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Engineering cell-based microstructures to study the effect of structural complexity on in
vitro bioaccessibility of a lipophilic bioactive compound

Yixing Lu?, Rewa Rai?, and Nitin Nitin2>*
Abstract

A fundamental understanding of the influence of food microstructures on the bioaccessibility
of micronutrients is vital for the design of functionally efficient foods. This study investigated the
effect of microstructural features of model foods on the bioaccessibility of a bioactive compound
- curcumin, using a unique bottom-up approach. In this approach, individual yeast cells with
infused curcumin were coated with oppositely charged polyelectrolytes: first in poly(diallyl-
dimethylammonium chloride), then in dextran sulfate or alginate, and assembled electrostatically
to generate two types of cell clusters. These cell clusters were embedded in an alginate film to
form a tissue-like structure. The influence of cell clustering and extracellular matrix on the release
of encapsulated curcumin from cell-based microcarriers during simulated digestion was evaluated.
Cell clusters that maintained their integrity during in vitro simulated digestion retained up to twice
as much curcumin upon addition of the simulated intestinal fluid (SIF) compared to single cells
during the first hour of intestinal digestion. Despite significant differences in the release profile,
no spatial heterogeneity of curcumin release across a cell cluster was observed with the imaging
measurements. Embedding single cells or cell clusters in calcium-crosslinked alginate films
resulted in another 20-30% increase in curcumin retention and a prolonged barrier effect for more
than 2 hours compared to microstructures without the films. This bottom-up approach of

engineering cell-based tissue-like structures proves to be an effective method for investigating the
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contributions of microstructural properties of food matrices to influencing bioaccessibility of

bioactives and guides future development of functional food materials.

1. Introduction

Bioaccessibility of plant-derived micronutrients has been evaluated for diverse food
materials with the overall motivation to understand the factors contributing to the release
profiles of various micronutrients from food matrices during digestion. Plant-derived bioactive
compounds, such as curcumin, can exert different effects depending on its release site in the
gut!2, The chemical properties of micronutrients and microstructural properties of food
matrices such as plant foods are the two major factors influencing the bioaccessibility of
micronutrients. Many studies have shown that differences in the chemical nature of compounds
significantly contribute to the differences in their bioaccessibility and bioavailability3.
Besides, the release profiles of bioactive compounds from plant sources are significantly
influenced by the microstructures of food matrices®, generally defined as the spatial
arrangement of different food elements and their mutual interactions at scales below 100 um.
In plant-based foods, the microstructural features contributing to the bioaccessibility of
bioactive compounds include chemical composition of plant cells, localization of bioactives
and their interaction with various cellular components’. However, the current approaches of
studying this topic have limitations in decoupling these two effects. For instance, many studies
compared the bioavailability of polyphenols from different plant origins to investigate the
effect of different molecular structures and conjugation forms of the polyphenol compounds>.

Nevertheless, such studies often ignore the impact of structural features such as the differences

2
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in cell wall composition, localization of compounds, and the binding with food matrix
elements®.

Complementary to the influence of chemical properties of micronutrients on their
bioaccessibility, some studies have evaluated the effect of food processing on the
bioavailability of micronutrients. Food preparation and processing such as cutting, heating,
and high-pressure treatment are known to change the microstructures of plant tissues, thus, in
turn, could affect the release of micronutrients. For instance, it was reported that the release of
carotenoids from plant foods occurs only after disruption of the cell walls, which may result
from food processing and mastication but not during gastric digestion®'?. Also, cooking
increased the extractability of carotenoids from food matrices by breaking down cell walls and
weakening the bonding between carotenoids and pectin-like fibers in plant tissues*. The major
limitation of using processing to study the relationship between food microstructure and
nutrient bioaccessibility is that the process of modifying structural properties is not well
controlled, and more than one structural feature could be impacted simultaneously by a
selected processing method. Thus, changes in the compound bioaccessibility cannot be
attributed to a specific structural or compositional feature. For example, grinding could break
down cells and expose polyphenols to polyphenol oxidase!! but could also increase surface
area and promote accessibility of digestive enzymes, thus increasing bioaccessibility.

The current study develops a unique approach for investigating the influence of food
microstructures on the bioaccessibility of micronutrients. This approach started with the
infusion of a purified model bioactive compound- curcumin, in a yeast cell-based microcarrier.
Subsequently, the microcarriers were assembled into cell clusters through polyelectrolytes-

facilitated electrostatic interaction and then embedded in a continuous extracellular matrix to
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form a tissue-like structure. Using yeast cells as micro-carriers have emerged as a practical

encapsulation approach for various compounds, including curcumin'?-13. Yeast-based carriers,

based on their micro-scale size, eliminate the need to fabricate microparticles and can enhance

the oxidative and thermal stability of encapsulated bioactives compared to colloidal carriers

such as emulsions'®. This study selected the vacuum-facilitated infusion process as it

significantly reduces the time required for partitioning various compounds into yeast-based

microcarriers’>. The release profile of curcumin from single yeast cells during simulated

digestion has been studied and reported in a previous study of ours!'’. 3D assembly of cell-
based carriers into larger cell clusters was hypothesized to decrease the surface area and
increase cell-cell adhesion, thus modifying the release profile of the encapsulated model
bioactive compound. Additionally, the presence of an extracellular matrix adds a barrier
between the cell-encapsulated bioactive compound and the digestive environment. Previous
studies have shown that encapsulating curcumin in alginate matrices retarded the compound
release during simulated digestion!®1°. To the best of our knowledge, the bottom-up assembly
of cells into tissue-like structures has not been utilized to understand and modulate the release
of bioactive compounds during digestion processes.

The overall objective of the current study was to study the effect of cell clustering and
extracellular matrix on the bioaccessibility of the encapsulated model compound during
simulated gastrointestinal digestion. This approach will enhance a fundamental understanding

of the role of microstructural features of cells and their assembled structures in influencing the
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release of bioactives. In addition, the results of this study can enable innovations in the

formulation of novel food structures to control the release of bioactive compounds.

