014). However, a comparable or higher percentage of antioxidant 

capacity and pigment content retention was observed using the cell carriers compared to the 

synthetic encapsulation carriers. For instance, losses of more than 20% were observed for 

anthocyanins encapsulated in polymer matrices such as maltodextrin, a mixture of maltodextrin 

and gum arabic, or soluble starch, after treatment at 98 ºC for 30 min,(Idham et al., 2012) whereas 

cell carriers reduced the loss to less than 10 % after heating of the encapsulated samples at 90 ºC 
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for 60 min. The advantage of the cell carriers might be largely attributed to the physical cellular 

structure as well as its complex chemical composition. As shown in Fig. 1, the cell structures 

persisted through the encapsulation process, and literature has shown that some of the 

Lactobacillus strains can maintain structural integrity at elevated temperature around 100-120 °C, 

for 30-60 min.(Klaenhammer et al., 1993) The robust structure is essential for protecting 

encapsulated bioactives, whereas colloidal encapsulation systems tend to destabilize both 

physically and chemically during encapsulation or in adverse environmental 

conditions.(McClements, 2015) Besides the physical structure, the antioxidant property of 

intracellular content of L. casei has also been reported.(Aguilar-Toalá et al., 2019) Aguilar-Toalá 

et al. suggested that glutathione and other intracellular lipid and protein components might be 

involved in the antioxidant activities, which might in turn help stabilize and protect bioactive 

compounds encapsulated within the cell carrier. Therefore, cell carriers are effictive encapsulation 

materials for preserving the bioactive functions of extracted polyphenolics during thermal 

processing.  

In addition, encapsulation using cell carriers exhibits certain advantages in terms of the 

manufacturing process. In this study, we used L. casei cells to encapsulate a composite profile of 

polyphenolics with a basic temperature-controlled incubation. Currently, spray-drying and freeze-

drying are the most commonly applied industrial techniques for microencapsulation and 

stabilization of plant polyphenolics from natural sources. Spray drying is a unit operation where 

liquid is atomized in a hot gas current to obtain a powder.(Phisut, 2012) Freeze-drying is an 

alternative drying method but less utilized due to the higher operational cost. While spray-drying 

is more prevalent due to its low cost, its limitations have also been extensively discussed. We 

observed 4-5 times higher anthocyanin content encapsulated in the cell carrier in this study when 

compared to spray-dried powder.(Yousefi et al., 2011) Despite variations in the raw material, loss 
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of heat sensitive compounds during spray-drying might be due to the exposure to oxygen (Yousefi 

et al., 2011) and the thermal treatment (with typical inlet air temperature around 150 – 220 °C, 

albeit with a short contact time) (Patil et al., 2014; Phisut, 2012). In addition, the drying process 

may cause loss of dried material due to wall deposition, low thermal efficiency,(Shishir and Chen, 

2017) broad size distribution and irregular microstructures.(Dalmoro et al., 2012) Encapsulation 

using the preformed cellular structure of probiotic bacteria and passive incubation, on the other 

hand, significantly simplified the process with more uniform cellular size and microcellular 

structure. 

 

Conclusion 

In summary, microencapsulation that leveraged inactivated probiotic cells (L. casei) as the pre-

formed microcarrier, could separate and enhance the stability of antioxidant compounds of 

composite profiles from crude fruit juice material. As identified in this study, the profiles included 

anthocyanins and a variety of phenolic compounds, depending on the source fruit of the juice. 

Compared to the original MG and Pom fruit juice used in this study, the cell carriers contained 

more than 60% of the antioxidant capacity and anthocyanin content using the simple incubation 

protocol. After heat treatment at 90 °C for 60 min, more than 87 % of encapsulated antioxidant 

capacity and more than 90 % of the anthocyanin content were preserved within the cell carriers. 

This approach presents an economic and scalable technique to better utilize waste and by-products 

of the food processing industry. Future studies could be carried out to assess the potential of 

encapsulating phytochemicals of other plant sources, modification of the cell carrier structures and 

encapsulation protocol to further enhance the encapsulation efficiency, and any additional 

probiotic benefits that the bacterial carrier might have.  
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Chapter 5 

Feasibility of encapsulating phenolic bioactive compounds in live 

cell carriers and characterization of microbial metabolism of 

encapsulated bioactive 

Abstract 

This study aimed to develop an innovative encapsulation carrier based on live microbial 

cells to encapsulate bioactive compounds, convert the target compounds into active 

metabolites and release in situ. Overall, this study evaluated the encapsulation and 

biotransformation of bioactive compounds leveraging the intrinsic metabolic activities of 

microbial cells. Gram-positive skin commensal bacteria Staphylococcus epidermidis was 

studied as the model microcarrier to encapsulate curcumin as the model phenolic compound. 

Curcumin was encapsulated into live S. epidermidis cells via a pressure-facilitated process. 

