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ABSTRACT 

 

Oral delivery of macromolecular drugs, especially bioactive proteins, is one 

of the greatest unmet needs in modern biomedicine. Although engineering 

solutions have been developed to overcome low pH and enzymatic degradation in 

the stomach, poor absorption across the intestinal epithelial barrier and into the 

bloodstream continues to hinder clinical viability of oral protein formulations. One 

common solution is to employ chemical permeation enhancers of the epithelium. 

Unfortunately, most efficacious enhancers have been thwarted by toxicity, and the 

mechanisms that contribute to this behavior are poorly understood. Thus, there is 

an ongoing need to develop and characterize nontoxic permeation enhancers. 

First, this work seeks to expedite cell culture screening for permeation 

enhancer candidates by reducing the cost- and time inputs required for Caco-2 cell 

monolayers, the most common model of the intestinal epithelium. A new, 3-day 

system deemed “thrifty, rapid intestinal monolayers” (TRIM) is developed, 

comparing favorably with two current monolayer systems. 

 Next, the work explores the mechanism by which piperazines, a family of 

known permeation enhancers, interact with cells. Interestingly, the pH of the 

piperazine solutions presents as the controlling parameter, even when accounting 

for effects from pH change alone. The piperazines nonetheless suffer from narrow 

therapeutic windows, underscoring the need for a new generation of enhancers 

that do not permanently damage the intestines. 

 The next portion of this work screens an extensive, food-based library for 

nontoxic but effective chemicals to improve intestinal protein absorption. Of 106 
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crude food extracts, the vast majority are not cytotoxic, and only a small fraction 

increase epithelial permeability.  An iterative separation-activity screening method 

is used to isolate a single, active compound: the polyphenolic molecule 

pelargonidin from strawberries. Pelargonidin is demonstrated as a reversible, 

efficacious permeation enhancer, enabling uptake of model drugs and insulin 

through the intestinal lining.  

Finally, this work presents the surprising ability of anionic nanoparticles to 

act as physicochemical permeation enhancers. Orally administered silica particles 

induce dose-dependent permeabilization of the intestinal epithelium, allowing for 

oral delivery of insulin and exenatide. Histology of treated mouse intestines shows 

no evidence of particle-induced necrosis, inflammation, or changes in tissue 

architecture. These conclusive results underscore the ability of silica nanoparticles 

to safely increase epithelial permeability, enabling the oral delivery of 

macromolecular drugs without encapsulation or conjugation. 
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Chapter 1:  

Introduction 

 

 

1.1 – Advantages and Challenges to Oral Delivery 

Oral drug delivery is painless and convenient, offering superior patient 

compliance and improved disease outcomes compared to injections. However, delivery 

challenges have thwarted its successful implementation for macromolecular (larger than 

1000 Da or 1 kDa) drugs, especially proteins1,2. As a result, millions of patients across 

the globe are subjected to injections of macromolecule drugs, such as insulin for 

diabetes or heparin as an anticoagulant, on a daily basis. Unfortunately, a fear of 

injections is pervasive across populations, sometimes surpassing 80% prevalence in 

both children and adults3,4. An estimated 20%-30% of patients further classify as 

suffering from severe needle phobia4,5. As a result, many patients simply do not take 

their critical medications. For example, up to 33% of adults being treated for diabetes 

report feelings of dread associated with their insulin injections, and 45%-60% report 

intentionally skipping one or more doses6,7. Missed doses lead to poor disease control, 

which in turn results in more patient suffering and inflated healthcare costs. By enabling 

simple and painless administration, converting insulin and other protein drugs to oral 

dosage forms would drastically improve patient experience, compliance, and disease 

outcomes for a wide variety of maladies.  

Unfortunately, the physiology of the gastrointestinal tract prevents the clinical 

translation of most oral protein formulations8–11. First, the drug is swallowed and enters 
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the stomach, which contains harsh acid and enzymes from which the drug and delivery 

vehicle must be protected. Most often, this is accomplished by coating the capsule or 

tablet with pH sensitive enteric polymers. These polymers dissolve to expose the 

protein cargo only once it reaches the more neutral pH of the intestinal lumen12–14. Even 

in the intestines, there remain several barriers through which the drug must pass to 

enter systemic circulation (Figure 1.1). First, the lumen is separated from the intestinal 

walls by a 130-530 μm thick layer of mucus, which is a highly viscous, hydrated polymer 

matrix comprising both hydrophobic and hydrophilic segments11,15. The mucus is a 

diffusive barrier to certain sizes and charges of protein drugs, and also harbors a 

diverse population of microbes, which can degrade protein drugs11,15,16. Thus, any 

carrier for oral delivery must be examined for its ability to pass through the mucus, as 

Figure 1.1 – The intestinal lining is the major mass transport barrier isolating orally delivered 

drugs from the blood stream. To reach circulation in the body, the drug must begin in the lumen, 

diffuse through the bacteria-rich mucus, and cross the epithelial barrier. The epithelium of the intestines 

is formed into finger-like shapes called villi, providing a large surface area for absorption. These villi are 

lined with a layer of enterocyte cells, which form tight junctions between one another to act as a barrier to 

mass transport of large solutes, particles, and bacteria. 
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well as protect its cargo from deterioration. More specifically, the intestines contain a 

wide variety of proteases, originating from both the human body and the microbiome, 

which must be inhibited or otherwise blocked to avoid degradation of the 

macromolecule drug17. This is usually accomplished by the inclusion of a protease 

inhibitor in the drug carrier formulation17,18, deploying decoy proteins1, or loading the 

protein into a protease-impermeable carrier19. 

Should a protein safely transit the mucus and reach the wall of the small 

intestine, it can then only be absorbed into the bloodstream by crossing the formidable 

intestinal epithelial barrier20,21. The epithelium consists of a monolayer of enterocytes 

that are tightly bound to one another by intercellular protein complexes called tight 

junctions21–25. Together, these cells and junctions exert specific control over what 

material can or cannot transit from the interior of the intestines to systemic circulation. 

To the chagrin of researchers and patients alike, they excel at preventing the migration 

of whole, active protein and peptide drugs into the bloodstream. As a result, escorting 

drugs across the epithelium is the focus of most ongoing oral protein delivery research. 

 

1.2 – The Intestinal Epithelium Is Impermeable to Proteins 

The primary purpose of the intestinal epithelium is to provide a high surface area 

for absorption of nutrients and other beneficial substances from food, while 

simultaneously acting as a barrier against the uptake of toxins, pathogens, and any 

other unwanted material26. The epithelium is primarily composed of enterocytes: 

absorptive cells that form a single layer, lining the walls of the intestines to govern both 

transcellular and paracellular permeability of the barrier. Transcellular, or through-the-
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cell movement of material is restricted to small, hydrophobic molecules or important 

nutrients for which cells have evolved specific transporters (e.g. glucose, amino 

acids)27. By contrast, large or hydrophilic substances that pass through the epithelium 

must do so via the paracellular route, in the gaps between adjacent enterocytes. 

Transport through these gaps is regulated by the tight junctions, which exhibit highly 

specific size and charge specificity among material passing through the intercellular 

space21,28. As part of this size specificity, native tight junctions permit the passage only 

of molecules less than 1 nm in hydrodynamic radius21. As most proteins and peptides 

are much larger9, they are unable to enter the bloodstream29, and their systemic 

bioavailability following oral administration is negligible. Thus, to successfully deliver 

proteins or other large molecules across the epithelium, researchers must devise 

strategies to boost transport either through the enterocytes or through the tight junction 

space. 

 

1.3 – Intestinal Permeation Enhancers: Rationale and Drawbacks 

One possible strategy to improve transepithelial uptake of protein drugs is to 

introduce them with a delivery agent that induces transcellular transport. This typically 

takes one of two forms. First are transcellular permeation enhancers: molecules that 

permeabilize the cell membrane to allow diffusion of protein drugs directly through the 

enterocytes30. These often take the form of surfactants30–32 or cell penetrating 

peptides33,34, which open pores in the hydrophilic region of the membrane large enough 

to facilitate macromolecule transit. However, the possibility of cytosolic depletion and 
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permanent tissue damage due to this fenestration has led to concerns regarding the use 

of transcellular enhancers and their potential for toxic side effects30.  

The second common transcellular strategy is to load protein drugs into 

nanomaterials engineered for uptake by intestinal cells and subsequent release into the 

body. These can take the form of solid lipid particles35 or nanoemulsions36 as lipophilic 

carriers to improve permeability through cell membranes, or receptor targeted 

nanoparticles to stimulate endocytosis into epithelial cells37–39. Though some of these 

nanomaterials have produced promising preclinical results, they require careful 

engineering of their size and surface characteristics to avoid being trapped in the 

intestinal mucus or triggering an immune response37,40–44, and none have yet advanced 

into late-stage clinical trials for oral protein delivery12,45,46.  

 As a promising alternative to transcellular permeation strategies, there is a major 

opportunity in manipulation of the tight junctions by paracellular permeation 

enhancers21,47,48 (Figure 1.2). The rationale behind this approach is not to modify the 

Figure 1.2: Paracellular permeation enhancers improve protein diffusion through the tight 

junctions. Here, a known permeation enhancer (piperazine) open the tight junctions to allow absorption of 

a protein therapeutic without opening the epithelial barrier to bacterial transit. Cells and molecules are not 

drawn to scale. 
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transport properties of the protein drug itself, but rather to eliminate the diffusive 

resistance of the paracellular space to protein transport. Given the high concentration of 

protein drug at the site of capsule dissolution, and effective sink conditions of the 

bloodstream, opening the tight junctions will allow a substantial flux of the protein drug 

through the epithelium and into circulation. 

Several groups have previously studied intestinal permeation enhancers49–54, 

with the most effective candidates being surfactants or amine-containing cyclic 

compounds. For delivery of insulin and other antidiabetic peptides specifically, some 

chemical permeation enhancers have even entered early stage clinical trials12,55,56. 

Unfortunately, no small molecule permeation enhancers have yet advanced through 

late-stage trials. Most often the roadblock stems from the mechanisms of 

permeabilization being unknown, leaving them prone to cytotoxicity or with narrow 

therapeutic windows49,57,58. Toxicity could be due to factors such as excessive 

permeabilization of the epithelium and bacterial uptake, induction of apoptosis, or 

permanent rearrangement of the epithelial architecture. This toxicity cannot be 

preempted without understanding how permeation enhancers interact with tight 

junctions to manipulate their barrier function. Thus there is a major need to identify 

molecules that alter tight junction transport regulation with known mechanisms and 

without inducing permanent epithelial damage. 

 

 

 



7 
 

1.4 – Experimental Design to Study Intestinal Permeation Enhancers  

 The first step for screening potential intestinal permeation enhancers is to 

examine their effects on cell culture models of the epithelium, most often employing the 

Caco-2 cell line. The unique ability of Caco-2 cells to differentiate into enterocytes was 

first reported in 198361, and it has since become the most popular model of the small 

intestinal epithelium62,63. Monolayers composed of differentiated Caco-2 cells are used 

by labs around the globe to aid research in oral drug delivery2,30,64, gastrointestinal 

disease65–68, safety testing60,69,70, and more. To achieve differentiation, Caco-2 cells are 

cultured on porous membranes with separate media chambers feeding both the apical 

(top) and basal (bottom) surfaces of the cell monolayer (Figure 1.3a). These 

monolayers generally correlate well to human small intestines with regards to molecular 

permeability and gene expression27, and they develop the same type of tight junction 

complexes as human intestinal enterocytes21,71. Paracellular permeability can be 

predicted by measuring the transepithelial electrical resistance (TEER), which quantifies 

the ease of ions flowing through the paracellular space, and confirmed by placing the 

paracellular diffusion marker31 calcein in the apical well and measuring its accumulation 

in the basal well. A successful, reversible permeation enhancer treatment will reduce 

TEER and increase calcein permeability while it is in contact with the cells, but the 

monolayers will regain their barrier function (i.e. high TEER values) within 24 hours of 

treatment removal.  

If a permeation enhancer is successful in Caco-2 monolayers, it can advance to 

testing in mice, which represent the first animal model for preclinical oral drug delivery 

research (Figure 1.3b). In some cases, materials can either be orally gavaged without 
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protection from stomach digestion, or 

orally administered in an enterically 

coated, mouse sized capsule. If neither of 

those administration strategies are 

possible, the mice are surgically opened 

and the material is injected directly into the 

duodenum. While this is not a clinically 

relevant method of delivery, it does allow 

for examination of protein drug uptake and 

permeation enhancer efficacy without the 

complicating factors of enteric coatings or 

digestion. In any case, after permeation 

enhancers and protein drugs are 

administered to the mice, blood is 

collected at pre-determined time points 

and examined for either model drug 

concentration, or activity of the delivered 

protein (e.g. reduced blood sugar resulting 

from insulin). It is primarily using these 

biological screening methods that we set 

forth to answer some major, lingering 

questions in the field of oral protein 

delivery. 

a) 

Figure 1.3: Biological models for permeation 

enhancer research. (a) Caco-2 cells are grown on a 

permeable support differentiate into enterocyte-like 

cells with physiologically relevant tight junctions. 

Materials introduced into the apical chamber 

represent orally administered species in the intestinal 

lumen, while appearance in the basal chamber 

indicates successful transport into the bloodstream. 