2. Materials and methods

2.1. Materials

The following reagents used in this study: poly(diallyl dimethylammonium chloride)
(PDADMAC, My, 400,000 ~ 500,000, 20 wt.% in water), dextran sulfate sodium salt, from
Leuconostoc spp. (DSS), alginic acid sodium salt from brown algae (ALG, medium viscosity),

curcumin derived from Curcuma longa (Turmeric) [= 65%, HPLC], methanol, glycerol (=99%),

bile salts (cholic acid- deoxycholic acid sodium salt mixture), calcium chloride, and sodium
phosphate, mono- and dibasic, were purchased from Sigma-Aldrich (St. Louis, MO). The enzymes
used in simulated digestion fluids preparation: pepsin from porcine gastric mucosa (1064 units/mg
protein), lipase from porcine pancreas Type II (100-500 units/mg protein), were also purchased
from Sigma-Aldrich (St. Louis, MO). Absolute ethanol was purchased from Koptec (King of
Prussia, PA) Sodium hydroxide, hydrochloric acid, and sodium chloride were purchased from
Fisher Scientific (Pittsburgh, PA). Fleischmann's Active Dry yeast, Saccharomyces cerevisiae,
was obtained from a local grocery store. Ultrapure water (18 MQ cm) was obtained using the in-
lab Milli-Q RG water ultra-purification system from EMD Millipore (Billerica, MA).

2.2. Yeast cells preparation

Native yeast cells were prepared by washing 1 g of active dry yeast twice in excess of ultrapure
water. The cells were pelleted down by centrifugation at 5000 rpm for 5 minutes between each
wash and once more to remove excess water.

2.3. Encapsulation of curcumin into yeast cells
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Encapsulation of curcumin into yeast cells was conducted as described in a previous study!>.
Briefly, before encapsulation, 1 g of washed yeast cells were weighed into 50ml centrifuge tubes.
3.25 mL of 100 mM phosphate buffer (pH 6.5), 1.5 mL of absolute ethanol, and 250 pL of 2.5
mg/mL curcumin in absolute ethanol were added to give a 35% ethanol concentration, and 0.0625
wt.% curcumin to yeast ratio. Samples were vortexed to facilitate dispersion of yeast cells and
were subjected to 99% vacuum with a hold time of 5 seconds. After vacuum infusion, the samples
were centrifuged at 5000 rpm for 5 minutes, and the supernatant was decanted. The pelleted cells
were then washed 4 times in 5 mL of ultrapure water, and centrifuged once more to remove excess
water.

2.4. Layer-by-layer coating of yeast cells with polyelectrolytes

The method for layer-by-layer coating was adapted from previous papers reporting the coating
of yeast cells using oppositely charged polyelectrolytes layers?2!. Polycation PDADMAC (Mw
400 ~ 500 kDa) and polyanion DSS (Mw ~5 kDa) or ALG (Mw 80~120 kDa) were deposited on
native yeast cells alternately. PDADMAC (20 wt.% in water) was diluted 100 times in 0.5 wt.%
NacCl aqueous solution to achieve a final PDADMAC concentration of 2 mg/mL. Yeast cells with
encapsulated curcumin were suspended in PDADMAC solution at a cell density of ~10° cfu/mL
and shaken at 200 rpm for 20 minutes. Then, the cells were separated from excess PDADMAC
solution by centrifugation, and the cell pellet was washed twice with ultrapure water. Then, the
resulting PDADMAC@yeast were introduced into the negatively charged polyelectrolytes: DSS
or ALG (2 mg/mL in 0.5% NaCl) solution, followed by incubation at 200 rpm for 20 minutes,
centrifugation, and washing (the separation and washing step for PDADMAC/DSS@yeast was

modified as described in section 2.5). Three coating architectures were constructed using the layer-
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by-layer deposition step: PDADMAC@yeast, PDADMAC/DSS@yeast, and
PDADMAC/ALG@yeast.

2.5. Electrostatic aggregation of yeast cells

In this study, two types of cell clusters were formed by -electrostatic aggregation:
PDADMAC/DSS@yeast (P/D cluster), and PDADMAC@yeast+tPDADMAC/ALG@yeast
(P+P/A cluster). In the previous coating step, introducing PDADMAC@yeast into DSS solution,
resulted in cluster formation directly. Therefore, no further aggregation step was conducted.
Centrifugation of PDADMAC/DSS@yeast (P/D cluster) would lead to formation of big cell lumps
that could not be easily re-dispersed by vortexing, so the cell clusters were separated from excess
DSS solution by decanting supernatant after gravitational precipitation of cell clusters. The
following washing step was conducted in the same way. No extensive cell flocculation was
observed in the ALG coating step, therefore PDADMAC@yeast and PDADMAC/ALG@yeast
were mixed ata 1 to 5 (wt. to wt.) ratio in pH 3.5, 0.5% NaCl solution for electrostatic aggregation
(pH 3.5 was used to ensure stability of curcumin). After 5 minutes incubation at 200 rpm shaking,
the P+P/A clusters were harvested and washed in the same way as P/D clusters.

2.6. Particle size and cell surface charge measurements

Surface charge of native yeast cells, polyelectrolytes coated cells, and cell clusters was
assessed based on (-potential, which can be determined using electrophoretic laser scattering in a
Malvern Zetasizer nano-ZS (Malvern Instruments Ltd., Malvern, Worcestershire, United
Kingdom). 1 mg/mL suspension of native, coated, or clustered yeast cells was prepared in pH 3.5,
0.5 wt.% NaCl solution. {-potential was measured in an acidic environment because the same
solution was used for electrostatic clustering of cells. 1 mL of such suspension was aliquoted to a

cuvette and inserted into the measurement chamber of the Zetasizer. Particle size distribution of
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native and clustered cells before and after simulated digestion were measured using a Microtrac
particle size analyzer S3500 (Microtrac Inc., Montgomeryville, PA). ~600 pL of 10 mg/mL
cell/cell clusters in pH 3.5, 0.5 wt.% NaCl solution was added to the sample dispersion controller
filled with deionized water. Samples were mixed in the bulk water then flow through a tri-laser
diffraction analyzer which measured the angular variation in intensity of light scattered as laser
beams pass through a dispersed particulate sample. Particle sizes were then calculated based on
Mie theory of light scattering. Volume distributions of the cells or cell clusters were recorded in
this study and volume mean diameters were reported. Both (-potential and particle size
measurements were taken in triplicates for each cell/cluster type.