The impact of the encapsulation process on the live cell carriers’ viability and metabolomics 

profile was characterized by standard plate counting method and a metabolic capability 

measurement assay. The subsequent long-term growth of the cell carrier was also monitored 

using the same viable cell count and metabolic activity measurements. To better understand 

the physiological responses of cells to the intracellularly encapsulated curcumin, live cells 

exposed to extracellular curcumin (dispersed in the culture media) and deactivated cell 

carriers were also measured as control groups. In addition, representative metabolites of 

curcumin and the cell carriers’ metabolomic profiles after encapsulation were identified 
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using HPLC-MS/MS. After encapsulation, 42% and 39% reduction of colony forming units 

and metabolic activities of the live cell carriers were observed. Cell carriers recovered and 

resumed growth after 2 hours of incubation when compared to control cells that did not go 

through the encapsulation process. This was further validated with growth curves monitored 

and measured in the span of 10 hours, which indicated that cells exposed to extracellular 

curcumin exhibited the longest lag time before reaching exponential growth and lowest 

maximum growth rate. The encapsulated curcumin content in live cell carriers decreased 

overtime, which, we hypothesized, was partially due to metabolism since the content in 

deactivated cell carriers remained constant. The hypothesis was validated with our tandem 

mass-spectrometry analysis, from which we detected intracellular as well as released 

extracellular curcumin metabolites. Different metabolomic profiles of cells depending on the 

localization of the phenolic compound were also observed. In conclusion, the results of this 

study signified the potential of leveraging microbial cells as a novel active encapsulation 

carrier to 1) convert target compounds into bioactive metabolites, and 2) release the 

functional metabolites in situ. Future studies might be conducted to validate the additional 

health benefits that the microcarrier may deliver. 
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5.1. Introduction  

The skin microbiome has diverse class of microbes including bacteria, viruses and fungi 

(Grice and Segre, 2011). Together this complex community of microbes influences both the 

dermatological health and the immune status (Belkaid and Tamoutounour, 2016; Kali, 2015). 

Some of the microbes on a skin surface generate beneficial products such as antimicrobial 

peptides and immune modulating metabolites that attenuate skin disorders and deliver health 

benefits (Kali, 2015). As one of the most predominant and innocuous commensal species, 

Staphylococcus epidermidis has also been proposed to function as a probiotic bacterium on the 

skin (Keshari et al., 2019; Negari et al., 2021). For instance, some of the metabolites and 

peptides generated by S. epidermidis on the skin surface are known to benefit skin immune 

function as well as inhibit the growth of pathogens. S. epidermidis can metabolize carbon-rich 

molecules as prebiotics to yield short-chain fatty acids that can inhibit growth of pathogens such 

as Staphylococcus aureus (Huang et al., 2020), Propionibacterium acne (Wang et al., 2014) and 

Cutibacterium acnes (Yang et al., 2019). Similarly, 6-N-hydroxyaminopurine, a metabolite from 

S. epidermidis, was shown to selectively inhibit UV induced skin tumors in an animal model 

system (Nakatsuji et al., 2018).  

The biological activity of a probiotic bacteria can be significantly influenced by prebiotic 

compounds that can be delivered by exogenous or endogenous sources (Grimoud et al., 2010; 

Krutmann, 2009). In general, the prebiotics compounds are metabolized by the probiotic bacteria 

and transformed into bioactive metabolites that are beneficial to the host (Krutmann, 2009). 

Delivery and co-localization of the prebiotic with the target bacteria are prerequisite conditions 

for the biochemical transformation of the prebiotic compounds by the target bacteria. To date, 

most of the research studies evaluating potential interactions between prebiotic and probiotic 

interactions often incubate the bacteria cells at a relatively high concentration with compounds of 
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interest under controlled and nutrient rich conditions (Gopal et al., 2001; Grimoud et al., 2010).  

These conditions do not resemble the physiological environment on the skin surface i.e. naturally 

dry, salty, acidic and nutrient-poor conditions and do not address the challenges with co-

localization of the prebiotics with probiotic bacteria on a skin surface or other target anatomical 

sites. 

One possible solution is to physically combine the selected compound and the bacteria into a 

single formulation, which can be delivered to the target site and promote generation of the 

desirable metabolites. Infusion or incorporation of exogenous compounds in bacterial cells can 

be an approachto develop a formulation that combines bacteria and target compounds. Related to 

this concept, prior studies have demonstrated encapsulation of bioactive compounds in 

inactivated microbial cells and cell lysates (Pham-Hoang et al., 2013; Young et al., 2020). 

However, to the best of our knowledge none of the prior studies have demonstrated infusion or 

encapsulation of exogenous in live bacterial cells and generation of metabolites based on the 

metabolic activity of cells.   

The current study explored the potential of live microbial cells as encapsulation carriers to 

leverage their inherent functionalities in metabolizing intracellular compounds into bioavailable 

and functional metabolites. Thus, this study was aimed to evaluate microencapsulation and 

metabolism of a model phenolic compound in a live bacterial carrier. Staphylococcus 

epidermidis was selected as a live cell carrier. S. epidermidis is known as a Gram-positive 

staphylococcus and is one of the five significant microorganisms that are located on human skin 

and mucosal surfaces (Namvar et al., 2014). This strain was chosen to mimic the application of 

bioactive compounds on skin and their subsequent bioconversion by skin microflora in-vitro. 