(b) Mice and their gastrointestinal tracts represent the 

simplest animal model for oral drug delivery research. 

Materials can either be orally gavaged, or injected 

directly into the intestines to avoid digestion in the 

stomach. Then, blood levels of model drug or 

measures of drug activity (e.g. lowered blood sugar 

resulting from insulin) are monitored to assess 

degree of uptake across the intestinal epithelium. 

b) 
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1.5 – Objectives of This Study 

 The purpose of this study is to address some of the critical challenges currently 

facing oral protein delivery research, specifically in paracellular permeabilization of the 

intestinal epithelium. First, we examine the current models employed for cell culture 

based oral delivery experiments. Available methods for Caco-2 monolayer formation are 

either costly, or required several weeks of development and careful maintenance by 

researchers. We sought an opportunity to expedite research progress by developing a 

faster and less expensive, but scientifically sound (i.e. expressing physiologically 

relevant tight junctions) model of the epithelium. The result, the TRIM system for Caco-2 

differentiation, is discussed in Chapter 2. 

 Second, we sought to better understand the structure-function relationships and 

mechanisms by which successful permeation enhancers open tight junctions to 

reversibly improve paracellular permeability. To do this, we examined a family of known 

permeation enhancers, the piperazines49,72, for both toxicity and permeabilization 

efficacy. As reported in Chapter 3, both some structural and chemical factors were able 

to predict which of these molecules are best suited to be permeation enhancers. 

However, even the most promising piperazines suffered from narrow windows between 

minimum effective and minimum toxic concentrations, highlighting a further need for 

nontoxic enhancers. 

 Third, we set out to examine two potentially safer strategies for permeation 

enhancement, each born out of materials that are known to be well tolerated by the 

intestines: food and nanosilica. We hypothesized that, by beginning with known non-
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toxic materials then screening them for permeation enhancing efficacy (rather than vice 

versa), we may allow ourselves greater opportunity to discover and understand well-

tolerated, clinically viable permeation enhancers. Indeed, both approaches yielded 

reversible permeation enhancers that successfully deliver oral protein drugs in mice. In 

Chapter 4, a diverse library narrows down to a single molecule from strawberries that 

enables transepithelial uptake of insulin. Then, Chapter 5 describes how silica 

nanoparticles can induce a known cell signaling pathway to open tight junctions and 

allow oral delivery of antidiabetic peptides and proteins. These two studies encapsulate 

the most significant contributions of this work, and the best opportunity for future 

development and translation into the clinic. 
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Chapter 2:  

Thrifty, Rapid Intestinal Monolayers (TRIM) for 

Oral Drug Delivery Research on Caco-2 Epithelial 

Cells 

 

 

2.1 – Introduction 

Caco-2 monolayers are  the 

most common cell culture model 

for intestinal research1–6. However, 

most currently available Caco-2 

systems are expensive and/or 

labor intensive to develop. With 

hundreds of new publications 

relying on these cells every year7 

(Figure 2.1), there is a major need 

to streamline the monolayer assay 

for more efficient intestinal research. 

Traditionally, Caco-2 monolayers are seeded and maintained in antibiotic-free 

media for 21 days to allow full differentiation and tight junction formation8,9. These 

monolayers are well-established and highly characterized, but the tri-weekly media 

changes are tedious and often lead to bacterial or fungal infection in the cultures. To 

address this, Corning® introduced the Biocoat® Intestinal Epithelium Differentiation 

Figure 2.1: Medline Trends data for “Caco-2 

Monolayers.” Accessed March 2019 
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Environment (BIEDE) in 1997, enabling Caco-2 monolayers to differentiate in only three 

days while maintaining strong correlation to the permeability of 21-day monolayers10. 

However, the BIEDE system and its current iteration, called Biocoat® HTS monolayers, 

carry much higher price tags than the traditional 21-day monolayers, potentially limiting 

the productivity of labs that depend on them for their experiments. As a result, in the 

approximately two decades since, many labs have developed and characterized their 

own monolayer systems11–14. However, it remains unclear how the systems compare to 

the traditional monolayers for different assay types (e.g. gene expression vs. 

permeability) and final costs. 

Here, we investigated two possible strategies for reducing costs and time input 

for Caco-2 research and examine their effects on behavior of the resulting monolayers. 

First, we evaluate the fetal bovine serum (FBS) alternative FB Essence (FBE) for 

reduction of cell line maintenance expenses. 10% FBS has long been the standard 

serum addition to DMEM for Caco-2 cell culture media15, but its use incurs skyrocketing 

costs, composition uncertainty, and ethical dilemmas regarding the fetal calf sourcing16. 

Unfortunately, the FB Essence cannot sustain dividing cells past approximately 10 

passages and is not a viable long-term solution. Second, we describe a new variation of 

3-day Caco-2 epithelia, which we have deemed thrifty, rapid intestinal monolayers 

(TRIM). TRIM represent a current minimum of time and money input to achieve fully-

formed Caco-2 monolayers. Here, we will describe the process of their formation and 

assess how their gene expression and permeability behavior compare to two other 

common Caco-2 models: 21-day monolayers and the Corning HTS 3-day system. 
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2.2 – Methods 

2.2.1 – Materials  

Penicillin/streptomycin, trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), 

phosphate buffer saline (PBS), rat tail Collagen I, calcein, DAPI, Hoechst 33342, Alexa 

Fluor® 488 Phalloidin, Alexa Fluor® 488 anti-Claudin-1 antibodies, Alexa Fluor® 594 

Anti-ZO-1 antibodies, and ClearMount™ solution were purchased from Life 

Technologies® (Thermo Fisher subsidiary, Carlsbad, CA, USA). The cDNA reverse 

transcriptase kit (Applied Biosystems) and primers for GAPDH (Hs02758991_g1), ZO-1 

(Hs01551861_m1), and Claudin-1 (Hs00221623_m1) were also ordered from Life 

Technologies using the best coverage primer/probe set. Caco-2 cells were purchased 

from American Type Culture Collection® (ATCC, Manassas, VA, USA). Dulbecco’s 

Modified Eagles Medium (DMEM), fetal bovine serum (FBS), Seradigm FB Essence 

(FBE), Falcon® 225 cm2 tissue culture flasks, Corning® 1.0 μm porous support 

Transwell® plates and HTS plate kits, Falcon® 24-well plates, sodium butyrate, MITO+ 

serum extender, and Rhodamine 123 (Rhod123) were obtained from VWR® (Radnor, 

PA, USA). 4 kDa FITC-labelled dextran (FITC-DX4), p-Nitrophenyl phosphate (p-NPP), 

p-nitrophenol (p-NP), 1-phenylpiperazine (PPZ), low molecular weight chitosan, and 

sodium lauryl sulfate (SLS) were purchased from Sigma-Aldrich® (St. Louis, MO, USA). 

 

2.2.2 – Caco-2 Cell Culture 

Caco-2 lines were screened to ensure mycoplasma-free conditions by direct 

DNA staining with Hoechst 3334217. Cells were cultured in DMEM supplemented with 

10% FBS, 100 IU/mL of penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL 
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Amphotericin B (“Caco-2 media”). Cultures were incubated at 37°C in 5% CO2 and 

100% relative humidity. The cells were subcultured with 0.25% trypsin-EDTA and 

subsequent passaging every 3 to 4 days at ratios between 1:3 and 1:8. Cells at 

passage numbers 20–60 were utilized for experiments. 

 

2.2.3 – Cell Proliferation Experiments 

Caco-2 lines at p30 were transferred into media containing 10% FBS, 5% FBE, 

10% FBE, 15% FBE, or 20% FBE in DMEM. All media also contained 100 IU/mL of 

penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL Amphotericin B. Each group of cells 

was maintained for several more passages in its respective media composition. At 

passage numbers 32, 37, and 40, the cells were seeded into 24-well plates at 1.5×105 

cells/well in their respective media compositions. Every day for four days, three wells of 

each cell population were trypsinized and counted using a hemacytometer.  

 

2.2.4 – Collagen Coating for Transwell Plates 

Transwell inserts were coated with collagen I from rat tails per the supplier-

provided thin coating procedure. Briefly, collagen (5 µg per cm2 of transwell membrane 

surface) was diluted into 20 mM acetic acid solution. The mixture was added to the 

apical compartments of the wells and incubated at room temperature for one hour. 

Plates were then rinsed three times with PBS and either used immediately or dried 

under sterile conditions and stored at 4°C for up to three months. 
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2.2.5 – HTS Monolayers 

Cells were suspended in basal seeding medium (BSM) provided in the HTS kit, 

seeded at a density of 2×105 cells per well in the supplied HTS plate, and incubated for 

24-48 hours. The media was then changed to the enterocyte differentiation medium 

(EDM) and incubated for 48 hours. The trans-epithelial electrical resistance (TEER) was 

monitored to confirm proper barrier formation, and only monolayers with initial TEER 

values of 150-750 Ω·cm2 (“acceptable range”18) were utilized for further experiments. 

 

2.2.6 – TRIM Monolayers 

Cells were suspended in DMEM supplemented with MITO+ serum extender 

according to the manufacturer’s instructions (basal seeding medium, BSM). They were 

seeded at a density of 2×105 cells per well on collagen-coated transwell supports, and 

incubated for 24-48 hours. The media was then changed to DMEM supplemented with 

MITO+ and 2 mM sodium butyrate (enterocyte differentiation medium, EDM) and 

incubated for 48 hours. The TEER was monitored and only monolayers with initial 

TEER values of 150-750 Ω·cm2 were utilized for further experiments. 

 

2.2.7 – 21-Day Monolayers 

Cells were suspended in DMEM supplemented with 10% FBS (“21-day media”) 

and seeded at a density of 2×105 cells per well on collagen-coated transwell supports. 

The media was then aspirated and replaced every 2-3 days for 21 days. The TEER was 

monitored to confirm proper barrier formation, and only monolayers with initial TEER 

values of 150-750 Ω·cm2 were utilized for further experiments. 
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2.2.8 – Monolayer Permeability and Permeation Enhancer Experiments 

Caco-2 monolayer trays were transferred to 24-well plates containing 1 mL 

DMEM per well and were allowed to equilibrate for 30 minutes before recording TEER 

values using a Millicell® voltohmmeter. Fluorescent paracellular diffusion markers were 

applied at 0.5 mM (calcein), 0.2 mM (FITC-DX4), or 0.1 mM (Rhod123) into the apical 

side of the monolayers. After one hour, media in the basal chambers was sampled and 

its fluorescence was measured at 495/515 nm (calcein), 485/515 nm (FITC-DX4), or 

510/535 nm (Rhod123) using a Biotek Synergy2 plate reader. Application of calibration 

curves yielded the amount of mass transferred across each monolayer, which was used 

in the permeability equation  𝑃𝑎𝑝𝑝 =
∆𝑀

𝐶𝑎𝐴∆𝑡
, where Papp is the apparent permeability 

through the monolayer, ΔM is the marker mass accumulated in the basal compartment, 

Ca is the apical marker concentration, A is the monolayer area, and Δt is the time 

between samples.  

To characterize the effects of permeation enhancers, chitosan (1 mg/mL), SLS 

(0.1 mg/mL), or PPZ (1 mg/mL) was dissolved in EDM and applied to the apical 

chambers with the fluorescent markers. Negative control wells received fresh EDM. 

DMEM in the basal compartments was refreshed once per hour to maintain sink 

conditions for diffusion. TEER and permeability measurements are expressed as the 

ratio of each monolayer’s permeability for the first hour after permeation enhancer 

addition to its permeability before treatment, normalized to any change in untreated 

control monolayers during that time. 
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2.2.9 – Alkaline Phosphatase Activity Assay 

Alkaline phosphatase activity was measured as previously described19. Briefly, 

monolayers or mouse intestinal segments were washed with calcium- and magnesium-

supplemented PBS. A reaction buffer containing p-nitrophenyl phosphate (p-NPP) was 

added, and the samples were incubated at room temperature. Ten minutes later, 100 µL 

buffer samples from each well were transferred to a 96-well plate, with 50 µL/well of 0.5 

M NaOH, and the temperature was decreased to 4°C to halt the reaction. The plate 

reader was used to measure the absorbance of the samples at 405 nm, which was 

compared to a calibration curve of p-nitrophenol (p-NP) to determine the amount of p-

NPP degraded by alkaline phosphatase. For monolayers, the amount of p-NP produced 

was normalized to the area of the porous membrane filter. For intestinal samples, the 

size of the section and a surface amplification factor for the villi 20 were used to 

determine epithelial area for normalization. 

 

2.2.10 – Gene Expression by qPCR 

RNA was isolated from Caco-2 cells, monolayers, and mouse intestinal 

segments using Qiagen RNeasy Kit according to the manufacturer’s protocol. Reverse 

transcriptase PCR was carried out using the high capacity cDNA reverse transcription 

kit according to the manufacturer’s protocol. 