2.7. Cell-laden alginate film preparation

To further increase the structural complexity of the engineered cell-based microstructures,
native yeast cells or the cell clusters were embedded in an alginate film. The alginate film with
enclosed cells or cell clusters was prepared as follows: 0.53 g of NaAlg was added to 20 mL of
ultrapure water while agitating at 400 rpm to ensure complete hydration of NaAlg powder. Then,
the agitation speed was lowered to 300 rpm and the mixture was stirred at 100°C for 1 hour to
ensure complete dissolution of the alginate in water. Afterwards, the alginate solution was cooled
to room temperature while stirred at 100 rpm. 0.2 g of glycerol was added to the solution as
plasticizer. 15 mL of the prepared alginate-glycerol mixture was added to 5 mL suspension of 600
mg native cells or cell clusters in water and gently mixed with a spatula. The final composition of
the solution was 2 wt.% ALG, 0.75 wt.% glycerol, 3 wt.% native cells or cell clusters. The mixture
was degassed under vacuum for 15 minutes and transferred to a casting plate with 8.5 cm diameter,
left to dry on a flat surface at room temperature. Dried alginate film containing native cells/ cell

clusters was peeled off from the casting plate and cut into 1 cm*1 cm pieces. The alginate film
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was then externally crosslinked by immersing the film pieces in pH 3.5, 5% CaCl, solution for 5
minutes, rinsed once in water, and dried to constant weight at 37°C.

2.8. Visualizing cell clusters using confocal laser scanning microscope (CLSM)

Autofluorescence properties of curcumin enabled the fluorescent imaging of curcumin infused
single cells and cell clusters. A Leica TCS SP8 STED (Leica Microsystem Inc.) with a pulsed laser
tuned to 488 nm was used in confocal mode for excitation. A HyD time-gated, hybrid detector was
used to collect signal from 498 - 591 nm range, corresponding to the fluorescence of curcumin.
For the two types of cell clusters without alginate film, z-stack images were taken before and at 40
minutes of simulated intestinal digestion. To prepare slides for confocal microscopic imaging, a
1.5 mm-thick spacer with 6 wells was placed on a glass slide, ~100 uL of 1 mg/mL cell clusters
suspended in water was aliquot to each well, a coverslip was then placed on top of the spacer.
Images of cell clusters before and during simulated digestion were taken with a 20X objective at
the same laser intensity. The same Leica TCS SP8 STED and same settings were used in confocal
mode to visualize native cells and cell clusters enclosed in alginate films. One piece of alginate
film was hydrated in water and placed on glass slide covered by a coverslip. A 63x objective was
used instead. 3D projection of z-stack images was performed in Fiji?2. Texture features extraction
(Haralick features) was performed using the mahotas package? in Python 3.7.6.

2.9. In vitro simulated gastric and intestinal digestion

Simulated gastric fluid (SGF) was prepared according to the procedure described by Tikekar
et al.?* with some modification. Briefly, it consists of 3.2 mg/mL pepsin in 5 mg/mL NaCl solution
at pH 3.5 (pH adjusted by HCI). pH of a fasted stomach is normally below 2%3. However, the gastric
pH would rise to above 5 after food intake*¢ and returned to fasted pH after secretion of

hydrochloric acid. The pH of SGF chosen in the current study was around the mean value of the
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gastric pH within a 2-hour digestion period after food intake, and within the range of optimum pH
for pepsin activity, as recommended by Minekus et al?’. Before simulated gastric digestion, SGF
was pre-warmed to 37°C. In 1.5 mL microcentrifuge tubes, aliquots of SGF (1 mL) were added to
10mg of curcumin loaded native cells or cell clusters; or to 1 piece of 1 cm*1 cm alginate film
containing native cells or cell clusters. The microcentrifuge tubes were incubated horizontally in
a rotatory incubator at 37°C and 90 rpm for 2 hours. At 0, 1, and 2 hours, one sample was removed
from the incubator, centrifuged, decanted, and stored in the dark for further analysis. Cell cluster
samples used in subsequent intestinal digestion were removed from the incubator after 2 hours and
left static until clusters precipitated down and then supernatant was removed.

Simulated intestinal fluid (SIF) was prepared as described by Tikekar et al.>* Briefly, a stock
solution containing 0.025 M potassium dihydrogen phosphate, 3.33 mg/mL CaCl, and 5 mg/mL
NaCl was prepared and adjusted to pH 7.5. The stock solution was pre-warmed to 37°C. Bile salt
and lipase from porcine pancreas were added to the stock right before the digestion started. The
current study used two bile salt levels: 5 mg/mL for low bile salt (LBS) condition, and 25 mg/mL
for high bile salt (HBS) condition. Lipase content was kept constant at 2 mg/mL for both
conditions’. Samples from the previous gastric digestion step were re-suspended in SIF to yield a
ratio of 10 mg of cells to ImL of SIF. The microcentrifuge tubes were incubated horizontally in a
rotatory incubator at 37°C and 90 rpm for up to 3 hours. One sample was removed from the
incubator at 0, 1, 2, and 3 hours of digestion. After centrifugation and decanting, samples were
saved for analysis. The time 0 samples were centrifuged right after addition of SIF to study whether

there was any immediate curcumin release.

All simulated digestion experiments were done in triplicates for each cell-based microstructure.

2.10. Swelling test of alginate films
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The equilibrium swelling test was performed at 37°C in enzyme-free, and bile salt-free
simulated gastric and intestinal fluids, prepared as specified in section 2.9. Before the swelling
test, the alginate films were cut into 1 cm*1 cm square pieces and dried at elevated temperature
until constant weight (wg). Then the dried films were immersed in either SGF or SIF. The weights

of swelled films (w) were measured at predetermined time points until reaching equilibrium. The

"% % 100. The swelling kinetics

swelling ratio will be calculated as: swelling ratio(%) = —;

experimental data were fitted to two empirical models, namely Peleg's model (1)?%, and exponential
association equation model (2)%°. Both models have been used to fit the swelling kinetics of

polymer hydrogels3®.

t
SR® =t 3te> D

where SR(t) is the swelling ratio at time t, k; is the kinetic constant (min*g (d.b)/g), and k; is

the characteristic constant of the model (g (d.b)/g).
SR(t) = SR[1 —expexp (=kmt) ], (2

where SR is the swelling ratio at equilibrium (last time point), and kg, is the kinetic constant
(h-h).

