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Development of Nutrient Delivery 
Systems: Ingredients & Challenges

Challenges:
• Low water solubility
• Crystalline
• Chemical instability
• Enzyme digestibility
• Low bioavailability
• Flavor modulation
• Matrix incompatibility
• Targeted Delivery
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Nutrient Delivery Systems: 
Structural Design Approaches 
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Nutrient Delivery System Design:
Performance Criteria

Matrix 
Compatibility
- Optical
- Rheological
- Stability
- Flavor

Processing
- Heating
- Cooling
- Drying
- Shearing

Storage
- Temperature
- Mechanical stress
- Light
- Oxygen
- Time

Consumption
- Appearance
- Texture
- Taste and Aroma
- Convenience

Ingestion
- Digestion
- Absorption
- Toxicity

DELIVERY SYSTEM CRITERIA:
• Fabricated from food grade ingredients using economic processing operations.
• Designed to function over wide range of conditions in food product and human body.
• Sensory acceptance
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single dose therapy, this study raises the possibility that 
dietary lipids and lipid-based formulations might alter 
lipophilic drug absorption and intracellular disposition 
through alterations to expression levels of lipid-binding 
and transport proteins within the enterocyte.

Lipid trafficking in the enterocyte
FIGURE 5 depicts the known pathways of lipid absorption 
and pooling within the enterocyte. Orally administered 
exogenous lipids enter the enterocyte through the apical 
membrane, whereas endogenous lipids can access the 
enterocyte through either the apical or basolateral mem-
branes186,187. Apically sourced endogenous lipids include 
those in bile and lipids derived from desquamated 
enterocytes. Basolaterally sourced endogenous lipids 
include fatty acid and chylomicron remnants taken up 
from the intestinal blood supply186,188. Endogenous lipids 
can also be synthesized de novo in the enterocytes187. Of 
these potential sources of endogenous lipid, apically 
sourced, biliary-derived lipids are the main contributor 

to lymphatic lipid transport (~50% in the fasted state in 
rats) and bile diversion substantially reduces fasted and 
post-prandial lymphatic lipid transport189–191.

Following uptake into the enterocyte, apically sourced 
exogenous and endogenous lipids either diffuse across 
the cytosol and enter the portal vein, or migrate to the 
ER where re-synthesis to tryglyceride occurs. Exogenous 
monoglyceride and fatty acid are primarily re-synthesized 
to triglyceride by the monoglyceride pathway, which 
consists of a group of enzymes (triglyceride synthetase) 
present on the surface of the smooth ER (SER)192–195. A 
second pathway for triglyceride synthesis, the α-glycerol-
3-phosphate (G3P) pathway193,195 is believed to be 
located on the rough ER (RER) rather than the SER195. 
The contribution of the monoglyceride and G3P path-
ways to triglyceride synthesis depends on the supply 
of monoglyceride and fatty acid. During digestion 
and absorption of a significant quantity of exogenous 
triglyceride (for example, post-prandially), in which 
monoglyceride is present in high concentrations, the 
G3P pathway is inhibited and monoglyceride is primarily 
(80%) converted to triglyceride by the monoglyceride 
pathway193,195. Triglyceride synthesized by the monogly-
ceride pathway crosses the SER membrane196,197 and is 
subsequently assembled into lipoproteins (see BOX 7 
for details). By contrast, in the absence of a reasonable 
quantity of monoglyceride (such as in the fasted state 
or following fatty-acid administration alone) the G3P 
pathway located on the RER membrane is the main 
pathway of triglyceride synthesis25,195. A small propor-
tion of the triglyceride produced by the G3P pathway 
is incorporated into the lipoprotein assembly process in 
the RER and provides a source of lymphatic triglycer-
ide in the fasted state. However, the majority enters a 
cytoplasmic pool of triglyceride droplets25,195,198.

Basolaterally sourced endogenous lipids taken up 
from the intestinal blood supply also enter the cytoplas-
mic lipid pool. These cytoplasmic lipid droplets (which 
are not protected by a surrounding membrane) are dif-
fusely distributed across the enterocyte cytoplasm and 
are continuously hydrolysed to monoglyceride and fatty 
acid195,198,199 by cytosolic lipase200. Once hydrolysed, some 
of these lipids can be re-synthesized to triglyceride by the 
monoglyceride pathway and incorporated into lipopro-
tein assembly pathways in the SER198,199. The majority 
of the lipids in the cytoplasmic lipid pool, however, are 
transported from the enterocyte to the systemic cir-
culation by the portal vein as either free fatty acid or 
triglyceride and the pool has therefore been referred to 
as the portal lipid precursor pool103 or mucosal storage 
pool199,201. By contrast, lipids within the enterocyte, 
which enter lipoprotein assembly pathways through 
the ER and Golgi and are destined for transport by the 
lymph, can be referred to as the lymph lipid precursor 
pool or chylomicron precursor pool201. Owing to the 
close relationship between the biosynthetic pathways 
of the lipids in the portal and lymph lipid precursor 
pools, the size and dynamics of these pools are inter-
related. For example, Nevin et al. have shown that the 
size of the portal lipid precursor pool is inversely propor-
tional to the efficiency of lymphatic lipid transport201.