Quantitative PCR (qPCR) was performed using the ViiA 7 Real-Time PCR 

system and Taqman universal PCR master mix (Applied Biosystems). Each qPCR 

reaction contained a total reaction volume of 20 μL (100 ng cDNA + 10 μL Taqman 

mastermix + 1 μL Taqman endogenous control + 1 μL Taqman gene expression). All 
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runs were performed in comparative Ct mode with a temperature profile of 50°C for 2 

minutes, 95°C for 10 minutes, and 40 cycles of [95°C for 15 seconds and 60°C for 1 

minute]. All qPCR samples were tested with three biological replicates and three 

technical replicates each. The expression of each tight junction mRNA was normalized 

to expression of the housekeeping gene GAPDH and is displayed relative to expression 

levels for undifferentiated Caco-2 cells. 

 

2.2.11 – Confocal Microscopy 

Monolayers or excised intestines were rinsed with PBS and fixed in 4% 

formaldehyde. They were permeabilized with 0.2% Triton-X100 and blocked with 0.2% 

BSA solution to limit non-specific antibody binding, then incubated for one hour with 

staining solutions. The staining solutions contained Hoescht 33342 (20 nM, 350 nm/461 

nm) to mark nucleic acids, AlexaFluor 488® Phalloidin (5 units/mL, 495 nm/518 nm) to 

label actin, AlexaFluor 488® Anti-Claudin 1 antibodies (50 µg/mL, 495 nm/518 nm), 

and/or AlexaFluor® 594 Anti-ZO-1 antibodies (50 μg/mL, 590 nm/617 nm) in PBS with 

0.2% BSA. After staining, the monolayers were mounted on slides using ClearMount™ 

solution and sealed under coverslips using clear nail polish, while intestinal segments 

were suspended in PBS and mounted to slides using rubber spacers.  

Prepared slides were imaged at 63x magnification using a Zeiss LSM 700 

confocal microscope with ZEN 2012 SP1 software. Images were captured using a Plan-

Apochromat 63x/1.40 Oil DIC objective and an X-Cite Series 120Q laser source 

exposing at 405, 488, and 555 nm. ImageJ (NIH) image processing software was used 

to prepare confocal images for publication. Upper and lower thresholds were narrowed 
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slightly to remove background noise and improve visibility of the signals. All images 

were processed with the same thresholds and display lookup tables (LUTs), which were 

linear throughout their ranges. Images were converted from their original 16-bit format 

to RGB color for saving and arrangement into figures. No other manipulations were 

performed. 

 

2.2.12 – Mouse Studies 

 All mouse experiments were approved by the institutional animal care and 

use committee (IACUC) at Carnegie Mellon University (Pittsburgh, PA, USA) under 

protocol number PROTO201600017 and performed in accordance with all institutional, 

local, and federal regulations. C57BL/6 mice were either purchased from Charles River 

Laboratories (Wilmington, MA, USA) or obtained from an institutionally managed 

breeding colony. Prior to experiments, mice were housed in cages of no more than five 

animals, with controlled temperature (25°C), 12 hour light-dark cycles, and free access 

to food and water. Mice utilized in this study were male and 12-21 weeks old. Mice were 

fasted 12 hours the night before an experiment to limit the variability caused by food 

matter and feces in the gastrointestinal tract.  

 

2.2.13 – Intestinal Permeability to Dextran 

For dextran permeability studies, fasted mice were anesthetized and their 

intestines surgically exposed. They received direct injections (2 µL/g volume) of 

permeation enhancers (200 mg/kg dose of SLS, 32.4 mg/kg PPZ, PBS control) and 

FITC-DX4 (10 mg/kg). At 0.5, 1.5, and 4 hours post-injection, blood was collected and 
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centrifuged. The FITC concentration in the serum was measured by reading for 

fluorescence on the plate reader (485/515 nm) and comparing to a unique calibration 

curve for each experiment. The relative area under the curve (AUC) was calculated by 

integrating the serum FITC-DX4 concentration from 0-4 hours after injection.  

 

2.2.14 – Statistics 

 All data presented as arithmetic mean of the given “n” number of biological 

replicates (individual animals or number of in vitro cell culture wells), and error bars 

display the standard error of the mean. For statistical significance, two-tailed Student’s 

t-tests were used to calculate p values. 

 

2.3 – Results and Discussion 

2.3.1 – FB Essence for Reduced Cell Line Maintenance Costs 

 We began by exploring whether FB Essence (FBE) could be used to replace fetal 

bovine serum (FBS) in the ongoing maintenance of the Caco-2 cell line. To do this, we 

first optimized FBE content for Caco-2 growth and proliferation. Caco-2 cells at passage 

number 30, previously growing in standard 10% FBS-supplemented media, were split 

into five groups: one continued in 10% FBS media and the others transferred into flasks 

with 5%, 10%, 15%, or 20% FBE. At pre-determined passage numbers, cells were 

examined for their proliferative ability. After two passages (Figure 2.2a) and seven 

passages (Figure 2.2b), the cells growing in 15% FBE media outperformed each of the 

other FBE groups although they still lagged behind the cells in the FBS control media. 

To this end, the FBE cell flasks required higher passage ratios to maintain the same 
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schedule as the FBS controls (e.g. a 1:3 split instead of 1:4 or 1:6 to cover the same 

three day span). Surprisingly, at between seven and nine passages in the FBE media, 

most of the cells stopped dividing altogether. Only the 15% FBE group survived to ten 

passages, but even those cells lost the ability to adhere and proliferate (Figure 2.2c). 

This is consistent with the eventual decline in cell growth seen in studies of other FBS 

alternatives for Caco-2 proliferation15. Thus, FBE can be used to supplement media for 

short-term Caco-2 maintenance, but it should not be used for long-term propagation of 

the cell line. 

Figure 2.2: Lower-cost FBS alternative FB Essence (FBE) is of limited use in maintaining Caco-

2 cells for intestinal monolayer production. All graphs compare Caco-2 cells originating from the 

same population (i.e. growing in the same flask) until the split into different bottles containing different 

FBS and FBE content media at passage 30 (p30). (a) At two passages (b) and seven passages after 

transfer into media containing varying amounts of FBE, cells growing in 15% FBE (FBE15) proliferate 

at almost the same rate as cells growing in the traditional 10% FBS (FBS10). (c) However, by ten 

passages in the 15% FBE media, the cells cease to grow and divide. (d) At two passages, (e) six 

passages, and (f) nine passages after transfer, the Caco-2 cells growing in 15% FBE media 

maintained their ability to form comparable monolayers to cells grown in 10% FBS, as demonstrated 

by similar transepithelial electrical resistance (TEER). Error bars display s.e.m. (n = 3 for cell 

proliferation, n = 24 for TEER). 
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 Because 15% FBE was adequate for short-term Caco-2 maintenance, we 

hypothesized that cells cultured with this serum composition would also be able to 

differentiate into monolayers, at least for as long as their ability to proliferate persisted. 

To test this, we examined both the 15% FBE cell population and the 10% FBS control 

on the established, 3-day HTS Transwell® monolayer system from Corning®. After two 

(Figure 2.2d) and six (Figure 2.2e) passages, there was little difference between the 

two populations, as evidenced by the development of similar transepithelial electrical 

resistance (TEER). TEER measures the ability of ions to pass through the monolayers 

and has been shown to correlate inversely with permeability through the tight 

junctions21,22. Thus, higher TEER relates to more complete formation of tight junctions 

within the monolayers23,24. Interestingly, even as their proliferation slowed, the cells 

cultured in 15% FBE media formed proper monolayers (Figure 2.2f). Most likely, this is 

due to the high seeding density of the HTS system allowing the cells to achieve 

confluence on the transwell membrane without needing to divide. 

 Based on their comparable TEER behavior to current Caco-2 models, cells from 

15% FBE media could likely be used as a short-term measure for cost saving. However, 

the decline of cell populations after around 10 passages means that any lab using them 

would need a continuously maintained, separate line of Caco-2 in FBS or enough cells 

stored to thaw new populations of cells each month. On top of this complication of 

operations, the only successful media formulation using FBE required a higher 

concentration (15%) than the formulation using FBS (10%). As of March 2019, the cost 

of FBE is approximately half that of FBS. For most labs, the resulting 25% reduction in 

serum costs would likely not outweigh the cost increases associated with the shortened 
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life of the cell line or the possibility that FBE alters long-term gene expression in the cell 

line.  

 

2.3.2 – TRIM as an Alternative to HTS and 21-Day Monolayers 

 As a second strategy for reducing both time and monetary costs associated with 

using Caco-2 for in vitro screening, we developed a system deemed thrifty, rapid 

intestinal monolayers (TRIM). As with any new model, we set out to determine how its 

behavior compared to both established cell culture models and the bodily tissues they 

are meant to represent. To start, we examined the development of TEER over the 

course of TRIM formation compared to the same cells differentiating into two 

established Caco-2 models: Corning® HTS, and 21-day monolayers. TRIM (Figure 

2.3a) and HTS (Figure 2.3b) demonstrated similar behavior, with TEER reaching the 

acceptable range within 24 hours and persisting for three days, regardless of cell 

passage number. Similarly, 21-day monolayers achieved high TEER values within 2-3 

days after seeding (Figure 2.3c), and held them through the rest of the designated 

junction maturation period, provided they did not become infected during that time. 

Across each of the systems, TEER was within the acceptable resistance range on the 

pre-determined experiment day in almost all iterations of monolayer development 

(Figure 2.3d). 
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Figure 2.3:  TEER develops at similar rates and to similar final values, but permeability to 

marker molecules differs between monolayer systems. (a) In the HTS system, passage number 

causes early discrepancies in barrier quality, but these differences diminish by the third day. (b) In 

contrast, passage number has little effect on the development of TRIM monolayers. (c) 21-day 

monolayers attain high barrier function by the third day, regardless of passage number, and maintain 

high TEER as the cells continue to differentiate. However, high rates of infection among 21-day plates 

leads to failure of many monolayers. (d) The vast majority of all monolayers from each of the three 

systems achieved the “accepted range” of TEER values. Each point represents an entire, 24-well 

plate of monolayers, and data for the 21-day system is limited due to the high rate of infection. (e) 

Monolayers from the 21-day system exhibit lower paracellular permeability to calcein and 4 kDa FITC-

Dextran (FITC-DX4) and higher transcellular permeability to Rhodamine 123 than the 3-day systems. 

Error bars display s.e.m. (n = 24 for TEER, n = 3 for permeability). * p < 0.05 by two-tailed t-test. 
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 In addition to TEER development, apical-to-basal permeability of diffusion marker 

molecules is a critical experimental characteristic that we wanted to understand in the 

context of each of these three systems. First, we examined the permeation of two 

hydrophilic molecules through the tight junctions: calcein (~620 Da) and 4 kDa, FITC-

labelled dextran (FITC-DX4). In both cases, paracellular transport was comparable 

across all three monolayer systems, registering within the same order of magnitude 

(Figure 2.3e), though the tight junctions developed in the 21-day system were slightly 

better at excluding both molecules. To assess transcellular permeability, we next 

applied the fluorescent marker rhodamine 123 (Rhod123) to the apical side of 

monolayers. Rhod123 is sufficiently hydrophobic to diffuse through the cell membrane 

and is a known P-glycoprotein (P-gp) substrate13. Thus, increased Rhod123 transport in 

the apical to basal direction indicates that less P-gp efflux activity is pumping the marker 

from the cytosol back into the apical compartment. Permeability of Rhod123 was 

substantially higher in 21-day monolayers than in HTS or TRIM (Figure 2.3e).  This has 

been previously reported with other abbreviated monolayer systems13 and implies that 

such monolayers have greater P-gp activity. 

 

2.3.3 – Gene Expression in Monolayer Models 

The observed differences in P-gp activity prompted us to question how TRIM 

development affects gene expression of various proteins when compared to other 

monolayer models, as well as actual intestines. To begin, we examined the activity of 

alkaline phosphatase, a brush border enzyme used as a differentiation marker for Caco-

2 cells19,25,26, by measuring conversion of p-nitrophenyl phosphate (p-NPP) to p-
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nitrophenol (p-NP) (Figure  2.4a). TRIM 

exhibited approximately the same 

enzyme activity as the HTS monolayers, 

and both were significantly higher than 

21-day monolayers and mouse small 

intestines. Interestingly, colon samples 

expressed even less enzyme activity, 

though it should be noted that data for 

mouse intestinal samples rely on 

application of published conversion 

factors for epithelial surface area20, which 

introduces some uncertainty as to the 

absolute values. 

Two other proteins of interest in 

the intestinal epithelium are the tight 

junction proteins ZO-1, which anchors 

junctions to the cytoskeleton, and Claudin 

1, which partially spans the intercellular 

junction space23. Here, we discovered 

that ZO-1 expression is consistent 

between TRIM, HTS, and 21-day 

monolayers (Figure 2.4b), though it is far 

lower in all three systems than in mouse 

Figure 2.4: Gene expression varies between 

different monolayer systems and between 

Caco-2 and intestinal tissue. (a) Activity of 

alkaline phosphatase, a common differentiation 

marker for intestinal enterocytes, is significantly 

higher in 3-day monolayer systems than in 21-day 

monolayers or mouse intestinal mucosa. (b) In all 

cases, Caco-2 monolayers exhibited less 

expression of tight junction protein ZO-1 than 

intestinal cells taken from mouse intestines. (c) 

While claudin-1 expression was similar between 

3-day monolayer systems and mouse small 

intestines, 21-day monolayers exhibited higher 

CLDN1 levels. Error bars display s.e.m. (n = 3). * 

p < 0.05 by two-tailed t-test. 
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colon or intestines. In contrast, expression of Claudin 1 is comparable between TRIM, 

HTS, and small intestines (Figure 2 4c), while 21-day monolayers may slightly 

overexpress the gene. Taken together, these differences in protein activity and 

expression show that no single monolayer system provides a completely accurate 

representation of in vivo intestines, and care should be taken in choosing the 

appropriate assay for a given experiment.  