2.11. Curcumin extraction and quantification

For quantification of curcumin encapsulation yield and retention of curcumin within cell
microstructures after in vitro digestion, curcumin was first extracted and then quantified using a
UV-Vis spectrophotometer (GENESYS 10S Series, Thermo Scientific). 1 ml of acidified methanol
(1 vol.% of concentrate HCl) was used for extracting curcumin from 10 mg of native cells/ cell
clusters (on a wet basis), or 1 piece of 1 cm*1 cm alginate film containing cells. Samples were
then vortexed, bath sonicated for 10 minutes (Branson 2510, Branson Ultrasonics) and centrifuged

at 13200 rpm for 10 minutes. 800 pL of the supernatant was pipetted into a disposable cuvette
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and the absorbance at A =426 nm was measured. A blank was prepared from each control sample
(same procedures without encapsulation of curcumin) extracted in acidified methanol. The
concentration of curcumin in extractant was calculated with reference to a regression equation
(linear plot with slope of 0.1326) obtained from a calibration curve of curcumin in acidified
methanol. All measurements were done in triplicates. Encapsulation yield of curcumin into native
yeast cells was calculated based on the following equation:

Ce(ug)

Encapsulation yield mg) = ————
p yield (ug/mg) Cyimg)
where Cg is the mass of curcumin extracted from the yeast cell carriers, and Cy is the mass of the

extracted yeast cells.

Fraction of curcumin retained within the cell-based microstructures after digestion was calculated

based on the following equation:

Ce(t)
Ce(t =0 at gastric)

Fraction retention of curcumin =

where Cg (t) is the mass of curcumin retained in the cell-based microstructure at a given time point
during simulated digestion, and Cg (t=0 at gastric) is the mass of curcumin in the microstructure at
time 0 of gastric digestion phase.

2.12. Statistical analysis

Statistical analyses were performed in R version 3.4.2. One-way ANOVA was used to evaluate
the change in cell surface charge after polyelectrolytes deposition, and the change in particle size
after cell clustering. A two-way ANOVA model was used to study the effect of structural
complexity on the release profile of curcumin from all cell-based microstructures during in vitro

simulated digestion. A separate set of samples was prepared for each time point, therefore the

Page 12 of 42



Page 13 of 42

Food & Function

samples across time points were considered independent. At each time point during simulated
gastric and intestinal digestion, fraction retention of curcumin in the cell-based microstructures
was defined as a function of cell clustering, extracellular alginate film addition, and their
interaction term. In addition to the initial analysis, post hoc pairwise comparisons with Tukey's
adjustment were conducted to determine any significant difference between groups. Significant

values (p<0.05) were reported. No statistical analysis was conducted across time points.

3. Results

3.1. Layer-by-layer deposition of polyelectrolytes on yeast cells and electrostatic
interaction facilitated cell clustering

Successful coating of alternating cationic and anionic polyelectrolytes on yeast cells was
evaluated using zeta potential measurement after each deposition step, as indicated in Figure 1.
Native yeast cells exhibited a slightly net negative surface charge (-2.36+0.39 mV) before coating
due to the presence of amino groups, carboxyl groups, and phosphoryl groups on the cell
surface®!2. Deposition of cationic PDADMAC onto the cell surface changed the zeta potential to
20.2+1.11 mV. This change was attributed to the cationic ammonium group of PDADMAC.
Secondary deposition of anionic DSS or ALG onto PDADMAC(@yeast again reversed the surface
charge to -4.01+£0.91 mV and -3.88+0.21 mV, respectively, due to the sulfate groups in DSS and
carboxylic acid groups in ALG. The particle size distribution of yeast cells after each coating step
was evaluated based on light scattering measurements, and the volume mean diameters (D, 3) were
calculated (Table 1). There was no significant increase in the volume mean diameter of yeast cells
after PDADMAC coating (6.13+£0.22 um). This lack of change in particle size was attributed to
the steric hindrance and electrostatic repulsion among coated yeast cells. However, with the

deposition of DSS and ALG onto PDADMAC@yeast, Ds3 of PDADMAC/ALG@yeast and
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PDADMAC/DSS@yeast increased to 19.62+0.44 pm and 52.67+2.96 pum respectively, compared
to ~6 um of native and PDADMAC@yeast cells.

After LbL polyelectrolytes coating on yeast cells, one form of cell cluster architecture was
formed by mixing PDADMAC@yeast and PDADMAC/ALG@yeast at a 1 to 5 (wt. to wt.) ratio
in pH 3.5, 0.5% NaCl solution. This is the same physicochemical condition as in the simulated
gastric fluid. This specific condition was selected for forming cell clusters to ensure that the cell
clusters would not dissociate during the simulated gastric digestion. When mixed at the selected
ratio, instantaneous cell aggregation was observed, resulting in cell clusters (P+P/A cluster) with
a volume mean diameter of 62.28+1.12 um (Table 1). In the case of DSS coated
PDADMAC@yeast, aggregation of cells was observed upon deposition of DSS coating. Thus,
these cell clusters were directly used as the second cell cluster architecture, referred to as the P/D
cluster, for subsequent characterization. As shown in Figure S1, native cells and cell clusters all
showed unimodal distribution, while native cells have a narrower peak than both cell clusters.
Figure 2 shows the 3D visualization of the two cell cluster architectures with encapsulated
curcumin. The cell clusters constructed were in irregular shapes and loosely bound structures. The
size of the cell clusters in the microscopic images was in the same size range as those measured
using the particle size analyzer.

3.2. Cell clusters during in vitro digestion: structural stability and release of curcumin

3.2.1. Structural stability of cell clusters

Before investigating the release profile of encapsulated curcumin during simulated
digestion, the structural stability of cell clusters in the simulated digestion fluids was
evaluated. Since both the selected cell clusters, P+P/A cluster, and P/D cluster, were

formed under the same set of pH and salt concentration as the SGF buffer, no significant
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change in the particle size of the cell clusters was observed after 2 hours of simulated SGF
treatment (data not shown). During simulated intestinal digestion (Table 1), P/D clusters
retained the original size of around 50 pum after the 3 hours incubation with SIF, low or
high bile salt content. For the P+P/A clusters, a significant decrease in the particle size was
observed after intestinal digestion. The volume mean diameter of P+P/A clusters decreased
from 62.28+1.12 um to 48.25 um in the presence of low bile salt SIF, and to 45.45 um in
the presence of high bile salt SIF. The change in particle size distribution after SIF
treatment is shown in Figure S1. For the P+P/A cluster, no new peaks or significant change
in the width of peaks was observed even with a reduction in the peak value after simulated
digestion. In addition, the size change was observed immediately after the cell clusters
were transferred to the SIF medium, while no further changes in the particle size of cell
clusters were observed with extended incubation with SIF conditions.
3.2.2. Invitro release of encapsulated curcumin