Live cell carriers could potentially overcome challenges associated with the lack of specific 

microflora, or the physico-biochemical constraints that may interaction between the microflora 
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and the target compounds. Curcumin was selected in this study for its topical functionalities such 

as anti-inflammatory (Agrawal et al., 2014) and anti-microbial activities (Liu and Huang, 2012). 

In addition, the biotransformation of curcumin has been proposed to be crucial for curcumin 

bioactivities (Scazzocchio et al., 2020). A vacuum-facilitated process was applied to encapsulate 

curcumin in the S. epidermidis cells (Young et al., 2017). To characterize the impact of 

encapsulation on the live cell carriers’ viability and metabolism level, microbial population and 

metabolic capacity were measured based on the standard plate counting and the established MTT 

assay respectively. The long-term impact on the cell carrier growth was also monitored and 

measured using the same plate counting and MTT protocols. Two control groups were included 

in this study and compared to live cells with intracellularly encapsulated curcumin: 1) live cells 

exposed to extracellular curcumin dispersed in a culture media, and 2) deactivated cell carriers 

(to control for potential degradation of curcumin under the incubation conditions). Furthermore, 

representative metabolites of curcumin and the cell carriers’ metabolomic profiles after 

encapsulation were identified using HPLC-MS/MS. To the best of our knowledge, no prior study 

has evaluated live cells as active encapsulation carriers. The metabolomic response and in-situ 

release of produced metabolites when the commensal cells are exposed to extracellular vs. 

intracellular (encapsulated) bioactive compounds have not previously been studied. 

5.2. Material and Method 

5.2.1. Material 

Curcumin derived from Curcuma longa (Turmeric) (≥65%, HPLC grade from Sigma), 

Tryptic Soy Agar/Broth (TSA/TSB), phosphate buffered saline (PBS, Fisher BioReagents), 

Thiazolyl Blue Tetrazolium Bromide (MTT; Sigma, M2128) 

5.2.2. Bacterial strains and growth 
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The Gram-positive bacterium S. epidermidis (ATCC 35984) was selected as the model 

human skin commensal bacteria. The liquid nitrogen stock was streaked onto TSA plates and 

incubated at 37�C overnight. Before experiments, single colonies were picked from the plate, 

cultured in TSB and incubated at 37�C aerobically with agitation at 250 rpm overnight. The cell 

density of the overnight culture was around 109 cfu/ml. To prepare inactivated cells as control 

groups, bacteria cells were incubated with 70% ethanol for 30 min and immediately centrifuged 

after to remove the ethanol. The pallet was then reconstituted using PBS to original volume. 

5.2.3. Encapsulation of curcumin into bacterial carriers via vacuum infusion 

After being centrifuged and washed with sterile PBS once, the overnight culture was 

resuspended in 4.75 ml PBS and combined with 0.25 ml curcumin solution in ethanol. 

Encapsulation was performed by using a patent pending pressure facilitated infusion approach. 

The vacuum infusion takes around 5 min, followed by a 10-min incubation in dark. The cell 

pellet was then centrifuged at 11,000 rpm for 10 min to remove excess compound and washed 

using sterile PBS for 3 times.  

5.2.4. Incubation of encapsulated bacterial carriers 

To measure growth curves and curcumin content, 250 ml culture flasks containing 100 ml 

TSB was incubated with the prepared overnight culture or encapsulated cells with the initial 

OD600 around 0.07. The flasks were incubated aerobically at 37�C with agitation at 250 rpm. 

1ml samples were taken every 1 hr for a period of up to 12 hr and the cell pellet was collected by 

centrifuge 11,000 rpm for 2 min. 

Growth curve fitting of viable count data was performed using DMFit (the same model also 

available via https://www.combase.cc) to measure growth parameters including lag time and the 

maximum growth rate (Baranyi and Roberts, 1994). When using DMFit to fit the growth curve, 
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late-stationary phase time points after 10 hr incubation were excluded to prevent model 

distortion (Rolfe et al., 2012). 

5.2.4.1.Characterization of encapsulated curcumin 

Curcumin in the cell pellet was extracted using methanol with bead beating at 6.0 m/s, 40 s 

for 3 cycles (FastPrep-24™ 5G Instrument, MP Biomedicals). The curcumin absorption was 

measured using the UV spectrometry (Genesys™ 10 UV-Vis Spectrophotometer, Thermo 

Scientific) at 425 nm and quantified through a standard curve prepared from curcumin methanol 

solution (R2 = 0.99). 

5.2.4.2.Metabolic activity assay  

The metabolic activity of the bacteria encapsulation carriers was measured using MTT assay. 

The protocol was adopted from previous studies with slight modifications (Tada et al., 1986). 5 

mg/mL Thiazolyl Blue Tetrazolium Bromide was dissolved in 1x PBS with vigorous vortex. The 

solution was then filtered through 0.2 μm sterile filters to remove crystals and sterilize. The 

solution was made fresh before experiments. For measurements, 100 μL cell suspension of 

samples were added to 96-well plates. 20 μL MTT solution was added to each well and the plate 

was incubated at room temperature for 4 hours. 10 % SDS solution was then added and incubate 

o/n at 37 °C to dissolve the crystals. The absorbance was read at 570 nm, the background 

absorbance at 690 nm was read and subtracted.  