 

2.3.4 – Imaging Analysis of Monolayer Tight Junctions 

 Having observed significant differences in the gene expression of tight junction 

proteins among the five models, we were curious as to how TRIM would compare to the 

other models in the spatial arrangement of the junction proteins. We used confocal 

microscopy to visualize nuclei, actin, ZO-1, and Claudin 1 (Figure 2.5). Phalloidin and 

DAPI staining revealed few differences in morphology across the five samples, though 

the nuclei in the 21-day system were smaller and more irregular than those in the other 

models. In contrast, the ZO-1 encircling the cells at the tight junctions was noticeably 

variable. In the 21-day monolayers and excised intestines, the ZO-1 smoothly and 

regularly ringed the cells, while in both TRIM and HTS monolayers, the ZO-1 displayed 

ruffling at the edges of the cells. This change in morphology has previously been seen 

in Caco-2 cells treated with nanostructures to open the tight junctions 27, suggesting a 

connection between the ruffling observed in the images of TRIM and HTS monolayers  

and the slightly higher tight junction permeability to calcein and FITC-DX4 observed in 

this study (Figure 2.3e). Finally, as we predicted based on the gene expression 

experiments in the previous section, the signal for Claudin 1 was strongest in 21-day 
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monolayers and weakest in the colon, with TRIM showing weak but observable staining 

around the cell perimeters (Figure 2.5). These differences in protein localization and 

morphology again indicate that TRIM and other monolayer systems each have 

particular strengths and weaknesses with respect to representing the intestinal 

epithelium accurately. 

 

Figure 2.5: 3-day Caco-2 

systems develop similar 

tight junctions, but differ 

slightly from 21-day 

systems as observed by 

confocal microscopy. 

Among the three types of 

monolayers, the shape and 

arrangement of nuclei and 

actin displayed no notable 

differences. However, the 

tight junction protein ZO-1 

forms predominantly 

straight, smooth structures 

in the 21-day system, while 

both 3-day systems display 

ruffling in the ZO-1 pattern. 

Another tight junction 

protein, Claudin 1 is much 

more clearly expressed in 

the 21-day system than in 

the 3-day systems. In HTS 

and TRIM monolayers, as 

well as both intestinal 

segments, the Claudin 1 

signal is so faint that it is 

barely indistinguishable 

from background 

fluorescence. Scale bars = 

10 μm. 



 

35 
 

2.3.5 – Utility in Permeation Enhancer Screening 

Given the observed differences 

between tight junction expression and 

morphology, we ultimately asked how the 

models would differ in their predictions of 

permeation enhancer efficacy. The 

monolayers were treated with three 

permeation enhancers, each known to 

increase paracellular permeability21,28–31: 

chitosan, 1-phenylpiperazine (PPZ), and 

sodium lauryl sulfate (SLS). As measured by 

TEER, 21-day monolayers were consistently 

less affected by the paracellular permeation 

enhancers than TRIM or HTS monolayers 

(Figure 2.6a), likely due in part to differences 

in how tight junction proteins are expressed 

in each system. This trend was confirmed by 

increased passage of the diffusion marker 

calcein through treated TRIM and HTS 

monolayers (Figure 2.6b). The 21-day 

monolayers did not indicate a significant 

increase in transport for any of the three 

permeation enhancers. When evaluated in 

Figure 2.6: Caco-2 response to chemical 

permeation enhancers is dependent on 

the monolayer system used. (a) By trans-

epithelial electrical resistance (TEER), the 3-

day monolayer systems indicated greater 

permeation enhancing power of species 

tested than did the 21-day monolayers. (b)  

The standard relationship of lower TEER 

corresponding with higher mass permeability 

held up across all three monolayer systems. 

(c) As predicted by the 3-day monolayer 

systems, SLS and PPZ enhanced 

accumulation of intestinally injected FITC-

DX4 in the bloodstream of mice. Error bars 

display s.e.m. (n = 3 for cells, n = 3-7 for 

mice). * p < 0.05 
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vivo via direct injection into the intestines of mice, the SLS and PPZ permeation 

enhancers significantly increased the transport of the FITC-DX4 from the intestines to 

the bloodstream, as predicted by the behavior of the TRIM and HTS systems. As a 

result, enhancer-treated mice displayed higher areas under the curve (AUCs) for FITC-

DX4 in the bloodstream (Figure 2.6c). This indicates that these systems are particularly 

useful for screening permeation enhancers before advancing to animal models32. 

 

2.3.6 – Relative Costs of Monolayer Development 

Because each of the three monolayer systems examined here have distinct 

strengths and weaknesses, we anticipate that cost and time input will be an important 

factor for experimental design in many 

studies.  Based on supply costs as of 

March 2019, TRIM are the least 

expensive monolayers to produce, 

followed by 21-day at 50% higher 

costs, and HTS at 200% higher (Table 

2.1). Even for just one graduate 

student operating at a rate of one 

experiment per week, this adds up to 

over $800 per month savings using 

TRIM over HTS. There is a slight trade 

off in time input, as TRIM require an 

extra 12 minutes per plate for collagen 

21-Day HTS TRIM

Transwell Plate 100.94 100.94

Collagen 0.14 0.14

Acetic Acid 0.01 0.01

HTS Plate Kit 338.33

DMEM 4.32 1.3 3.12

FBS 58.76

Sodium Butyrate 0.08

MITO+ 4.26

Cost Total (USD) 164.17 339.63 108.55

21-Day HTS TRIM

Collagen Coating 12 12

Preparing Media 10 5 10

Seeding Cells 40 40 40

Media Changes 160 15 15

Time Total (Min) 222 60 77

Time Total (Hours) 3.7 1 1.3

Table 2.1: Cost and time comparisons among  24-

well, Caco-2 monolayer systems. Costs are based 

on prices as of  March 2019. Calculations do not 

include cost or time associated with ongiong 

maintenance of the cell line.
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coating (Table 2.1), when performed in batches of 5. However, TRIM clock in at just 

over one hour per plate, while 21-day monolayers require nearly four hours over three 

weeks. On top of this, 21-day plates are highly prone to infection, as we have shown 

here (Figure 2.3c). The high failure rate further increases the time input to 5-8 hours 

per successful monolayer plate, greatly exceeding the approximate one hour for HTS 

and TRIM. 

 

2.4 – Conclusions and Outlook 

The ongoing development of faster, less expensive Caco-2 epithelial models is 

critical to accelerating research for gastrointestinal disease and oral drug delivery. 

Like many other serum alternatives, FB Essence does not provide a long-term, cost-

saving strategy for Caco-2 culture. However, TRIM and HTS monolayer systems offer 

experimentally comparable and less labor intensive alternatives to 21-day 

monolayers, especially for research examining intestinal permeability. Furthermore, 

TRIM can be constructed for less than one third of the cost of HTS monolayers. For 

the particular characteristics studied here, each system had its own strengths and 

weaknesses as models of actual intestinal tissue. To this end, Caco-2 monolayers 

will not always accurately predict the extent of permeability change or gene 

expression in an actual intestine, but they are critical tools for screening technologies 

prior to in vivo experimentation, thus reducing the number of animals used32. Within 

this realm of cell culture epithelia, TRIM produce valuable results while allowing 

researchers to trim both money and time inputs from their research. 
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Chapter 3:  

The pH of piperazine derivative solutions 

predicts their utility as transepithelial permeation 

enhancers 

  

 

3.1 – Introduction 

The successful oral administration of therapeutic macromolecules is often seen 

as the holy grail of modern drug delivery because of its accessibility, high patient 

compliance, and ease of administration. Pills or oral liquid formulations are more likely 

to be taken at proper intervals than their counterparts that must be injected, inhaled, or 

administered transdermally1,2. However, oral drug delivery poses the challenge of low 

bioavailability due to poor transport of macromolecules across the intestinal epithelium 

and into the bloodstream. To address this problem and increase the bioavailability of 

orally delivered molecules, chemical permeation enhancers can be employed to 

increase the flux of drugs across the intestinal lining3. 

Chemical permeation enhancers increase the transport of macromolecules 

across the epithelium either by improving their passage through the plasma membranes 

of barrier cells (transcellular pathway), or by altering the tight junctions between these 

cells (paracellular pathway)4. Some transcellular permeation enhancers increase drug 

bioavailability by changing behavior of transport proteins on the cell membrane5. For 

example, GW918 inhibits the action of p-glycoprotein, an efflux transporter that pumps 

absorbed drugs back out of cells, and has been shown to increase the transepithelial 
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transport of ranitidine by this mechanism6. Other transcellular enhancers disrupt the cell 

membrane in a controlled manner to allow passage of large molecules. For instance, 

the zwitterionic surfactant palmitoyl ammonio propanesulfonate increases the flux of the 

hydrophilic diffusion marker calcein through the otherwise hydrophobic cell membranes 

of intestinal cells7. On the other hand, paracellular permeation enhancers are generally 

species that interact with the variety of proteins that govern the tight junctions. Chitosan, 

a polysaccharide, increases paracellular flux by inducing the translocation of the 

junctional adhesion molecule JAM-18, while zonula occludens toxin has been shown to 

disrupt the barrier function of the tight junction proteins occludin and ZO-19. However, 

the mechanisms of many identified permeation enhancers remain unknown10. 

 Previously, a study of fifty-one chemical permeation enhancers with diverse 

chemical structures demonstrated that two piperazine derivatives were able to achieve 

strong permeation enhancement and induce minimal cytotoxicity in a Caco-2 model11. 

Interestingly, piperazine derivatives have also been shown to potently deliver siRNA 

intracellularly, both in vitro and in vivo12. Together with the knowledge that some 

piperazine derivatives are capable of crossing the blood brain barrier13 and inhibiting 

neurotransmitter transport proteins14, these data suggest that there is something unique 

about the way piperazine derivatives interface with biological barriers.  

Piperazine is a six-membered, organic ring composed of two opposing nitrogens 

with saturated carbons at the remaining positions. In the previous study on intestinal 

permeation enhancers, the derivatives 1-phenylpiperazine and 1-methylpiperazine, the 

only piperazine-based molecules tested, were found to be among the top three 

chemical permeation enhancers in terms of increasing permeability without damaging 
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cells11. However, it was not clear why the piperazines, on a molecular level, potently 

enhanced transport or if permeation enhancement is a class effect of piperazine 

derivatives. To aid in the elucidation of structure-function relationships, this work 

examines a collection of simple hydrocarbon-substituted piperazine derivatives for their 

effect on intestinal epithelial permeation enhancement and viability.   

 

3.2 – Methods: 

3.2.1 – Materials 

 Fourteen piperazine derivatives with simple hydrocarbon substituents were 

examined in this study. Piperazine, 1-methylpiperazine, (S)-(+)-2-methylpiperazine, 

trans-2,5-dimethylpiperazine, 2,6-dimethylpiperazine, 1-isopropylpiperazine, 1,4-

diethylpiperazine, 1-isopropyl-2-methylpiperazine, 2,5-diethylpiperazine, and 1-

butylpiperazine were purchased from Sigma-Aldrich® (St. Louis, MO). 1-ethylpiperazine 

and 1,4-dimethylpiperazine were obtained from TCI America® (Philadelphia, PA). 1-

allylpiperazine was purchased from Alfa Aesar® (Ward Hill, MA), and 1,4-

diallylpiperazine was purchased from Monomer-Polymer and Dajac Labs (Trevose, PA). 

Six nitrogenous small molecules were selected to represent a range of primary, 

secondary, and tertiary amines. 1-aminohexane, 1,6-diaminohexane, ethylbutylamine, 

1,2-bis(methylamino)ethane, triethylamine, and 1,2-bis(dimethylamino)ethane were 

purchased from Sigma-Aldrich®. 

For cell culture and in vitro experiments, Minimum Essential Medium (MEM), 

Opti-MEM media, penicillin/streptomycin, trypsin-ethylenediaminetetraacetic acid 

(trypsin-EDTA), phosphate buffer saline (PBS), fetal bovine serum (FBS), and neutral 
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10 kDa dextran conjugated to Texas Red fluorescent dye (TR-Dextran10) were 

purchased from Life Technologies® (Thermo Fisher subsidiary, Carlsbad, CA).  Caco-2 

cells and methyl thiazole tetrazolium (MTT) kits were purchased from American Type 

Culture Collection® (ATCC, Manassas, VA). Dulbecco’s Modified Eagles Medium 

(DMEM), Falcon® 225 cm2 tissue culture flasks, Corning® BioCoat™ HTS 1.0 μm 

porous support Transwell® plates, Falcon® 24-well plates, Corning® CellBIND® 96-well 

microplates, basal seeding medium (BSM), Corning® Entero-STIM™ enterocyte 

differentiation medium (EDM), sodium butyrate, and MITO+ serum extender were 

obtained from VWR® (Radnor, PA). 