Retention of curcumin during the 2-hour simulated gastric digestion was expressed as
the fraction of curcumin retained in cell-based microstructures at each time point during
gastric digestion as compared to their original curcumin content. As shown in Figure 3, all
cell microstructures evaluated in this study retained ~80~95% of the initial curcumin
content at the end of the 2-hour gastric phase, and no significant difference was observed
between single cells and cell clusters. This result suggested that the native yeast itself as a
carrier was sufficient to maintain its structural integrity and ensure the stability of curcumin
under the current simulated gastric condition. Therefore, the effect of additional structural
complexity on curcumin retention could not be observed during the simulated gastric

digestion.
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All samples were then subjected to a subsequent simulated intestinal digestion, where
the release profile of curcumin in two SIF formulas with different bile salt levels was
evaluated: 5 mg/mL (low bile salt) and 25 mg/mL (high bile salt). These SIF compositions
with different levels of bile salt were selected based on the results of a prior study that
illustrated the influence of bile salt concentration on the release rate of curcumin from yeast
cells'”. As shown in Figure 4a, immediately upon adding low bile salt SIF, curcumin
retention decreased from ~90% after gastric digestion to 48+2% and 54+5%, respectively,
in both single yeast cells and P+P/A clusters without alginate film. P/D cluster was an
exception in which 79+9% of curcumin was still retained. The initial release of curcumin
from cell carriers and their clusters was more significant for the high bile salt SIF condition
(Figure 4b), where only 22+1%, 46+13%, and 26+5% of curcumin was retained at time 0
in SIF, for single cells, P/D clusters, and P+P/A clusters respectively. P/D clusters had a
significantly higher resistance to the initial release of curcumin than single cells and P+P/A
clusters under both bile salt levels. Under low bile salt conditions, such resistance persisted
for 1 hour (Figure 4a), whereas for high bile salt conditions, the P/D clusters only showed
significantly stronger resistance to curcumin release than the other two cell microstructures
at t=0 (Figure 4b). The release profile of P+P/A clusters was not significantly different
from that of native yeast cells throughout the intestinal digestion period for both bile salt
conditions. It was also observed that P/D clusters are more stable than P+P/A clusters
during simulated intestinal digestion, indicated by an immediate reduction in particle size
in P+P/A clusters upon addition of SIF, as shown in Table 1. Such a difference might be
attributed to the different ways the cells were assembled in the two types of cell clusters,

which could impact the curcumin release profiles. To visualize the curcumin release
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process during simulated intestinal digestion, P/D clusters and P+P/A clusters were
sampled 1 minute and 40 minutes after the addition of SIF. The samples were imaged using
confocal fluorescence microscopy. Figure 5 illustrated the representative cross-section
images of the two types of cell clusters during simulated intestinal digestion. The
fluorescence intensity in the microscopic images showed a trend consistent with the
curcumin release data: cell clusters in high bile salt SIF retained less curcumin after 40
minutes, and especially under low bile salt SIF conditions, the P/D clusters retained more
curcumin than P+P/A clusters up to 40 minutes. Moreover, the decay of curcumin
fluorescence overtime did not depend on the spatial localization of cell carriers within the
cluster; rather, homogeneous reduction in fluorescence intensity throughout the cluster
cross-section was observed. It implied that at least after 40 minutes in SIF, there was no
difference in the release of curcumin from cells at different locations within the constructed

cell clusters.

3.3. Cell-laden alginate films during in vitro digestion: structural stability and release of

curcumin

3.3.1. Alginate film structural stability

To achieve a higher level of structural complexity, single cells or cell clusters
containing curcumin were further encapsulated in a calcium-crosslinked alginate film. The
cells or cell clusters accounted for approximately half of the dry mass of the prepared films.
The loading of cells/ cell clusters in alginate film was about 2.8 mg (d.b.)/cm?. The
prepared alginate films containing native yeast cells and the two types of cell clusters were
observed under a confocal microscope to confirm the integrity of the cell cluster structures

in alginate film. The 3D projection of all three types of alginate films is shown in Figure
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6. Alginate films with cell clusters could be easily differentiated from those with native
cells despite the high cell density. Native cells were uniformly distributed in the alginate
film, whereas the cell clusters showed obvious aggregation and voids. Haralick features
were extracted from individual slices of the z-stack image compiles (Figure S2) to describe
the image texture properties. Table S1 tabulates three texture features: angular second
moment (ASM), contrast, and correlation. Images of alginate films with native cells, P/D
clusters, and P+P/A clusters had, in this order, increasing ASM, decreasing contrast, and
increasing correlation. As shown in Figure S2, the images of cell clusters showed larger
areas of background signal than that of native cells, resulting in a larger ASM value. Higher
ASM values indicate a higher degree of homogeneity in the image intensity within an
image. Lower contrast and higher correlation in cell cluster images translate to less local
variation and a higher degree of spatial correlation of signal intensity between adjacent
pixel points. All the texture features concurred with the observation from the images.

Regarding the integrity of alginate films during the simulated digestion, the film
thickness was measured before and after digestion (Table 2). There was no significant
difference in the film thickness among alginate films containing the three different cellular
structures (native vs. P/D cluster vs. P+P/A cluster). Expansion of films and a slight
increase in the film thickness were observed after 5 min of initial hydration of the films in
water due to swelling. After the 5-hour sequential digestion, the films remained intact, and
only a slight decrease in the film thickness was recorded after intestinal digestion.