5.2.5. Metabolomics analyses  

5.2.5.1.Sample preparation  

The overnight S. epidermidis culture was prepared according to the protocol described in 

section 1.2. After centrifuged at 11,000 rpm fro 5 min to remove the overnight media, the culture 

was reconstituted to original volume with new culture media and used in following analyses. 

Samples of the control group was kept at 37°C. For the first experiment group, the bacteria cells 
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were encapsulated with curcumin and incubated for 3 hours to allow potential bacterial reaction 

and metabolization. For the second experiment group, extracellular curcumin was added to the 

culture medium and incubated for 3 hours. The concentration was calibrated to the consistent 

with the curcumin concentration of the suspension of encapsulated cells, which was calculated to 

be 0.0527 mg/ml in this experiment based on the quantified encapsulation efficiency. The 

samples were then collected in cryotubes at 1 mL and centrifuged at 11,000 rpm for 10 min. The 

cell and culture medium were then separated and snap frozen in liquid nitrogen for following 

analyses.  

5.2.5.2.HPLC-MS/MS analyses  

An untargeted metabolomics analyses was carried out to understand the cell carrier’s 

potential metabolization of encapsulated compound and the differences compared to extracellular 

presence of the compound. TripleTOF® 6500 Quadrupole Time-Of-Flight mass spectrometer 

(Sciex) coupled with Sciex MicroLC was used to identify the metabolite profile produced by cell 

carriers both intracellularly and extracellularly. MS detection was carried out in 6 replicates. A 

200 μm x 0.5 mm trap column and a 75 μm x 15 cm analytical column (ChromXP C18-CL, 3 

μm, 120Å; Sciex) were used. The mobile phases were 0.1% formic acid in water (A) and 0.1% 

formic acid in acetonitrile (B). A flow rate was 300 nL/min. LC gradient elution condition was 

initially 5% B to 30% B (90 min) and 80% B (95–105 min). The electrospray ionization was 

performed in both positive and negative ion modes. The mass spectra were acquired from 1000-

8000 m/z with an accumulation time of 0.1 s in high sensitivity mode. Exclusion time was 20 s. 

The injection volume was 0.4 μL and the resuspension volume was set to 100 μL. The source 

parameters were optimized to obtain reproducible mass data. The complete data processing was 

performed with MS-Dial 2.70 software.  

5.2.5.3.Partial least square discriminant analysis for HPLC-MS/MS results  
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HPLC-MS output of intracellular and extracellular metabolomics profiles was respectively 

processed using the open source package sklearn, PLSRegression in python (v3.6.3). The PLS-

DA model were constructed using the in-house scripts. The covariance confidence ellipse was 

plotted using the open source package matplotlib (v3.3.2) with p-value ≤  0.05. 

5.2.6. Other statistical analyses  

ANOVA and the post-hoc Tukey’s Honestly Significant Difference (HSD) tests were 

performed using the GraphPad Prism software V.7.0a (Graphpad Software, Inc., La Jolla, CA). 

Experiments were performed in triplicates. The significant differences between treatments were 

determined through one-way ANOVA with significance level at p-value < 0.05 unless stated 

otherwise.  

5.3. Result and Discussion 

5.3.1. Effect of encapsulation on the metabolic activities of live cell carriers 

 

Figure 5.1 (a) Metabolic activity and (b) bacterial population of control groups and 

encapsulated cells. Absorbance in (a) was measured at λ = 590 nm as part of the MTT assay; 

letters indicate statistically significant difference among the groups (p < 0.05) based on 

Tukey’s test.  
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Both the viability and metabolic activity of live cells after the encapsulation of a target 

compound are essential for its function as a metabolically active encapsulation carrier. 

Curcumin, as a model polyphenolic compound in this study, was encapsulated into alive S. 

epidermidis cells with a pressure-assisted technique as we have demonstrated in a previous study 

(Young et al., 2017). In order to assess effect of the encapsulation process and the encapsulated 

compound on the selected cell carrier, microbial metabolic activity and viability were 

characterized using the MTT assay and the standard plate counting method respectively as 

described in the material and methods section. The MTT assay evaluates the metabolic activity 

of living cells (Chacon et al., 1997). In this assay tetrazolium component (MTT) is reduced into a 

colored and an insoluble formazan product by the mitochondria of viable cells (Mahajan et al., 

2012). The plate counting method quantifies the total viable cell population including viable but 

metabolically-inhibited cells. Besides one-way ANOVA which reflects the overall significant 

differences among the treatments, Tukey’s HSD test was carried out to enable pairwise 

comparisons.  