 

3.2.2 – Caco-2 Cell Culture 

Caco-2 was cultured in MEM supplemented with 20% FBS, 10 IU/mL of 

penicillin, and 0.1 mg/mL streptomycin, or in DMEM supplemented with 10% FBS, 10 

IU/mL of penicillin, and 0.1 mg/mL streptomycin (“standard medium”). Cultures were 

incubated at 37°C in a fully humid, 5% CO2 environment. The cells were subcultured by 

application of 0.25% trypsin-EDTA and subsequent passaging in 1:3, 1:4, or 1:6 ratios. 

Cells at passage numbers 25–60 were utilized for further experiments. 

For transepithelial electrical resistance (TEER) and diffusion marker permeability 

experiments, cells were suspended in BSM or DMEM, seeded at a density of 2×105 

cells per well on BioCoat HTS membrane supports, and incubated for 2 days. The 

media was then changed to EDM or DMEM supplemented with 2 mM sodium butyrate, 

and incubated for 1 day. BSM, EDM, and DMEM used for monolayers were additionally 

supplemented with MITO+ Serum Extender according to the manufacturer’s instruction. 
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The TEER was monitored to confirm proper barrier formation, and only monolayers with 

initial TEER values of at least 200 Ω·cm2 were utilized for TEER or calcein permeability 

experiments.  

For MTT experiments, cells were suspended in standard medium, seeded at a 

density of 1×105 cells per well in 96-well plates, and incubated overnight. Before 

experiments, consistent seeding density was confirmed by eye using a bright field 

microscope. 

 

3.2.3 – TEER Experiments 

HTS inserts containing Caco-2 monolayers were transferred to 24-well plates 

containing 1 mL EDM per well and allowed to equilibrate for 15 minutes before 

recording initial resistance values, using a Millicell® voltohmmeter. Piperazine 

derivatives were dissolved in EDM and applied to the apical chambers, and TEER 

readings were taken after 10 and 30 minutes. Negative control wells received fresh, 

unadulterated EDM. 

 

3.2.4 – Diffusion Marker Permeability Experiments 

The paracellular diffusion markers were applied at 0.5 mM (calcein) or 0.1 mM 

(TR-Dextran10), dissolved in EDM or Opti-MEM, to the apical side of fully-formed 

monolayers with the piperazine treatments. Fresh culture media with the markers was 

used as a negative control. After one hour, media in the basal chambers was sampled 

and examined for fluorescence at 495/515 nm (calcein) or 589/615 nm (TR-Dextran10) 

using a BioTek® Synergy2 plate reader. Application of calibration curves yielded an 
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amount of mass transferred across each monolayer, which was used in the permeability 

equation  𝑃𝑎𝑝𝑝 =
∆𝑀

𝐶𝑎𝐴∆𝑡
, where Papp is the apparent permeability through the monolayer, 

ΔM is the marker mass in the basal compartment, Ca is the apical marker concentration, 

A is the monolayer area, and Δt is the time between samples. 

 

3.2.5 – MTT Experiments 

Cells in a 96-well plate were treated with 100 μL per well of piperazine derivative 

solutions in standard medium, with negative controls receiving fresh standard medium. 

Solutions were also added to wells containing no cells in order to control for coloration 

differences between treatments. The plates were incubated at 37 °C for 30 minutes. 

Each well then received 10 μL MTT reagent, and the plates were incubated for an 

additional 3 hours. 100 μL of MTT kit detergent was then added to each well. The plates 

were wrapped in aluminum foil and held in the dark at room temperature overnight. 

Sample absorbance was then read at 570 nm using a BioTek® Synergy2 plate reader. 

 

3.2.6 – pH Measurements 

For pH measurements, treatments were prepared by dissolving piperazine 

derivatives into standard media at the concentration of interest. Treatments were sealed 

and warmed to 37 ± 5 °C, then analyzed with an Orion 3 Star™ pH meter from Thermo 

Scientific (Beverly, MA). In order to produce culture media at varying pH, standard 

media was titrated at 37±5 °C with 0.1 M NaOH or 0.1 M HCl to the desired pH. 
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3.2.7 – pKa Measurements 

To determine the pKa of piperazines, 0.01 M piperazine solutions were prepared 

in ultrapure water from a Barnstead NANOPure® Diamond™ system. The solutions 

were warmed to 37 ± 5 °C and titrated with 0.1 M HCl or 0.1 M NaOH, subjected to 

constant stirring. pH measurements were taken after each addition of acid or base, and 

pKa values calculated using the method outlined by Albert and Serjeant15. 

3.2.8 – Statistics 

TEER and diffusion marker permeability experiments were performed in 

triplicate, while MTT trials were executed in triplicate or quadruplicate. Enhancement 

Potential (EP), Toxicity Potential (TP), and Overall Potential (OP) values were 

calculated using arithmetic means of treatment repetitions. Error is displayed as 

standard error of the mean for each value, and includes any error propagated through 

calculations. 

 

3.3 – Results and Discussion 

3.3.1 – Enhancement Potential of Piperazine Derivatives 

To test the hypothesis that piperazine derivatives act as transepithelial 

permeation enhancers, a group of 14 piperazines was assembled for this study (Figure 

3.1). Simple hydrocarbon substitutions on piperazine were selected to facilitate the 

identification of any structure function relationships that may be present. The 

permeation enhancement potential of each piperazine derivative was determined using 

transepithelial electrical resistance (TEER) across Caco-2 epithelial cell monolayers as 
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a surrogate marker for intestinal 

permeability. Caco-2 is the most common 

and best-suited cell line for studies of 

intestinal permeability enhancement due 

to its ability to differentiate into 

monolayers that behave similarly to the 

native epithelial linings16,17. These 

monolayers have good correlation of 

molecular permeability with typical 

absorption in human small intestines18, 

and develop the same types of tight 

junction complexes as human intestinal 

enterocytes 19,20.  

TEER measurements, taken across 

the cell monolayers, relate electrical 

resistance to molecular permeability by 

gauging the ability of ions to pass through 

the paracellular pathways of the 

epithelium21. Throughout this study, TEER 

data is represented by the normalized 

parameter, enhancement potential (EP). 

This parameter was calculated as  𝐸𝑃 = 1 −
𝑇𝐸𝐸𝑅𝑝/𝑇𝐸𝐸𝑅𝑖

𝑇𝐸𝐸𝑅𝑐/𝑇𝐸𝐸𝑅𝑖
 , where TEERp is the average 

resistance of monolayers after 30 minutes of treatment with piperazine derivatives, 

Figure 3.1: Piperazine (A) and thirteen 

derivatives with hydrocarbon substituents were 

studied for their potential as transepithelial 

permeation enhancers. The derivatives were B: 

1-methylpiperazine, C: 1-ethylpiperazine, D: (S)-

(+)-2-methylpiperazine, E: trans-2,5-

dimethylpiperazine, F: 2,6-dimethylpiperazine, G: 

1-allylpiperazine, H: 1,4-dimethylpiperazine, I: 1-

isopropylpiperazine, J: 1,4-diethylpiperazine, K: 1-

isopropyl-2-methylpiperazine, L: 2,5-

diethylpiperazine, M: 1-butylpiperazine, and N: 1,4-

diallylpiperazine. 
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TEERc is the average resistance of untreated 

control monolayers at 30 minutes, and TEERi 

is the initial resistance values for the 

respective monolayers. EP values range from 

0 to 1, with higher numbers indicating greater 

ability to reduce diffusive resistance across 

the epithelium. In order to confirm a 

correlation between EP and macromolecular 

flux across the epithelial layers, eight 

treatments (untreated; compounds B, E, H, I 

and J at 30 mM; compounds I and L at 10 

mM) representing a broad range of 

enhancement behavior were selected for co-

administration with two fluorescent diffusion 

markers. Both calcein and 10 kDa dextran 

showed strong correlation (r2 values of 0.94 

and 0.85, respectively) between permeability 

through Caco-2 monolayers and EP of the 

treatments (Figure 3.2). This result is in 

agreement with the literature10,21, and high EP in the Caco-2 system thereby implies that 

a treatment will induce improved intestinal permeability to therapeutic macromolecules 

in vivo22–24.  

Figure 3.2 TEER was used as a 

surrogate marker for permeability. The 

enhancement potential (EP) of piperazine 

derivatives on Caco-2 monolayers, which 

was determined by changes in TEER, was 

strongly correlated with permeability of the 

paracellular diffusion markers (a) calcein 

(r2=0.94) and (b) 10 kDa dextran (r2=0.85). 

Error bars display s.e.m. (n = 3). 
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EP values were measured for all 14 

piperazines at three concentrations: 10 mM, 30 

mM, and 100 mM. Potentials spanned the entire 

possible range from 0 to 1, and showed uniform 

increase with increasing treatment 

concentration. Most piperazine derivatives were 

only mildly effective at a concentration of 10 mM 

(median EP of 0.19), while approaching 

maximum possible EP at 30 and 100 mM 

(median values of 0.91 and 1.00, respectively) 

(Figure 3.3a). A table containing all measured 

EP values can be found in Table 3.1. While the 

majority of piperazines followed this pattern of 

low efficacy in 10 mM treatments and high 

efficacy in 30 and 100 mM treatments, it was 

noted that species H and N were not highly 

effective below 100 mM, and species I was 

effective as low as 10 mM. These discrepancies 

from the general pattern predicted the existence 

of a controlling factor, other than concentration, 

that assisted in determining enhancement potential of the piperazine treatments. 

  

Figure 3.3: Piperazine derivatives 

induced dose responsive effects on 

enhancement and toxicity. Dose response 

behavior at 10, 30, and 100 mM for four of 

the 14 piperazine derivatives is shown here. 

I, M, H, and N are described in Figure 1. (a) 

While all compounds were effective 

enhancers at the highest concentration 

tested of 100 mM, a smaller number – 12 of 

14 – were fully efficacious at 30 mM. Only 

1-isopropylpiperazine (I) enhanced 

permeability at the lowest concentration. (b) 

The lowest concentrations of 10 and 30 mM 

did not induce toxicity for any piperazines 

except for 1-butylpiperazine (M). 12 of the 

14 piperazines, however, were toxic at 100 

mM. Error bars display s.e.m. (n = 3 - 4). 
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Table 3.1: Measured values and s.e.m. of EP and TP, and calculated OP values, for 14 piperazine derivatives at three concentrations 

  

10 
mM 
EP 

10 
mM 
EP 

Error 

30 
mM 
EP 

 30 
mM 
EP 

Error 

100 
mM 
EP 

100 
mM 
EP 

Error 

10 
mM 
TP 

10 
mM 
TP 

Error 

30 
mM 
TP 

 30 
mM 
TP 

Error 

100 
mM 
TP 

100 
mM 
TP 

Error 

10 
mM 
OP 

10 
mM 
OP 

Error 

30 
mM 
OP 

 30 
mM 
OP 

Error 

100 
mM 
OP 

100 
mM 
OP 

Error 

A piperazine 0.07 0.04 1.00 0.00 1.00 0.00 0.06 0.08 0.00 0.15 0.72 0.03 0.01 0.09 1.00 0.15 0.28 0.03 

B 1-methylpiperazine 0.10 0.07 1.00 0.02 1.00 0.00 0.00 0.08 0.00 0.12 0.68 0.03 0.10 0.10 1.00 0.12 0.32 0.03 

C 1-ethylpiperazine 0.23 0.05 0.98 0.00 1.00 0.01 0.01 0.06 0.00 0.17 0.69 0.08 0.21 0.08 0.98 0.17 0.31 0.08 

D 
(S)-(+)-2-
methylpiperazine 0.19 0.06 0.84 0.08 1.00 0.00 0.00 0.07 0.00 0.08 0.71 0.02 0.19 0.09 0.84 0.11 0.29 0.02 

E 
trans-2,5-
dimethylpiperazine 0.13 0.09 0.94 0.01 1.00 0.00 0.00 0.14 0.00 0.01 0.70 0.05 0.31 0.17 0.94 0.02 0.30 0.05 

F 
2,6-
dimethylpiperazine 0.10 0.03 1.00 0.00 1.00 0.04 0.00 0.14 0.00 0.15 0.79 0.04 0.10 0.14 1.00 0.15 0.21 0.06 

G 1-allylpiperazine 0.19 0.02 0.91 0.01 0.99 0.01 0.00 0.02 0.00 0.04 0.63 0.17 0.00 0.03 0.91 0.04 0.36 0.17 

H 
1,4-
dimethylpiperazine 0.08 0.07 0.57 0.07 0.96 0.00 0.00 0.07 0.00 0.07 0.00 0.12 0.08 0.10 0.57 0.10 0.96 0.12 

I 
1-
isopropylpiperazine 0.72 0.03 0.94 0.02 1.00 0.00 0.00 0.16 0.00 0.11 0.69 0.07 0.72 0.16 0.94 0.11 0.31 0.07 

J 
1,4-
diethylpiperazine 0.27 0.10 0.88 0.02 0.98 0.00 0.03 0.02 0.00 0.10 0.43 0.10 0.09 0.11 0.88 0.10 0.55 0.10 

K 
1-isopropyl-2-
methylpiperazine 0.24 0.06 0.45 0.05 0.73 0.02 0.04 0.08 0.00 0.09 0.97 0.07 0.20 0.10 0.45 0.10 0.00 0.07 

L 
2,5-
diethylpiperazine 0.33 0.07 0.90 0.03 0.99 0.01 0.00 0.07 0.11 0.03 0.49 0.14 0.33 0.10 0.79 0.04 0.50 0.14 

M 1-butylpiperazine 0.06 0.21 0.85 0.08 0.98 0.01 0.15 0.06 0.34 0.05 0.71 0.10 0.00 0.22 0.51 0.09 0.27 0.10 

N 1,4-diallylpiperazine 0.16 0.17 0.45 0.03 0.98 0.01 0.04 0.06 0.03 0.02 0.07 0.13 0.11 0.18 0.42 0.04 0.92 0.13 
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3.3.2 – Toxicity Potential of Piperazine Derivatives 

When assessing permeation enhancers, it is important to differentiate between 

compounds that increase permeability via a reversible mechanism versus toxic 

compounds that decrease barrier function by inducing cell death and/or opening holes 

in the cell monolayer25. Therefore, the effect of piperazine derivatives on Caco-2 cell 

viability was determined by the MTT assay. Toxicity potential (TP) was calculated as 

𝑇𝑃 = 1 −
𝐴𝑝−𝐴𝑏

𝐴𝑐−𝐴𝑏
 , where Ap is the average MTT wavelength absorbance of viable cells in 

wells treated with piperazine derivatives, Ac is the average absorbance of untreated 

cells in control wells, and Ab is the average absorbance of wells containing treatment 

and MTT reagent without cells. TP values ranged from 0 (completely nontoxic) to 0.97 

(extremely toxic), and increased with increasing concentration. The piperazine 

derivatives were generally nontoxic at concentrations of 10 mM and 30 mM (median TP 

values of 0.00 for both), and severely toxic at 100 mM (median TP of 0.69) (Figure 

3.3b). A full table of TP values and errors can be found in Table 3.1. 