To account for the effect of pH on the water absorption behavior of the films, the films
were characterized for their swelling behavior in an enzyme-free SGF and an enzyme/ bile

salt-free SIF. Enzymes and bile salt were excluded to eliminate the effect of potential
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interactions of these biochemicals with the polymeric gel and its influence on gravimetric
measurements. The swelling kinetics of alginate films with individual cells and cell clusters
in SGF and SIF and the model fitting results are shown in Figure S3 and Table S2.
Alginate films swelled faster and to a greater extent in enzyme-free and bile-salt-free SIF
than SGF. There was no substantial difference in swelling behavior among the films
embedded with different cell structures, including individual cells and cell clusters.
3.3.2. Invitro release of curcumin from single cells and cell clusters within ALG films
All cell microstructures, with or without the alginate film, could retain over 80% of the
encapsulated curcumin in yeast during simulated gastric digestion (Figure 3). However,
upon the addition of SIF, only cell microstructures within alginate film were able to resist
the initial release of encapsulated curcumin. Immediately after adding SIF, a significant
amount of encapsulated curcumin was released from all cell microstructures without
alginate film (~ 30% released under the low bile salt condition, ~ 50% under high bile salt),
except for the P/D clusters (Figure 4). The barrier effect of alginate film to curcumin
release persisted throughout the 3-hour simulated intestinal digestion under both bile salt
level conditions. Under the low bile salt condition, the release profile of curcumin from
single cells and P+P/A clusters were similar, where the fraction of curcumin retained in
samples with alginate film was about 20-30% higher than those without alginate film for
up to 2 hours. At t = 3 hours in the low bile salt condition, no significant difference was
detected with and without extracellular alginate films. As shown in Figure 4a, the release
response of curcumin from the P/D cluster with and without film was not significantly
different during the first hour of incubation with low bile salt SIF. The only significant

difference in curcumin retention between these two groups with and without alginate films
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was observed after 2 hours. In Figure 4b, under the high bile salt condition, samples with
alginate film had significantly higher curcumin retention than those without alginate film
at all time points for all cell microstructures. For single cells and cell clusters, the most
substantial release of curcumin occured during the first hour of intestinal digestion. After
the first hour, all three cell microstructures without alginate film retained less than 10% of
curcumin. This number further decreased down to below 5% at the end of the 3-hour
intestinal digestion period. With the barrier effect of alginate film, the final curcumin
retained in single cells, P/D cluster, and P+P/A cluster was at the level of 14+3%, 28+5%,
and 22+4%, respectively.

Table S3 summarized the ANOVA model for curcumin retention associated with the
two key variables: cell clustering and ECM (alginate film). There was a significant
interaction effect between these two factors for all the time points in high bile salt SIF and
the first hour for the low bile salt SIF. The interacting effect illustrates the impact of cell
clustering on curcumin retention was dependent on the presence of the extracellular
alginate film, as shown in Figure 4. In high bile salt SIF (Figure 4b), a significant effect
of cell clustering on curcumin retention was only observed when the cell microstructures
were encapsulated in alginate films. In low bile salt SIF, when no alginate film was present,
P/D clusters showed higher curcumin retention in the first hour, but after the introduction
of the film, the retention of curcumin in cells and P+P/A clusters was increased to the same

level as P/D clusters (Figure 4a).

4. Discussion

4.1. LbL deposition of polyelectrolytes on the cell surface and cell clustering



Page 21 of 42

Food & Function

Electrostatic aggregation of colloidal particles and cells has been used to create micro scale
assemblies with unique properties?-33-36, For example, controlled electrostatic assembly of metal
nanoparticles was used for generating capsules and films for material science and nanomedicine
applications’®. To the best of our knowledge, micron-scale, cell-based bioactive delivery systems
formed by electrostatic clustering have not been evaluated for their performance during simulated
digestion. The current study used layer-by-layer deposition of oppositely charged polyelectrolytes
to assemble yeast cells to form cell clusters. PDADMAC@yeast and native yeast cells had a
similar particle size distribution, but deposition of negatively charged ALG and DSS onto
PDADMAC@yeast increased the particle size of the yeast cells to a different extent, although they
had similar net surface charge. Similar droplet aggregation was reported in previous studies where
medium molecular weight chitosan (Mw 190 -310 kDa) were deposited onto the negatively
charged interface of primary emulsion3”-33%. The difference in clustering behavior of yeast cells with
the addition of an anionic coating layer can be attributed to the following factors: (1) Compared
with ALG, DSS has a higher charge density (charge per unit), and thus more strongly associated
with PDADMAC. According to the product specification provided by the manufacturer, DSS used
in the current study had approximately 2.3 sulfate groups per glucosyl unit. ALG, based on its
chemical structure, had one carboxyl group per monosaccharide unit. (2) With a smaller molecular
weight, DSS was added at a higher molar concentration than ALG, which may result in more
clustering among PDADMAC@yeast cells. (3) The positively charged quaternary ammonium
group in PDADMAC has a stronger interaction with the sulfate groups in DSS than with the
carboxyl groups in ALG?°. As a result of the different clustering behavior of DSS and ALG, two
different types of cell clusters were generated. P/D clusters were harvested directly after adding

DSS to PDADMAC@yeast, while P+P/A clusters were formed by mixing a positively charged
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PDADMAC@yeast and a negatively charged PDADMAC/ALG@yeast at a ratio of 1:5, which
resulted in the largest cell clusters. Due to the different preparation steps, P/D clusters and P+P/A
clusters essentially differ in their aggregation mechanisms. P/D clusters were held together by DSS
acting as crosslinkers among large PDADMAC polymers that coated yeast cells. In contrast,
P+P/A clusters were formed by electrostatic attraction between oppositely charged cells. Such
different clustering mechanisms translated to significantly different cluster sizes (Table 1) and
potentially different cellular arrangements within a cluster.

4.2. Structural stability of cell clusters and cell-laden alginate films during simulated

digestion

A significant size reduction in cell clusters was observed during intestinal digestion for the
P+P/A cluster but not for the P/D cluster. It was hypothesized that the change in pH and salt
content in the fluid caused the change in cluster size. Given that the pH of SIF (7.5) is higher than
pKa of both DSS and ALG, and the quaternary ammonium cation in PADMAC is independent of
pH, the surface charges of all cell types should hold during this pH transition. The high salt content
in SIF, on the other hand, would have a significant impact on the effective surface charge of the
oppositely charged cells. Especially the divalent calcium ions in SIF will have a more substantial
charge screening effect on charged yeast cells, leading to mitigated electrostatic interactions. As
discussed earlier, DSS could have a more robust interaction with PDADMAC and it was present
at a higher molar concentration. Thus, the DSS facilitated crosslinking in P/D clusters could be
potentially less affected by the screening effect, accounting for the higher stability of P/D clusters
than P+P/A clusters.