As observed in Figure 1(a), the encapsulation process including brief exposure to negative 

pressure and 5% ethanolwithout the compound itself reduced the metabolic activity of bacterial 

cells (control 2) as compared to the control 1 by approximately 34% (Tukey HSD p-value = 

0.001). The cells encapsulated with curcumin (Encap. cells) exhibited the lowest metabolic 

activity among the samples, with an overall decrease in metabolic activity of approximately 42% 

compare to the Control 1 (Tukey HSD p-value = 0.001).  This decrease in metabolic activity of 

the Encap cells was also statistically significant compared to the Control 2 (Tukey HSD p-value 

= 0.001). Consistent with the MTT assay results, around 32% and 39% of the cell carriers were 

not able to form colonies after encapsulation (Control 2) and after encapsulation with Curcumin 

(Encap. cells) (Figure 1(b)). On a log scale in Figure 1(b), the number of viable cells decreased 
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by less than 1 log CFU/sample due to the encapsulation process and encapsulation of curcumin 

using the vacuum infusion process. These results indicated that the inhibition of cellular activity 

was mainly caused by the negative pressure assisted encapsulation process and brief exposure to 

5% ethanolic solution. Overall, Figure 1 demonstrated that the encapsulation process and the 

encapsulant curcumin reduced the metabolic activities and bacterial population counts but 

preserved viability of majority of the bacterial cells. To the best of our knowledge, none of the 

prior studies have evaluated potential of using live bacteria cells as an active encapsulation 

system that may generate metabolites from the encapsulated compounds.  For achieving this 

goal, both the viability and metabolic activity of bacterial cells is critical. Using live microbial 

cells as encapsulation carrier can provide unique opportunities to enhance both the co- delivery 

of bioactives and bacterial cells as often both bacteria and compounds are needed to generate 

beneficial metabolites (Grimoud et al., 2010). This approach can also have potential applications 

as a pro-drug carrier. In this approach, pro-drug form of the compound is encapsulated in live 

cells and delivered to the target site with the bacteria, which then metabolizes and releases the 

active form of the drug.  

      

 

Figure 5.2 Metabolic activity of encapsulated cell carriers and control groups measured at λ 

= 590 nm as part of the MTT assay with 3 hours incubation at 37 �C. Within each 
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incubation time, the symbol * indicates statistically significant differences between control 

and encap. cells (p < 0.05). 

 

In order to further examine the reduction of the cell carrier’s metabolic activity after 

encapsulation, we incubated the encapsulated cells in fresh culture media for up to 3 hours and 

measured the metabolic activity with the MTT assay at an interval of one-hour. Cells without 

going through the encapsulation were used as the control and the OD600 of the experiment and 

the control groups were calibrated to ensure the same level of cell density at the starting point 

(~109 cfu/ml). At the beginning of the incubation time with media, the encap. cells showed 

significantly lower metabolic activity compared to the control group (Figure 2), which is 

consistent with the observations from Figure 1. With an increase in incubation time, the cells 

with encapsulated curcumin showed gradually elevated metabolic activity and recovered their 

metabolic activity within 2 hours of incubation. This result further validated our prior 

observation and demonstrated that the encapsulation process and the encapsulated compound 

deterred the microbial metabolism and only partially decreased bacterial population for a short 

period of time (< 2 hours), potentially due to a cellular damage resulting from the encapsulation 

process. After 2 hours of incubation the cells recovered from the stress and regained their 

metabolic activity.   

 



 154 

    

Figure 5.3 a) Representative growth curves and b) the growth parameters obtained from the 

Baranyi growth model for: natural cells without encapsulation (Control), cell carriers 

encapsulated with curcumin (Intracellular Curcumin), and cell carriers incubated with 

extracellular curcumin (Extracellular Curcumin). The cell densities were measured by 

absorbance at λ = 600 nm (OD600) through the 10-hour incubation at 37 �C with agitation. 

 

To characterize growth potential of bacterial cells after encapsulation of curcumin and to 

compare the influence of localization of curcumin in bacterial cells, the growth of  bacterial 

suspension cultures with and without encapsulated curcumin and with cells incubated with 

extracellular curcumin was measured. The growth parameters including the lag time and the 

maximum growth rate were obtained by fitting the growth curve in Figure 3b) using the well-

established cell growth kinetic model as described in the Methods section (Baranyi and Roberts, 

1994). The curve fit to the selected model had a R2 greater than 0.99, indicating a good fit.  

As observed in Figure 3, the control group had a lag time of 1.42 hours and the highest max 

specific growth rate at 0.51 log10 CFU/mL/hour, consistent with prior observations that have 

reported a short lag time of less than 2 hours for Stephylococci (Jonas et al., 2018). Cells 

incubated with extracellular curcumin had the longest lag time of 3.09 hours before reaching an 

exponential growth phase, which is also reflected by the lowest maximum specific growth rate at 
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0.36 log10 CFU/mL/hour. In comparison, the growth of cells with intracellular curcumin was 

only moderately inhibited, demonstrating an average lag time of 1.88 hour and maximum 

specific growth rate of 0.50 log10 CFU/mL/hour. The lag times of the three groups and the 

maximum specific growth rates showed statistically significant variation with a confidence level 

at 0.99 (p-value < 0.01).   

Influence of curcumin on microbial metabolism and viability has been evaluated in various 

previous studies and has been recently summarized in a review (Praditya et al., 2019). Based on 

the literature, diverse mechanisms have been proposed. For example, Tyagi et al. demonstrated 

that exposure to curcumin can cause membrane leakage in both the Gram-positive and Gram-

negative bacteria and can inhibit the growth of bacteria (Tyagi et al., 2015). In the case of 

Bacillus subtilis, antibacterial activity of curcumin was attributed to inhibition of bacterial cell 

proliferation by blocking the assembly of FtsZ in the Z ring that has a vital role in cell division 

(Rai et al., 2008). Incubation with curcumin was also shown to influence virulence, quorum 

sensing and other infective activities of Pseudomonas aeruginosa (Rudrappa and Bais, 2008). 