 

3.3.3 – Relationship between Enhancement Potential and Toxicity Potential 

Once EP and TP were both determined to increase with increasing 

concentration, (TP, EP) x-y pairs were plotted for each treatment in order to examine 

the relationship between efficacy and toxicity (Figure 3.4a). The treatments were 

divided into three regimes based on their combined potential behavior. The lower-left 

quadrant, representing treatments with low toxicity but low efficacy, was populated 

primarily by piperazine derivatives tested at 10 mM concentrations. The upper-left 

quadrant, representing low toxicity and high efficacy, contained primarily 30 mM 
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treatments. Finally, the upper-right quadrant represents high toxicity and high efficacy, 

and entirely comprised 100 mM treatments.  However, there were some species that 

differed from these general patterns, showing high efficacy with low toxicity at 10 or 100 

mM concentrations.  

As a means to balance efficacy and safety of piperazine treatments, an overall 

potential was calculated as 𝑂𝑃 = {
𝐸𝑃 − 𝑇𝑃     𝑖𝑓     𝐸𝑃 > 𝑇𝑃
              0     𝑖𝑓     𝐸𝑃 ≤ 𝑇𝑃

  for each particular 

piperazine derivative at a specific concentration. The maximum OP of 1 represents an 

enhancer that fully permeabilized the Caco-2 monolayer (EP of 1) without decreasing 

viability (TP of 0). In general, a higher OP indicates better potential for therapeutic use, 

although this metric should be considered together with EP and TP values for a more 

complete understanding of enhancer behavior. A table containing all OP values and 

Figure 3.4: Piperazine derivatives generally showed the most potential for use as potent, non-

cytotoxic permeation enhancers at a concentration of 30 mM. (a) Most compounds were ineffective and 

nontoxic at a concentration of 10 mM, but both effective and toxic at 100 mM. The “nontoxic and effective” 

zone (upper left quadrant) is primarily populated by species at 30 mM concentration. (b) Overall potentials 

(OPs) are shown for each piperazine derivative at each concentration, with 30 mM species showing the 

highest median OP value (horizontal black bars). Error bars display s.e.m. (n = 3 - 4). 
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errors can be found in Table 3.1. Plotting OP versus piperazine concentration (Figure 

3.4b) showed that 30 mM treatments had, on average, the highest potentials (median 

OP of 0.90), followed by 100 mM (median OP of 0.31) and 10 mM (median OP of 0.11) 

treatments. However, several instances of 10 mM or 100 mM piperazine derivatives 

exhibiting high overall potentials indicate that one or more factors other than 

concentration guide potential as a permeation enhancer. 

 

3.3.4 – Effects of Treatment pH on Enhancement Potential and Toxicity Potential 

During measurement and 

calculation of potentials, it was observed 

that the piperazine derivatives, especially 

those at higher concentrations, caused 

color shifts in the culture media, indicating 

that the piperazine derivatives were 

altering the media pH from physiological 

pH (7.4). To confirm that piperazine 

permeability and cytotoxicity effects were 

not a simple result of changes in media pH, 

the EP and TP values for pH-adjusted 

culture media were determined. Although 

the pH of cell culture media did affect both of these parameters (Figure 3.5), effects 

were limited to outside of the pH range 6 - 9. Acidic media (pH < 6.0) caused increases 

in TP, which would not lead to an artificial increase in OP. Under basic conditions, 

Figure 3.5: EP and TP are both 

dependent on the pH of the cell culture 

medium. DMEM was titrated with sodium 

hydroxide or hydrochloric acid. Media pH 

less than 6 or greater than 11 increased TP 

(squares), while a pH greater than 8 

increased apparent EP (circles). Error bars 

display s.e.m. (n = 3 - 4). 
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however, EP rises significantly at pH values greater than 8, while TP remains fairly low 

until a pH of 11. Therefore, the pH related increase in OP at pH values above 8 must be 

factored in when assessing OP values for piperazine treatments falling in the relevant 

pH range.  

 

3.3.5 – pH and pKa of Piperazine Derivatives 

 Since treatment pH was shown to be important in the assessment of apparent 

permeability and cytotoxicity, it was asked whether or not piperazine derivative pKa 

values or the resulting pH values correlated with permeation enhancement or toxicity 

behavior. For each of the piperazine derivatives studied, pH and pKa values were 

determined and are tabulated in Table 3.2, as well as fit well with pKa values from 

available literature26. The minimum treatment pH was 8.55 for 10 mM 1,4-

dimethylpiperazine, while the maximum was 10.31 for 100 mM piperazine. This placed 

each of the treatments into a media pH regime where the TP was uniformly 0, but EP 

reached moderate levels at the more basic end of this range. Thus, it is important to 

compare OP values for higher-pH piperazine treatments with the artificial background 

OP induced by elevated pH. 

 



56 
 

Table 3.2: Measured values of pKa and pH at three concentrations for 14 piperazine derivatives 

  10 mM pH 
30 mM 

pH 
100mM 

pH pKa 1 
pKa 1 
s.e.m. pKa 2 

pKa 2 
s.e.m. 

A piperazine 9.07 9.43 10.31 5.40 0.02 9.59 0.01 

B 1-methylpiperazine 8.85 9.12 9.83 4.59 0.04 8.97 0.02 

C 1-ethylpiperazine 8.91 9.35 9.93 4.87 0.02 9.10 0.02 

D 
(S)-(+)-2-
methylpiperazine 9.01 9.49 10.20 5.25 0.03 9.53 0.01 

E 
trans-2,5-
dimethylpiperazine 8.95 9.55 10.09 5.16 0.04 9.57 0.03 

F 2,6-dimethylpiperazine 8.85 9.46 10.09 5.28 0.01 9.62 0.04 

G 1-allylpiperazine 8.76 9.19 9.75 4.34 0.12 9.07 0.05 

H 1,4-dimethylpiperazine 8.55 8.88 9.25 4.01 0.05 8.19 0.01 

I 1-isopropylpiperazine 8.97 9.41 10.07 5.03 0.06 9.37 0.02 

J 1,4-diethylpiperazine 8.63 9.09 9.46 4.43 0.13 8.72 0.03 

K 
1-isopropyl-2-
methylpiperazine 8.90 9.44 10.11 5.04 0.06 9.55 0.07 

L 2,5-diethylpiperazine 9.03 9.55 10.24 5.15 0.11 9.63 0.06 

M 1-butylpiperazine 8.81 9.31 9.85 4.92 0.05 9.31 0.03 

N 1,4-diallylpiperazine 8.57 8.73 9.12 N/A N/A 7.80 0.05 
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3.3.6 – pH as a Predictor of Overall Potential 

Many piperazine treatments caused 

changes in permeability beyond what would be 

predicted as the effect of pH changes alone. 

Figure 3.6 shows the relationship between the 

overall potential (OP) and the piperazine 

derivative treatment pH. While many treatments 

did not result in improved potential over the 

background OP (represented by the dashed line), 

there is a defined pH range (approximately 8.7 - 

9.6) in which most piperazine derivatives 

exhibited significant improvements in OP. 

Further, no treatments outside of this pH range 

exhibited significantly higher OP values than the “expected” background, and many fell 

below that threshold due to increased toxicity potential.  

Interestingly, there was also a smaller pH window from 9.1 to 9.6 for which all 

piperazine treatments, regardless of concentration, exhibited substantially higher OP 

values than the background. To further define this range of effective treatment pH 

values, two piperazine derivatives with substantially different concentration-based 

behaviors were selected for higher-resolution examination. On one hand, 1,4-

dimethylpiperazine was moderately effective at 30 mM and highly effective at 100 mM, 

with no notable toxicity at any concentration. On the other hand, 2,5-dimethylpiperazine 

was nontoxic and mildly effective at 10 mM, nontoxic and highly effective at 30 mM, and 

Figure 3.6: The pH of piperazine 

solutions dictated their overall 

potential (OP) as permeation 

enhancers. Piperazine treatments with 

pH between 8.7 and 9.7 show statistically 

significant increase in overall potential 

when compared to the “expected” OP 

due to pH (denoted by dashed line). No 

sample outside of this range shows 

significantly higher OP than the 

background. Error bars display s.e.m. (n 

= 3 - 4). 
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highly effective but highly toxic at 100 mM. These species were titrated to and tested for 

toxicity and efficacy at ten concentrations: 1, 3, 7, 10, 15, 20, 25, 30, 70, and 100 mM. 

In addition, 1,4-dimethylpiperazine was tested at 300 mM, since it did not exhibit toxicity 

at the previous maximum concentration of 100 mM. When plotted versus pH of the 

treatments, these two piperazine derivatives showed an increase in TP with increasing 

pH (Figure 3.7a), and distinctly monotonic increases in EP with increasing pH (Figure 

Figure 3.7: Dose response analysis of two selected piperazines confirmed pH-dependent 

enhancement behavior. Data are shown for 1,4-dimethylpiperazine (circles) and 2,5-dimethylpiperazine 

(squares) over a range of concentrations [1, 3, 7, 10, 15, 20, 25, 30, 70, and 100 mM, plus 300 mM for 

only the former]. (a) TP and (b) EP increase with pH, while significant increase in (c) OP over pH-induced 

background (hashed line) is confined to treatments with pH between 8.7 and 9.7. (d) When compared by 

concentration the two treatments behaved similarly until 15 mM, but diverged at higher concentrations. 

Error bars display s.e.m. (n = 3 - 4). 
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3.7b). As seen previously, substantial improvement of piperazine OP (Figure 3.7c) over 

the treatment pH background was confined to a pH range between 8.7 and 9.7. When 

compared by concentration instead of pH, the two species exhibited similar OP behavior 

(Figure 3.7d) for concentrations at or below 15 mM. However, their behaviors diverge 

at 20 mM and higher, with 2,5-dimethylpiperazine becoming fully effective as it enters 

the optimal pH range first, then inducing toxicity at lower concentrations than 1,4-

dimethylpiperazine. 

 

3.3.7 – Effects of pKa on Enhancement Potential and Toxicity Potential  

To identify possible additional parameters in determining behavior as permeation 

enhancers, beyond pH, all three potentials were compared to pKa values for each of the 

piperazine derivatives. Plots of EP, TP, and OP at all three concentrations and for both 

first and second pKa can be found in Figure 3.8. No strong trends existed between 

potentials of piperazine derivatives as permeation enhancers and their pKa values, 

although the presence of a lower second pKa may be associated with reduced 

cytotoxicity of the piperazine derivatives (Figure 3.8). 

For the fourteen piperazine-based permeation enhancers studied here, it is 

evident that nontoxic permeation enhancement is a shared effect among this class of 

molecule. However, the species studied differed significantly in their concentration-

dependent behavior, and there was no apparent controlling factor other than pH for 

combined efficacy and non-toxicity to cells. This is interesting because pH is a 

parameter of the treatment solution, not of a particular molecule. The pKa of piperazine 

derivatives is a molecular property that, by definition, is related to pH. However, pKa  
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Figure 3.8: No strong relationships exist between potentials of piperazine derivatives as 

permeation enhancers and their pKas. 
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values did not correspond with non-cytotoxic efficacy. Although it is not clear why the 

specific pH range produces the most promising treatments, it is consistent with previous 

literature that apical pH affects intestinal drug flux19,21,27,28. However, no available work 

has tested permeability effects in the more basic conditions characteristic of the 

piperazine treatments utilized here.  