The cell-laden alginate films were overall stable after 5 hours of simulated digestion without

significant mass loss or fragmentation. In our preliminary experiments, alginate films without
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calcium crosslinking would dissolve after 30 minutes of incubation in water. Thus, the presence
of calcium ions in the alginate film was critical for maintaining the film integrity throughout the
simulated digestion. A slight decrease in the film thickness was observed after 3 hours of
simulated intestinal digestion. This decrease could be explained by the gradual release of calcium
ions from crosslinked alginate film in the presence of bile salt in the intestinal fluid. Bile could
bind with the calcium ions diffuse out from the alginate films and form a white precipitate, which
was observed during intestinal digestion, especially with high bile salt levels. No bile salts were
present in the gastric phase. Thus, neither white precipitate nor decrease of film thickness was
observed after the gastric digestion. Losing calcium made the alginate network less rigid, and the
film could start dissolving into the water from the surface, corresponding to the decrease in film
thickness. Regardless, the alginate films could still retain their shape and integrity throughout the
3-hour intestinal digestion period.

4.3. In vitro release of curcumin from different cell-based structures during simulated

digestion

Bioaccessibility of curcumin is significantly limited by its poor solubility, and various
encapsulation methods have been developed to address this limitation, mostly using
nanoparticles*>*! or nano-emulsions*?. Different factors such as droplet size, type of oil/emulsifier,
etc., could all affect the stability and bioaccessibility of curcumin in such encapsulation systems,
which has been reviewed elsewhere®. However, to the authors' best knowledge, there are no prior
studies about the effect of food matrix microstructures on curcumin bioaccessibility, except one
that reported increased curcumin accessibility during simulated digestion in the presence of
excipient emulsions, which mimicked a simplified food matrix effect**. This previous study

essentially was still addressing the solubility issue of curcumin without further considering the role



Food & Function

of food microstructures in controlling the release of curcumin. Among the very few studies that
focus on the relationship between the structural complexity of plant tissues and the release of
phytochemicals during digestion, Palmero et al.* evaluated the effect of natural structural barriers
on carotenoids bioaccessibility in carrots. In this previous study, carrot tissues were broken down
into fractions with different levels of structural complexity, from cell clusters to chromoplast, then
to carotenoid enriched oil. An increase in bioaccessibility was observed with removing structural
barriers in the carrot tissues?®. Although this previous study also considered the effect of structural
complexity on bioactive release, with a top-down approach, it is impossible to decouple the effects
of physical cell aggregation from the extracellular matrix. To the best of our knowledge, the current
study is the first one that used a bottom-up approach to investigate the relationship between
structural complexity and bioactive bioaccessibility in cell-based structures.

Approximately10% of curcumin release was observed after 2 hours of in vitro gastric digestion
(Figure 3). This result agrees with the limited literature data about curcumin release from yeast
cells'’46, Since no obvious rupture of cell wall and membrane or cell burst was observed after in
vitro gastric digestion according to microscopic images!’, the release of curcumin during digestion
was attributed to passive partitioning of curcumin from cells to the digestion fluid. With a log P
value of 3.29, curcumin is a hydrophobic compound with very low water solubility (0.6 ug/mL)*.
In the absence of emulsifiers or surfactants such as bile salts, limited release of curcumin in the
gastric environment was observed#¢. These results also suggest that the guest-host interaction of
curcumin with cellular components of yeast cells has high avidity resulting in a limited release of
curcumin?.

Cell bases carriers after gastric digestion were treated with simulated intestinal fluid to simulate

the gastrointestinal digestion process. Upon the addition of SIF, immediate release of curcumin
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from single yeast cells was observed. The extent of release of curcumin from these cells was a
function of the bile salt level in the fluid (Figure 4). Bile salts are physiological surfactants that
enhance fat digestion and the absorption of hydrophobic compounds®. Due to their amphiphilic
nature, bile salts can self-associate to form micelles in water, and the presence of these micelles in
the aqueous phase can influence the partitioning properties of curcumin between yeast
microcarriers and the aqueous phase. Therefore, the SIF was likely to have a higher solubilizing
capacity of curcumin. Less than 30% and 5% of curcumin were retained inside single yeast cells
at the end of the 3-hour intestinal digestion under low and high bile salt conditions, respectively.
This trend supports the hypothesis that bile salt micelles in the SIF can shift the partitioning
equilibrium of curcumin between yeast cells and the aqueous phase. Another possible explanation
for the observed release of curcumin during SIF treatment is the change in cellular composition,
such as changes in cell membrane composition due to the extraction of phospholipids by bile salts.
These changes may influence the binding interaction between curcumin and cellular structures.
Based on the results shown in Figure 4, during in vitro digestion, the cell clustering effect on
impeding the release of curcumin was limited to the early stage of intestinal digestion. The most
significant difference between single cells and cell clusters was within the first hour of SIF
incubation (low bile salt) or at the stage of the initial release of curcumin immediately after adding
the SIF (high bile salt). Despite the formation of cell clusters by electrostatic interaction, after this
initial stage, the release of curcumin during simulated intestinal digestion was not only limited to
the outer cells in the clusters but rather a uniform release throughout the cluster. This is supported
by the homogeneous reduction in fluorescence intensity of curcumin across the cell cluster during
digestion (Figure 5). These results suggest that the electrostatic clustering of cells in the size range

of 50 microns could not necessarily limit the interaction of bile salts in SIF with the cells in the
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cluster for an extended time. This trend contrasts with the results reported in previous studies. It
was shown that for cut almond seed cubes, digestion of intracellular nutrients first happened in the
surface cells with the ruptured cell walls, and gradually extended to the inner intact cells over a
period of 12 hours*. Palmero et al.* also reported that the bioaccessibility of B-carotene in orange
carrots was lower in large cell clusters (800~2000 um) than in small cell clusters (40~250 pm).
However, unlike the plant tissue fragments, the cell clusters constructed in the current study would
not be considered as rigid matrices, based on their way of assembly, irregular shape, and porous
structure. Also, they were much smaller in size than those reported by Palmero et al.*> Moreover,
the cell clusters in the previous studies were a result of breaking down wholesome plant tissues,
thus including the combined effect of cell clustering and associated extracellular matrix.