Overall, these trends support the inhibitory activity of extracellular curcumin as observed in 

Figure 3.       

However, the different patterns in the microbial growth and activities between cells loaded 

with intracellular curcumin and cells exposed to extracellular curcumin suggested that the 

encapsulation process might have affected and altered the interactions between the compound 

and the alive cell carriers, which dampened the antibacterial effect of the compound. This could 

be attributed to a range of factors. For example, Mun et al. previously confirmed the binding of 

curcumin with peptidoglycan, the key component of gram-positive bacteria’s cell wall. The 

binding might cause interruption of cell wall and damage to the cytoplasmic membrane as 

illustrated by transmission electron microscopic images (Mun et al., 2014). Existing evidence 
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also suggested that curcumin’s binding to lipid bi-layer, which changed the properties of host 

cell membranes (e.g. membrane-thinning effect) and might affect the functions of membrane 

proteins (Hung et al., 2008). The encapsulation process might have expedited the passing-

through of the compounds through the cell wall and plasma membrane, reduced the time for 

curcumin to bind and disturb the cellular structure. Once localized within the cell, curcumin as a 

moderately hydrophobic compound might bind to intracellular compartments due to its affinity 

for lipid membranes. This might hinder normal growth of the cells imminently after the 

compounds were present within the cells, but curcumin’s antibacterial actions against cell wall 

and plasma membrane might be attenuated by the pressure-facilitated encapsulation process, 

which led to a less-inhibited growth indicated by the Intracellular Curcumin curve in Figure 3. 

More comprehensive studies in the future are necessary to elucidate pathways for the uptake of 

encapsulated compound in active microbes, which is essential for future development of alive 

cell carriers for food and biomedical applications.  

5.3.2. Fate of curcumin in live cell carriers  

 

 

Figure 5.4 The decay of intracellular curcumin occurred with alive cell carriers.  

 

The intracellular curcumin content in cells as a function of incubation time in a cell culture 

media was quantified using UV-Vis spectrometry. Deactivated cells were used as the control 
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group to examine potential influence of chemical reactions such as degradation or hydrolysis of 

encapsulated curcumin in cells. Changes in the concentration of extracted curcumin from live 

cells and deactivated cells as a function of incubation time was measured using a UV-Vis 

spectrometer at a wavelength of 425 nm. The absorbance measurement was converted to an 

equivalent concentration of curcumin in the cell suspension based on a standard curve prepared 

with a curcumin standard in a methanolic solution. Results in Figure 4 show that only 31% of the 

encapsulated curcumin was remaining in the cells after 9-hour incubation in live cells, while 

around 90% of the original compound was retained in the deactivated cells.  

5.3.3. Metabolomics analyses of the live cell carrier 

Incubation 
Condition 

Metabolite 
Localization 

Curcumin  Tetrahydro-
curcumin 

Bisdemethoxy-
curcumin 

Max – Min Spectrum Peak Height (� 103 Unit of Absorbance) 

Intracellular 
Curcumin 

Intracellular 781 - 910 42 - 54 30 - 37 

Extracellular 7 - 52 - - 

Extracellular 
Curcumin 

Intracellular 414 - 557 32 - 33 3 - 8 

Extracellular - 34 - 45 - 
 

Table 5.1 Curcumin and representative metabolites identified in cell carriers exposed to 

either intracellular curcumin or extracellular curcumin using HPLC-MS/MS. The compounds 

were semi-quantified using the MS/MS spectrum peak height, and the ranges (min – max, 

103 unit of absorbance) of triplicate measurements were shown in the table. The limit of 

detection (LOD) was calculated as three times the standard deviation of triplicate blank 

measurements, and the compounds with mean value below LOD were labeled as “-” in the 

table. 
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Metabolism and bio-transformation of the encapsulated compound in the live cell carriers can 

be one of the key reasons for the decay of encapsulated curcumin in cell-based carriers. The bio-

transformation may be desired in certain applications as the metabolites generated by the 

bacterial cells can have enhanced bioactivities in some cases (Scazzocchio et al., 2020). For 

characterizing influence of the cellular metabolism on the fate of encapsulated compound in live 

cell carriers and influence of the encapsulated compound on the cells, an un-targeted 

metabolomic analysis approach using a high-performance liquid chromatography coupled with 

tandem mass spectrometry (HPLC- cells were characterized. For this characterization, cells 

encapsulated with curcumin and cells incubated with curcumin in the extracellular media were 

evaluated. The cellular extracts after incubation of cells (cells with encapsulated and cells 

incubated with curcumin) in a media were prepared using the approach described in the materials 

and methods section. The isolated extract was analyzed using a HPLC-MS/MS platform based 

on a described protocol in the Material and Method section. Curcumin metabolites were 

identified using a mass-based search followed by manual verification. The semi-quantitative 

comparison was achieved based on peak heights in the mass spectrograph. The control cells and 

cells incubated with the extracellular curcumin were analyzed using the same approach. The 

limit of detection (LOD) was calculated as three times the standard deviation of triplicated blank 

measurements. This is one of the common methods to determine the detection limit based on 

detector response of target compounds from blank samples (Indrayanto, 2018).  