Given the stability of TEER measurements in the basic range, it is clear that pH 

alone is not responsible for the enhancement potential of the piperazine derivatives. 

Instead, the true controlling parameter is likely a molecular property linked to pH, such 

as protonation status. The permeability of many paracellularly-transported molecules is 

known to be dependent on protonation or deprotonation of basic or acidic functional 

groups19, and can also be affected by pH gradient across the monolayers21. Since the 

piperazine derivatives were shown here to enhance paracellular permeability, they 

could fall into this regime of requiring specific protonation of their nitrogen atoms in 

order to effectively interact with the tight junctions. In this case, the identified pH range 

for optimal permeation enhancement activity would represent the range at which most 

of the molecules are properly protonated. 

 

3.3.8 – Potentials of Non-Piperazine Amines 

Having determined that the pH of piperazine derivative solutions influenced 

permeation enhancement behavior, further testing was required to determine whether or 

not such behavior was restricted to piperazines or if it applied to any small molecules in 

the same pH range. Therefore, six non-piperazine containing amines were selected to 

screen for potentials as permeation enhancers (Figure 3.9a). The amines were tested 
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at concentrations of 3, 10, and 30 mM in order to target pH values below, within, and 

above the optimal window determined for piperazines (8.7-9.7), and these pH values 

can be found in Table 3.3. Similarly to piperazine derivatives, high TP (Figure 3.9b) 

was restricted to high concentrations and rose sharply around a pH of 10, while EP 

(Figure 3.9c) increased gradually with increasing pH. Unlike the piperazine treatments, 

the selected amines showed no clearly-defined, optimal range of pH for maximized OP  

Figure 3.9:  Small, nitrogenous molecules display a unique pH-dependent enhancement behavior 

compared to piperazine derivatives. (a) The six small molecule amines tested were P: 1-

aminohexane, Q: 1,6-diaminohexane, R: ethylbutylamine, S: 1,2-bis(methylamino)ethane, T: 

triethylamine, and U: 1,2-bis(dimethylamino)ethane. (b) No treatments below a pH of around 10 showed 

significant TP, while (c) EP was generally higher that the pH-induced background (hashed line) and 

increased with increasing pH.  (d) The resulting OP also increased with increasing pH until the toxicity 

cutoff at 10. Error bars represent s.e.m. (n=3-4). 
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Table 3.3: EP, TP, and OP, and pH values with s.e.m. for non-piperazine amines 

  
3mM 

EP 

3mM 
EP 

Error 

10 
mM 
EP 

10 
mM 
EP 

Error 

30 
mM 
EP 

30 
mM 
EP 

Error 
3mM 

TP 

3mM 
TP 

Error 

10 
mM 
TP 

10 
mM 
TP 

Error 

30 
mM 
TP 

30 
mM 
TP 

Error 

P 1-aminohexane 0.25 0.16 0.77 0.02 0.95 0.00 0.03 0.02 0.00 0.04 1.00 0.00 

Q 1,6-diaminohexane 0.54 0.02 0.75 0.05 0.96 0.01 0.00 0.03 0.07 0.04 1.00 0.03 

R ethylbutylamine 0.16 0.10 0.29 0.05 0.97 0.00 0.07 0.05 0.05 0.04 0.79 0.01 

S 1,2-bis(methylamino)ethane 0.00 0.06 0.41 0.07 0.97 0.00 0.02 0.03 0.00 0.04 0.00 0.05 

T triethylamine 0.00 0.04 0.28 0.03 0.98 0.00 0.00 0.03 0.00 0.02 0.03 0.04 

U 1,2-bis(dimethylamino)ethane 0.20 0.10 0.39 0.03 0.97 0.00 0.00 0.03 0.00 0.03 0.00 0.03 

  
3mM 

OP 

3mM 
OP 

Error 

10 
mM 
OP 

10 
mM 
OP 

Error 

30 
mM 
OP 

30 
mM 
OP 

Error 
3mM 

pH  

10 
mM 
pH  

30 
mM 
pH  

P 1-aminohexane 0.17 0.77 0.04 0.00 0.01 0.00 8.10  9.09  9.93  

Q 1,6-diaminohexane 0.04 0.68 0.04 0.00 0.03 0.01 8.61  9.66  10.71  

R ethylbutylamine 0.11 0.24 0.06 0.18 0.01 0.00 8.30  8.99  9.95  

S 1,2-bis(methylamino)ethane 0.07 0.41 0.08 0.97 0.05 0.00 8.43  9.14  9.96  

T triethylamine 0.05 0.28 0.04 0.95 0.04 0.00 8.03  8.98  9.82  

U 1,2-bis(dimethylamino)ethane 0.10 0.39 0.04 0.97 0.03 0.00 8.14  9.06  9.60  
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(Figure 3.9d). Instead, OP tended to remain at or above the pH-induced background 

(dashed line) until dropping sharply back to 0 at concentrations where significant toxicity 

was induced. This differs from the trend in OP seen with the piperazine treatments, 

where OP declined more gradually with increasing pH.  Further, most piperazine OP 

values did not fall to zero, even at the highest concentrations tested. Full tables 

containing the TP, EP, and OP values for non-piperazine amines can be found in Table 

3.3. These amines showed enhancement efficacy at lower concentrations than the 

piperazine derivatives, suggesting that the ring structure may affect how the molecules 

interact with the tight junction. To the best of our knowledge, this is the first report of 

simple, linear amines acting as effective permeation enhancers of the intestinal 

epithelium. 

 

3.3.9 – Concentration-Independent pH Behavior 

 Given that non-piperazine amines and piperazine derivatives exhibited different 

relationships between concentration or OP and pH, two piperazine treatments were 

chosen to investigate the effects of differing treatment pH at the same concentration. 10 

mM 1,4-dimethylpiperazine fell below the identified effective pH range for piperazines 

(pH = 8.5), and was nontoxic but ineffective as a permeation enhancer (OP = 0.08 ± 

0.10). Titrating this treatment into the optimal range, to a pH of 9.1, did not yield 

improved function (OP = 0.00 ± 0.09). In contrast, 30 mM piperazine exhibited a 

favorable pH (pH = 9.43) and promise as a nontoxic and effective permeation enhancer 

(OP = 1.00 ± 0.15). However, titrating the treatment to physiological pH of 7.4 yielded a 

much lower efficacy, leading to a much smaller overall potential (OP = 0.37 ± 0.06). This 
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reduction in OP is significantly greater in magnitude than the difference between 

background OP at the two pH points, suggesting that one or more molecular properties 

that are functions of pH also guide the efficacy as piperazine derivatives as permeation 

enhancers. 

 

The lumen of the intestines, from which piperazine permeation enhancers and 

macromolecular drugs would diffuse to the intestinal epithelium, is highly buffered with 

bicarbonate salts30,31. Thus it is unlikely, even with a burst release of the therapeutics 

from polymer particles, that the local pH near the epithelial tight junctions would 

increase to the levels seen in the treatments here. To elucidate the effects of this 

buffering action on piperazine efficacy, the changes in permeation enhancement were 

examined for piperazine treatments titrated to differing pH values without adjusting 

concentration. Titrating pH to intestinal conditions appeared to partially reduce efficacy 

while minimally affecting toxicity. As such, these results may be predictive of the in vivo 

behavior of permeation enhancers in the near-neutral pH of the small intestines. 

Especially promising is the potential for utilizing 1,4-substituted piperazines, since the 

upper concentration limits of their therapeutic windows have not yet been reached, and 

reductions in efficacy due to pH buffering could therefore be mediated with higher 

doses. 

 

3.4 – Conclusions and Future Outlook 

 Chemical permeation enhancement is a promising means for improving 

the oral bioavailability of macromolecular drugs, and many effective species have been 
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identified to date. However, development of these species into therapeutics has been 

hindered in most cases by accompanying toxicity to intestinal cells. Successful 

implementation of intestinal permeation enhancers will therefore require thorough 

knowledge of the mechanisms by which they improve macromolecular flux. This work 

provides a step toward fully understanding the action and therapeutic windows of simple 

piperazine derivatives as transepithelial permeation enhancers. 

The search for structure function relationships as controlling factors in piperazine 

derivative efficacy or toxicity elucidated only loose trends among the species studied. 

Two of the three piperazine derivatives with 1,4- substitution (H and N in Figure 1) were 

much better tolerated than all of the other species, showing no toxicity at the highest 

concentration tested. While these two species also required the highest concentration to 

achieve full permeation enhancement efficacy, the lack of detected damage to the cells 

indicates that their therapeutic windows could extend to considerably higher 

concentrations. It is unclear if the unique behavior of these two molecules was directly 

due to their structure (containing two tertiary amines while each of the other derivatives 

contains at least one secondary amine), or due to another molecular property that is 

linked to degree of amine substitution. It was noted that H and N had the lowest pKa 

values of the collection and caused less pH increase per unit concentration than the 

other derivatives, behaviors that have also been noted in previous research of 

piperazine chemical behavior26. The 1,4- substituted piperazines are also particularly 

attractive for therapeutic application because they contain only tertiary amines. 

Secondary amines, like those found in the other twelve species examined here, have 

been shown to react with food-derived nitrates in the stomach to form N-nitrosamines29, 
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which exhibit both toxicity and carcinogenicity in rats.  Thus, 1,4- substituted piperazines 

may be advantageous for use in oral drug delivery systems. 

 

To further the goals of oral macromolecular delivery, this research has 

investigated the enhancement and toxicity behaviors of a small library of piperazine 

derivatives using the Caco-2 model of the intestinal epithelium. It was determined that 

non-cytotoxic permeation enhancement was a class effect of the piperazine derivatives 

studied, as each species showed efficacy at one or more concentrations. However, cell 

responses to piperazine treatments were not solely governed by concentration, and the 

pH of the treatment solutions was found to dictate efficacy. Further investigation of non-

piperazine amines showed that they were efficacious as permeation enhancers, though 

their efficacy occurred at pH values distinct from piperazine derivatives. Collectively, 

these data underscore the importance of pH-dependent molecular parameters in 

determining the efficacy of intestinal permeation enhancers. Several of the piperazine 

derivatives identified herein show significant potential for use in oral macromolecular 

delivery systems, and future work will focus on their extension in vivo. 
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Chapter 4:  

Identification of the strawberry-derived 

permeation enhancer pelargonidin from a library 

of fruit, vegetable, and herb extracts 

  

 

4.1 – Introduction  

Oral protein delivery has long been hindered by low bioavailability due to poor 

drug transport through the intestinal epithelium and into the bloodstream. Paracellular 

permeability enhancers hold potential to improve absorption of large, orally-

administered drugs1–4, and there have been many efforts in the past to discover 

molecules that manipulate intestinal tight junctions. However, as with the family of 

piperazines examined in Chapter 3, almost all have been hampered by toxicity or 

permanent intestinal damage inflicted by the permeation enhancers5–7. Thus, there is an 

ongoing need to develop permeation enhancers that are well-tolerated by the intestinal 

epithelium and can be translated into clinical use. To address this critical gap, we 

flipped the paradigm for current permeation enhancer research. Rather than identifying 

efficacious compounds then screen them for efficacy, we instead began with a massive 

chemical library known to be in constant, safe contact with the intestines: foods. 

Food chemicals represent a diverse bank of species that are well-tolerated by 

intestinal cells. Over thousands of years, humans and plants have coevolved via 

mutualism: plants (especially fruits, vegetables, and herbs) provide a source of nutrition 

for humans, while humans disperse seeds through harvest, preparation, and 
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defecation8. Given this cooperation, edible plants and their molecular building blocks do 

not typically induce toxic or immunogenic responses from the intestine. Further, many 

plant-derived compounds (e.g. tannins, flavonoids) are known to be bioactive in other 

aspects, inducing anti-inflammatory, anti-microbial, or anti-cancer effects9–14. 

Many compounds from edible foods have also been shown to affect paracellular 

permeability of in vitro intestinal models15–22. For example, capsianosides, commonly 

found in certain varieties of peppers, increase epithelial permeability by interfering with 

the actin cytoskeleton that anchors the tight junction proteins21. Additionally, a peptide 

from a popular culinary mushroom in Japan can assemble pores through tight junctions 

and improve paracellular passage of hydrophilic marker molecules23,24. However, it is 

not yet known which food-derived chemical families are best able to interact with tight 

junction proteins. Furthermore, such studies of food-based effects on intestinal 

permeability have typically been performed by food scientists or cell biologists, not from 

the perspective of drug delivery research. Thus, we set out to screen a side-by-side 

comparison of permeation enhancing ability among a large library of food extracts. 