Upon the addition of the crosslinked extracellular alginate film, the cell microstructure
matrices became less porous and more rigid. The hydrated alginate film enclosing single cells or
cell clusters was a highly crosslinked hydrogel that could limit permeation of acid, enzymes, and
bile salts, potentially converting the curcumin release from the "bulk erosion" mode to the "surface
erosion" mode>. The diffusion coefficient of protons in polysaccharide hydrogels is not expected
to differ from that in water’!. However, the depletion of protons due to protonation of D-
mannuronate and L-guluronate residues of alginate could still limit acid permeation into the
hydrogel. Such a hypothesis is supported by the observations reported in several probiotics in vitro
survival studies that polysaccharide gels such as alginate significantly increased the survival rate
of probiotics in an acidic environment>>>3, The same studies also showed that polysaccharide
hydrogels significantly increased the survival rate of probiotics exposed to bile salt solutions. Bile
salt depletion was hypothetically attributed to the binding of bile salt to alginate polymers>* and

precipitation at the presence of calcium ions>, which were gradually released from the crosslinked
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alginate films during digestion. Future research is needed to investigate the contribution of these
two factors to the bile salt availability throughout the digestion process. Moreover, the mutual
diffusion coefficients of enzymes in polysaccharide hydrogels were around 0.2 ~ 0.4 of their self-
diffusion coefficients in solution’®. All these factors contributed to the barrier effect of the alginate

film in slowing down the release of curcumin during simulated digestion.

5. Conclusion

In this work, cell-based, tissue-like microstructures were constructed using a novel bottom-up
approach to study the effect of cell clustering and the role of extracellular matrix on
bioaccessibility of a model bioactive compound — curcumin during in vitro digestion. Less than 20%
of curcumin was released during gastric phase for all cell-based microstructures and the major
difference in their release profiles was observed during the intestinal phase. P/D clusters, formed
by crosslinking PDADMAC-coated yeast cells with DSS, had higher physical stability throughout
the simulated gastrointestinal digestion process, and showed significant increase in curcumin
retention at the onset of the intestinal digestion phase. Such resistance to release persisted for up
to one hour in SIF with low bile salt concentration but disappeared immediately under high bile
salt condition. Cell clustering also did not result in any spatial difference in curcumin release, as
indicated in the fluorescence microscopic images. Addition of extracellular alginate film to both
single cells and cell clusters further slowed down the release of curcumin. The retention of
curcumin in cell microstructures with the alginate film was significantly higher than the
corresponding cell microstructures without the film for up to 2 hours under low bile salt condition
and up to 3 hours under high bile salt condition. In summary, the extracellular alginate film had a

more dominating and prolonged effect on modifying the release profile of encapsulated curcumin
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during simulated digestion compared to cell clustering. The bottom-up approach used in this work
successfully decouples the effect of chemical composition and microstructural properties of food
matrices on bioaccessibility of micronutrients. It is a versatile approach that can provide insights
into the structure-bioaccessibility relationship between various micronutrients and natural or

functional foods.
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Tables

Table 1: Particle size of cell microstructures before and after in vitro intestinal digestion. *
Particle size of different cells structures (um)

Native yeast P/D cluster P+P/A cluster
Before digestion 5.77+0.14 Aa 52.67+2.96 Ba 62.28+1.12 Ca
After low bile salt digestion 5.57+0.22 Aa 51.95+0.88 B2 48.254+6.06 P
After high bile salt digestion  5.50+0.35 A2 52.57+£1.92 B2 45.45+1.67 ¢

* Data are shown as mean+SD of triplicate experiments. Means in the same row with different superscript
uppercase letters are significantly different; means in the same column with different superscript
lowercase letters are significantly different.
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Table 2: Change in thickness of extracellular alginate films encapsulating cells or cell
clusters during in vitro digestion. *

Native yeast P/D cluster P+P/A cluster
Dry crosslinked ? 0.07+0.01 0.08+0.01 0.09+0.01
Hydrated b° 0.11+0.01 0.11+0.02 0.11+0.01
After gastric digestion © 0.13+0.01 0.13+0.01 0.12+0.01
After high bile salt intestinal 0.1140.02 0.1040.01 0.09+0.01

digestion 2
* Data are shown as mean+SD of triplicate experiments. Two-way mixed model ANOVA results showed
that there was no significant main effect of cell structures, therefore a paired t-test was done for ALG film
thickness at different stages of digestion (mean of each row), disregarding the containing cell structures.
Different superscript lowercase letters indicate significant difference among row means.
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Figure captions (figures submitted separately as individual files)

Fig. 1: Zeta potential of yeast cells at different steps of layer-by-layer deposition of
polyelectrolytes and cluster assembly. 1mg/ml cells/clusters suspension in pH 3.5, 0.5% NaCl
solution were used for the measurements.

Fig. 2: 3D projection of confocal microscope image of yeast cell clusters. Left: P/D cluster;
right: P+P/A cluster. A pulsed laser tuned to 488 nm was used for excitation and emission
signals were detected in the range of 498-591 nm. The images were taken using a 20X objective
and the scale bar corresponds to 20 um.

Fig. 3: Effect of cluster and alginate film on the retention of curcumin after 1h and 2h
simulated gastric digestion. “With/ without film” stands for the presence or absence of
extracellular alginate film. Different letters in columns within the same time point indicate a
significant difference in retention of curcumin among different cellular microstructures. No
statistical analysis was done on measurements across time points.

Fig. 4: Effect of cluster and alginate film on the retention of curcumin during post-gastric
simulated intestinal digestion: (a) low bile salt condition; (b) high bile salt condition. “With/
without film” stands for the presence or absence of extracellular alginate film. Different letters in
columns within the same time point indicate a significant difference in retention of curcumin
among different cellular microstructures. “SIF t=0" samples were measured after addition and
immediate removal of SIF. No statistical analysis was done on measurements across time points.

Fig. 5: Cross section fluorescence microscope images of cell clusters during simulated
intestinal digestion under low and high bile salt conditions: (a) P/D cluster; (b) P+P/A cluster.
The images were taken at t=0 and 40min. For t=0 images, SIF was added to cell clusters and
immediately removed by centrifugation. The scale bar is 15um.

Fig. 6: 3D projection of confocal microscope images of native cell (left), P/D cluster (middle),
and P+P/A cluster (right) in alginate film. A pulsed laser tuned to 488 nm was used for
excitation and emission signals were detected in the range of 498-591 nm. The images were
taken using a 20X objective and the scale bar corresponds to 10 um.
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Highlight of study: This study develops a bottom-up approach to investigate the effect of
food microstructures on the bioaccessibility of curcumin, enabling innovations in food structures

to control the release of micronutrients.
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