  

As illustrated in Table 1, the MS/MS analysis identified remaining curcumin and key 

curcumin metabolites produced by cell carriers. Cells encapsulated with curcumin maintained a 

higher intracellular concentration of curcumin than the cells incubated extracellularly with the 

same concentration of curcumin (52.7 µg/ml). This difference in the concentration may be 
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attributed to the efficiency of vacuum infusion process to rapidly (~5-10 s) infuse curcumin in 

cells compared to the passive binding and diffusion of curcumin during an extended incubation 

time for 3 hours. Low concentration (10-100 fold lower than the curcumin concentration in the 

cells) of extracellular curcumin was only observed for the cells encapsulated with curcumin. This 

suggest some passive release of curcumin from the cells during incubation. This release may 

result during cell division and other cellular process. However, in contrast to these results, there 

was no significant detection of extracellular curcumin in the samples of cells incubated with 

curcumin. This lack of detection could be due to hydrolysis of curcumin in the media during 

extended incubation. Curcumin is highly susceptible to hydrolysis at the pH of 7.2, with 90% 

decomposed in less than 30 min (Wang et al., 1997). This result also suggest that the sustained, 

low concentration of extracellular curcumin released from cells infused with curcumin is 

partially protected from hydrolysis. This could result due to complexation with cellular 

components such as proteins.   

The other key curcumin metabolites identified in this study include tetrahydrocurcumin and 

bisdemethoxycurcumin. The pathways for synthesizing these metabolites have been identified 

and the reactions for their synthesis are mostly mediated by nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent curcumin/dihydrocurcumin reductase (Hassaninasab et al., 

2011). The levels of these metabolites generated by bacterial cells were a function of the 

incubation condition, i.e. cells infused with curcumin vs. cell incubated with extracellular 

curcumin. Tetrahydrocurcumin was generated by both incubation conditions with encapsulated 

curcumin and cells incubated with extracellular curcumin. For the cells with encapsulated 

curcumin, the metabolite was localized mostly in the intracellular fraction, whereas cells 

incubated with extracellular curcumin showed existence of the compound both intracellularly 

and extracellularly. Bisdemethoxycurcumin was predominantly produced intracellularly by the 
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cells with encapsulated curcumin and was not detected in the extracellular media for both the 

incubation conditions. Overall, these observations suggested that the role of the localization of 

the bioactive compound in influencing the metabolism of the selected compound by bacterial 

cells.  Future studies may be designed to link cellular metabolism with the intracellular 

localization of bioactive compounds and metabolic state of cells. These studies may also include 

comprehensive understanding of the metabolic pathways including the expression of key 

metabolic enzymes. The metabolic transformation of curcumin by human microbiota has been 

proposed to generate many active metabolites with properties such as anti-oxidation and anti-

inflammation (Scazzocchio et al., 2020). For instance, as one of the major metabolites from 

curcumin, tetrahydrocurcumin has been extensively investigated for its bioactivity and compared 

with curcumin. Studies showed that tetrahydrocurcumin exhibits higher antioxidant activity than 

curcumin(Somparn et al., 2007), and has superior activity for suppressing lipid peroxidation 

(Pari and Murugan, 2007) and carcinogenesis (Lai et al., 2011). More importantly, these 

observations indicate the potential to produce target metabolites based on the interaction between 

the live cell carrier and the target compounds. Future studies could be carried out to further 

advance knowledge of the bio-transformation pathways and influence of the incubation 

environment.  
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Figure 5.5 16 extracellular metabolites and 92 intracellular metabolites with 

concentrations that are statistically significantly different among the three treatments (p-value 

< 0.01), produced by the live S. epidermidis cells. The metabolites content was calculated as 

the mean of triplicated measurements and visualized after scaling normalization (subtracted 

with the mean content of all metabolites included in the figure within each treatment and 

divided by the maximum content of the most abundant metabolites within the treatment). 
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Figure 5.6 Scatter plot of the overall (a) intracellular metabolomics and (b) extracellular 

metabolomics profile of live S. epidermidis cells encapsulated with curcumin (circles in red), 

in comparison with control groups (circles in black) and cells incubated with extracellular 

curcumin (circles in pink). Partial least square discriminant analysis was performed on a total 

of 3332 metabolites and 95% confidence eclipses were shown in the graph to investigate and 

visualize the profiles between treatments. 