Figure 5 | Pathways of lipid absorption and pooling within the enterocyte. Following 
uptake across the apical membrane of the enterocyte, the products of gastrointestinal 
(GI) lumen lipid digestion — monoglyceride (MG) and fatty acid (FA) — can either 
diffuse across the enterocyte and enter the portal vein blood89 or be re-synthesized 
to triglyceride (TG) by either the 2-monoglyceride (2-MG) pathway associated with 
the smooth endoplasmic reticulum (SER) or the α-glycerol-3 phosphate (G3P) pathway 
associated with the rough endoplasmic reticulum (RER)193,195. TG formed by these 
pathways typically enters the ER lumen and is assembled into lipoproteins (LPs; 
represented by orange circles). LPs are then transported to the Golgi, exocytosed from 
the enterocyte and taken up into the intestinal lymphatic system207. As lipid contained 
within the lipoprotein assembly pathways and the Golgi is destined for transport to the 
systemic circulation by the intestinal lymphatic system, this pool of lipids is referred to as 
the lymph lipid precursor pool (dashed blue line)103,199. A cytosolic pool of lipids is also 
located within the enterocyte103,199. This lipid pool comprises excess TG formed by the 
G3P pathway198 and endogenous lipids taken up from the intestinal blood supply in the 
form of either FA or chylomicron (CM) remnants186,188. The cytosolic lipids are subject to 
hydrolysis by cytosolic lipase200 and the digestion products formed can be re-circulated 
into TG assembly pathways195. However, the majority of lipids from this pool exit the 
enterocyte in the form of TG or free FA and are taken up into portal vein blood103,199. 
The pool of lipids that is transported from the enterocyte by the portal vein is therefore 
referred to as the portal lipid precursor pool (dashed red line)103,199. Recent evidence 
suggests that the trafficking and pooling of lipids within the enterocyte have a 
significant influence on the intracellular disposition of lipophilic drugs103.
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Enhancing Bioavailability: Designing Food 
Matrices to Control GIT Fate of Nutrients
Bioavailability & Targeted Delivery
• Ensure nutrients remain stable within the 
product during storage
• Create molecular environment in GIT that 
increases bioavailability
• Deliver bioactive components to site of 
action within GIT: mouth, stomach, small 
intestine or colon
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Improving Nutraceutical Bioactivity: 
Major Factors Limiting Bioavailability

BA = B* ´A* ´ T* 
B* = Bioaccessibility
A* = Absorption
T* = Transformation
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Food Design to Improve Bioavailability: 
Delivery Systems versus Excipient Foods

McClements, D. J. and H. Xiao (2014). "Excipient foods: 
designing food matrices that improve the oral 
bioavailability of pharmaceuticals and 
nutraceuticals." Food & Function 5(7): 1320-1333.



Emulsion-based Delivery
An emulsion consists of two immiscible liquids (usually oil and water), with 
one liquid being dispersed as very small spherical droplets in the other liquid.  

Nanoemulsion Emulsion

Potential Advantages:

• Incorporating Hydrophobic Nutrients & Nutraceuticals 
into Broad Range of Foods and Beverages

• Increased Bioavailability

High energy
methods

Low energy
methods



Emulsion Design for Bioavailability 
Improvement: Tailoring Functionality 
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Powder
Collection

Atomizer

Powder Particle

Wall
Material

Encapsulated
Oil Droplet

Solvent

Spray Drop

Finishing:
• Agglomeration
• Coating

Feed Fluid

Drying
Chamber

Emulsion Design for Bioavailability 
Improvement: Liquid and Powdered Forms

Microencapsulation of nutrients by spray drying



Emulsion Design for Bioavailability 
Improvement: Effect of Particle Size

Coenzyme Q10 nanoemulsions made from digestible or indigestible oils
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Emulsion Design for Bioavailability 
Improvement: Effect of Particle Composition
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Food Design to Improve Bioavailability: 
Delivery Systems versus Excipient Foods

McClements, D. J. and H. Xiao (2014). "Excipient foods: 
designing food matrices that improve the oral 
bioavailability of pharmaceuticals and 
nutraceuticals." Food & Function 5(7): 1320-1333.



Excipient Emulsions: Impact of Lipid Content & Type 
on Carotenoid Bioaccessibility from Carrots
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ENHANCED BIOACCESSIBILITY

Excipient Emulsions: Enhanced Carotenoid 
Bioaccessibility in Supplements

Laura Salvia-Trujillo



Conclusions
� Structural design principles are being developed to create 

food-grade delivery systems with improved efficacy

� These structurally designed systems can be fabricated from food 
grade ingredients using simple processing operations.  

� These systems can be  designed to improve food performance:

� Digestibility

� Controlled and Targeted Release

� Increased Bioavailability

� Modulate Satiety

� Economics and robustness of new functional foods needs to 
be assessed



Mechanism: Effect of Lipid Composition on 
Carotenoid Bioaccessibility
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Excipient Emulsion Design: 
Boosting Bioavailability
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• Proteins
• Carbohydrates
• Acids, Bases, Buffers
• Chelating Agents
• Surfactants
• Antioxidants, Minerals