 

In addition to bio-transformation of curcumin by cells, curcumin and its metabolites can also 

significantly influence the overall metabolomic profiles of the cell carriers.  Figure 5 illustrates 

16 extracellular metabolites and 92 intracellular metabolites with concentrations that are 

statistically different among the three treatments (p-value < 0.01): control cells (Tmt1), cells with 

encapsulated curcumin (Tmt2), and cells incubated with extracellular curcumin (Tmt3). In order 

to visualize the differences among the profiles, metabolite content (quantified using MS/MS 

spectrum peak height) was transformed using scaling normalization and plotted in the form of 

heatmaps. The scaling normalization was performed by subtracting each metabolite relative 

(a) (b) 
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concentration level from the mean concentration level of the selected metabolites included in 

Figure 5 for each of the treatments and dividing the resulting difference by the maximum relative 

concentration level for the selected metabolites. The results in the Figure 5 show that compared 

to the control group, treatment groups Tmt 2 and 3 have significantly reduced levels of 

metabolites in both the intracellular and extracellular compartments for majority of the 

compounds. The only exception was observed for few metabolites whose levels increased in the 

treatment groups compared to the controls. In those cases, the compounds were not expressed in 

control cells or at relatively low levels. This trend agrees with the reduction in metabolic activity 

of the cells in the presence of curcumin as measured using the MTT assay. This reduction may 

be induced by the growth inhibitory properties of curcumin (Liu and Huang, 2012).  

Figure 6 presents the evaluation of the overall changes in the metabolic profile of cells 

induced by different treatments in this study. Partial least square discriminant analysis (PLS-DA) 

has been widely used to characterize and distinguish metabolic processes in metabolomics 

studies (Kalivodová et al., 2015; Worley and Powers, 2013). In this study, the comprehensive 

metabolic profile of more than 3300 identified as intracellular and extracellular metabolites for 

the Tmt1, Tmt2 and Tmt3 were respectively analyzed using the PLS-DA algorithm, and the 

relationships among the metabolic activities of the live cell carriers under different treatments 

were demonstrated with confidence eclipse plots in Figure 6.  

Overall, Figure 6 (a) indicated that intracellular metabolite profile of the two treatment 

groups that were exposed to curcumin were statistically different compared to the control group 

(p-value < 0.05). In addition, the profiles of the treatments overlapped and moved to the same 

direction in the graph as compared to the control group. These observations demonstrated that 

cell carriers with encapsulated curcumin and cell carriers incubated with extracellular curcumin 

induced similar metabolic responses in the cell carriers. Future research may be designed to 
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analyze and determine the intracellular and extracellular metabolic profile of different cell 

carriers under different environment, culture conditions and encapsulated compounds. Based on 

this understanding, genetic modifications might be applied to modify the cell carrier’s metabolic 

properties and enable cell carriers to produce target molecules and their release in-vivo.  

 

 

 

 

Conclusion  

In summary, this study demonstrated a novel encapsulation carrier - live bacterial 

microcarriers that could encapsulate bioactive compounds and remain viable, convert the 

compound into active metabolites in subsequent incubation and release the metabolites in situ. 

After the model phenolic compound curcumin was encapsulated into live S. epidermidis cells, 

the cells retained viability and metabolic activities, recovered and resumed growth after 2 hours 

from the encapsulation process. Curcumin encapsulated in live cells decreased overtime, and 

major metabolites of curcumin including tetrahydrocurcumin and bisdemethoxycurcumin were 

observed both intracellularly and extracellularly. The cell carrier also responded to intracellularly 

encapsulated curcumin versus extracellular curcumin with different metabolomic profiles. 

Overall, this study has shown the potential of live cell carriers as active encapsulation capsules 

that can convert encapsulated compounds and deliver the metabolites in situ. Future research 

could be carried out to: 1) selectively modify the metabolism with bioengineering techniques to 

achieve target transformation and 2) understand and utilize the additional health benefits of the 

live microcarrier. 
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Chapter 6 

Conclusions and Future Studies 

This research investigated the utilities of cell-based carriers for the encapsulation, delivery 

and transformation of bioactive compounds. Using yeast cell, yeast cell wall particle and 

bacterial cell as model encapsulation systems, the studies demonstrated the intrinsic 

functionalities of the cell carriers including encapsulation efficiencies, stabilization of bioactives 

under adverse conditions, and binding and controlled release at the target sites. Furthermore, a 

novel concept of live cell encapsulation carriers was developed for potential applications that 

requires in situ biotransformation of target compounds. 

Based on the findings of this research, following research area and opportunities for future 

studies are warranted: 

• Encapsulation of hydrophilic and hydrophobic compounds using cell carriers  

o Mechanistic understanding of the encapsulation and release process and key 

physico-chemical characteristics that influence the encapsulation process and 

efficiency with different cell carriers 

o Quantitative analysis and predictive modeling that predict the encapsulation 

process and efficiency using the microcapsules and optimize the encapsulation 

system and process for different target compounds and post-encapsulation 

applications  
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o In vivo studies of additional probiotic benefits of both inactive and active cell 

carriers and potential synergistic effects with the released encapsulated 

bioactives  

• Encapsulation with live cell carriers 

o Targeted metabolomics studies that elucidate the synthesis pathway of target 

metabolites and incubation factors that impact the process 

o In vivo studies of the live carriers focusing on the production and delivery of 

target metabolites  

o Genetic modification of cell carriers to enable production of target molecules 

from the encapsulated compounds  

o Cell surface modifications that enabled additional functionalities including 

binding and homing properties with target cells or tissue  

• Other application-based studies  

o Contextualized microencapsulation formulations and techniques for other 

compounds and cell carriers as part of other applications in food and 

biomedical industries  

 