Here, we examine a library of 106 fruits, vegetables, and herbs for both toxicity 

and permeation enhancing ability. From this library, strawberry was identified as the 

most potent, nontoxic, reversible permeation enhancer. We then used an established, 

iterative separation-screening method25–28 to narrow down extracts until a pure, active 

chemical was obtained. By probing the absorption enhancing activity of that compound, 

pelargonidin, in mice, we demonstrate that it can substantially improve oral uptake of 

model macromolecules and the protein insulin.  
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4.2 – Methods 

4.2.1 – Materials  

Penicillin/streptomycin, trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), 

phosphate buffer saline (PBS), fetal bovine serum (FBS), rat tail Collagen I, 

PrestoBlue® viability kit, and calcein were purchased from Life Technologies® (Thermo 

Fisher subsidiary, Carlsbad, CA, USA). Caco-2 cells were purchased from American 

Type Culture Collection® (ATCC, Manassas, VA, USA). Dulbecco’s Modified Eagles 

Medium (DMEM), Falcon® 225 cm2 tissue culture flasks, Corning® HTS 1.0 μm porous 

support Transwell® plates, Falcon® 24-well plates, Corning® CellBIND® 96-well 

microplates, sodium butyrate, MITO+ serum extender, Aimstrip® Plus blood glucose 

strips, blood glucose monitor, gentisic acid, furoic acid, ellagic acid, kaempferol, 

naringin, vanillic acid, protocatechuic acid, ferulic acid, caffeic acid, lactone hexose, 

resveratrol, and luteolin were obtained from VWR® (Radnor, PA, USA). FITC-labelled 

dextrans, Amberlite™ XAD7 resin, bovine pancreas insulin, catechin, epicatechin, 

polydatin, myricitrin, myricetin, hesperetin, myrtenol, and gallic acid were purchased 

from Sigma-Aldrich® (St. Louis, MO, USA). C18 bulk silica gel SMT-Bod-C18 was 

purchased from Separation Methods Technologies (Newark, DE, USA). Callistephin and 

procyanidin B1 were obtained from Alkemist Labs (Costa Mesa, CA, USA). Epicatechin 

gallate and pelargonidin were from ChromaDex (Irvine, CA, USA). Genistein, 

glucogallin, and sarsasapogenin were purchased from Toronto Research Chemicals 

(North York, ON, Canada). 
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4.2.2 – Preparation of Crude Food Extract Library 

 Food samples were obtained from local supermarkets or grown from nursery 

seed/stock in KAW’s vegetable garden, totaling 106 fruits, vegetables, and herbs (see 

Table 4.1 for full list). After removing inedible portions, the samples were blended with 

125% by weight distilled water on medium-high speed for three minutes using a 

household blender. The resulting slurry was transferred to 50 mL conical tubes and 

centrifuged for 30 minutes at 1500 RPM. The resulting liquid was centrifuged to remove 

insoluble components, and the supernatant filtered through standard coffee filters to 

remove any large particulate matter, isolating water-soluble components that are 

compatible with aqueous cell culture assays. The extracts were then adjusted to neutral 

pH (7) with 1 M NaOH, and lyophilized.  The resulting powders were stored at -80°C 

until use, when they were dissolved at 15 mg/mL in cell culture media immediately 

before testing with cell-based assays.  

 

4.2.3 – Cell Culture 

Caco-2 lines were confirmed mycoplasma free by direct DNA staining with 

Hoechst 3334229. Cells were cultured in DMEM supplemented with 10% FBS, 100 

IU/mL of penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL Amphotericin B (“Caco-2 

media”). Cultures were incubated at 37°C in a fully humid, 5% CO2 environment. The 

cells were subcultured with 0.25% trypsin-EDTA and subsequent passaging every 3 to 

4 days at ratios between 1:3 and 1:8. Cells at passage numbers 20–50 were utilized for 

further experiments. 
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4.2.4 – PrestoBlue® Assay 

 Caco-2 cells were seeded in a clear-bottom, black, 96-well plate at a 

concentration of 104 cells/well. After incubating the plate overnight at 37°C, the media in 

the wells was aspirated and replaced with the treatment solutions (15 mg/ml, 100 

μL/well). After three hours of exposure, the extracts were aspirated. PrestoBlue® 

reagent (10 μL/well) and Caco-2 media (90 μL/well) were added to the wells. Thirty 

minutes later, a BioTek® Synergy2 automated plate reader was used to measure the 

fluorescent signal produced by viable cells. The viability of each treatment is expressed 

as the ratio of the fluorescence intensity of the untreated cells to that of the untreated 

cells. 

 

4.2.5 – Caco-2 Permeability Experiments 

For transepithelial electrical resistance (TEER) and diffusion marker permeability 

experiments, HTS30–32 and TRIM models of rapid, 3-day Caco-2 intestinal epithelial 

monolayers were employed. Caco-2 cells were suspended in DMEM supplemented with 

MITO+ serum extender (basal seeding medium, BSM), seeded at a density of 2×105 

cells per well on collagen-coated HTS membrane supports, and incubated for 24-48 

hours. The media was then changed to DMEM supplemented with MITO+ and 2 mM 

sodium butyrate (enterocyte differentiation medium, EDM), and incubated for 48 hours. 

The TEER was monitored to confirm proper barrier formation, and only monolayers with 

initial TEER values of at least 150 Ω·cm2 were utilized for TEER or molecular 

permeability experiments. 
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HTS inserts containing Caco-2 monolayers were transferred to 24-well plates 

containing 1 mL DMEM per well and allowed to equilibrate for 30 minutes before 

recording initial resistance values using a Millicell® voltohmmeter. Treatments were 

suspended in EDM (15 mg/mL unless otherwise specified) and applied to the apical 

chambers, and negative control wells received fresh EDM. TEER readings were taken 

after 15, 30, 60, 120, and 180 minutes. After 180 minutes, treatments were removed 

(mimicking the natural flow of material out of the intestines) and the monolayers rinsed 

once with warm PBS before returning to EDM in both the apical and basal chambers for 

a 24-hour recovery period. 

For molecular permeability, calcein was applied at 0.5 mM into the apical side of 

the monolayers with the fruit treatments. After one hour, media in the basal chambers 

was sampled and examined for fluorescence at 495/515 nm using the plate reader. 

Application of calibration curves yielded the amount of marker transferred across each 

monolayer, which was used in the permeability equation 𝑃𝑎𝑝𝑝 =
∆𝑀

𝐶𝑎𝐴∆𝑡
, where Papp is the 

apparent permeability through the monolayer, ΔM is the amount of calcein in the basal 

compartment, Ca is the apical calcein concentration, A is the monolayer area, and Δt is 

the time between samples. Permeability measurements are expressed as the ratio of 

each monolayer’s permeability at 3 hours of treatment to its permeability before 

treatment, normalized to any change in untreated control monolayers during that time. 

 

4.2.6 – Amberlite™ Separation of Strawberry Extracts 

Polyphenols were isolated via a previously published method 33. Briefly, a 

strawberry extract produced by extracting lyophilized fruit with ethanol, then drying via 
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rotary evaporation and lyophilization. The material was dissolved in methanol and 

adsorbed onto Amberlite™ XAD 7 HP (acrylate ester) resin. The methanol was 

removed from the resin and evaporated to dryness, yielding unabsorbed material, which 

comprises a wide variety of compounds. The beads were then washed with water, 

which was collected and lyophilized to produce a sample composed primarily of sugars 

and organic acids. Next, the beads were washed with ethanol to collect the remainder of 

the adsorbed material. The ethanol was removed via rotary evaporation, and any 

remaining water was lyophilized away to yield a solid, powdered polyphenol extract. 

 

4.2.7 - Mouse Studies 

 All mouse experiments were approved by the institutional animal care and use 

committee (IACUC) at Carnegie Mellon University (Pittsburgh, PA, USA) under protocol 

number PROTO201600017, and were performed in accordance with all institutional, 

local, and federal regulations. C57BL/6 mice were either purchased from Charles River 

Laboratories (Wilmington, MA, USA) or obtained from an institutionally managed 

breeding colony. Prior to experiments, mice were housed in cages of no more than six 

animals, with controlled temperature (25°C), 12 hour light-dark cycles, and free access 

to food and water. Mice utilized in this study were female and 8-16 weeks (18-24 g 

weight range). The free-to-use PS power calculator (Vanderbilt) was used to determine 

the minimal sample size for which statistical power was greater than or equal to 0.8. 

(Generally, n=5-6). Mice were fasted 8-12 hours the night before an experiment to limit 

the variability caused by food matter and feces in the GI tract. Fasting also served to 

stabilize the animals’ blood sugar for insulin activity experiments, with a starting blood 
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glucose range of approximately 70 to 120 mg/dL. Oral gavages were administered at a 

volume of 10 mL solution per kg of mouse body weight (10 μL/g). Intestinal and 

subcutaneous injections were administered at a volume of 1 ml/kg (1 μL/g). 

 

4.2.8 – Intestinal Permeability to Dextrans 

 For dextran efficacy studies, fasted mice were orally gavaged with treatment 

solutions (600 mg/kg STRB PPh or 40 mg/kg pelargonidin), then gavaged one hour 

later with 600 mg/kg FITC-DX4. Three hours after the dextran gavage, blood was 

collected and centrifuged. The serum was removed and examined for FITC 

concentration by reading for fluorescence on the plate reader and comparing to a 

unique calibration curve for each experiment. For larger macromolecule studies, 40 kDa 

dextran (FITC-DX40) was substituted at the same 600 mg/kg concentration. 

 

4.2.9 – Intestinal Insulin Delivery 

Following ten hours of fasting, mice were orally gavaged with PBS (for control) or 

strawberry treatments (600 mg/kg STRB PPh or 40 mg/kg pelargonidin). One hour later, 

their initial blood sugar was measured and the animals were placed under anesthesia. 

Their intestines were surgically exposed, and insulin was injected at the predetermined 

dose (1 unit per kg body weight unless otherwise specified) into the duodenum. The 

mice were closed and secured with tissue adhesive, then kept under anesthesia as their 

blood sugar levels were monitored each hour for five hours. An endpoint at five hours 

was enforced for all experiments, as the combined effects of the anesthesia, 
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dehydration, and reduced blood sugar prevented reliable survival beyond that point. For 

comparison to the current standard of insulin delivery, subcutaneous injections were 

given at 1 U/kg to additional mice, into the scruff on their necks. To determine areas 

above the curve for each mouse, trapezoidal integration was used to sum the area 

between known points on the blood glucose curve and the starting blood glucose value 

for the individual animal. 

 

 4.2.10 – Chromatography  

 Medium pressure liquid chromatography (MPLC) was performed using a Buchi 

Sepacore® system. Glass columns were hand-packed with reverse-phase (C18) silica 

gel and each run utilized a gradient from 10% acetonitrile to 100% acetonitrile in 0.1% 

aqueous trifluoroacetic acid (TFA). Run α was implemented for a coarse separation of 

the strawberry polyphenol extract (Table 4.1). Eluent absorption at 280 nm was 

Table 4.1: Parameters for chromatography runs.  

In each case, solvent A is 0.1 % TFA in water and solvent B is acetonitrile 

MPLC Run α 

Column: 26 x 460 mm  
MPLC Runs β, γ, δ, ε 

Column: 15 x 920 mm  
UPLC 

Acquity UPLC Column 

Starting mass: 1 g Pph  Starting mass:  Starting material: 

Time 
(min) % A % B 

 β: 0.06 g  10 μLMPLC fraction 

 γ: 0.04 g  Time 
(min) % A % B 0.00 90 10  δ: 0.07 g  

4.87 90 10  ε: 0.12 g  0.00 90 10 

7.57 80 20  Time 
(min) % A % B 

 1.00 85 15 

11.25 80 20   3.50 80 20 

13.53 70 30  0.00 90 10  6.00 0 100 

17.50 70 30  6.05 90 10  7.00 0 100 

28.40 60 40  14.93 85 20     

39.12 60 40  20.98 80 20     

46.93 0 100  28.65 0 100     

51.00 0 100   32.31 0 100      
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monitored to track phenol group migration34. Fractions were collected, concentrated via 

rotary evaporation, and re-applied to a longer, narrower column for runs β, γ, δ, and ε. 

Fractions were collected and re-concentrated for testing in cell culture. 

 Each MPLC fraction was analyzed by ultra performance liquid chromatography 

(UPLC) using a Waters Acquity UPLC® system and Acquity UPLC C18 Column. Each 

run began with a 10 μLinjection of concentrated MPLC eluent. The gradient began at 

10% acetonitrile in 0.1% aqueous TFA, then proceeded to 100% acetonitrile (Table 

4.1). Eluent was monitored by a photodiode array (PDA) detector, allowing each sample 

to be recorded for both the 280 nm absorbance trace over time and absorbance spectra 

of characteristic polyphenol peaks. 

 

4.2.11 – Statistics 

 All data presented as arithmetic mean of the given “n” number of biological 

replicates (individual animals or number of in vitro cell culture wells), and error bars 

display the standard error of the mean. For statistical significance, two-tailed Student’s 

t-tests were used to calculate p values. 
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4.3 – Results 

4.3.1 – Food Extracts are Tolerated by Intestinal Cells 

To first examine the hypothesis that food-derived compounds would be well 

tolerated by intestinal cells, we examined the library of 106 food extracts for toxicity in 

Caco-2 cells using the PrestoBlue® viability assay. Caco-2 cells were incubated for 

three hours with the fruit treatments, then thirty minutes with the PrestoBlue® reagent, 

and the resulting cell viability is expressed as the ratio of treated cells’ fluorescent signal 

to that of untreated cells. Exact viability measurements for each extract are listed in 

Table 4.2. The prediction that edible material would yield nontoxic extracts for intestinal 

cell systems was generally supported (Figure 4.1); of over 100 extracts tested, only 23 

showed statistically significant reductions in viability by the highly concentrated, 15 

mg/mL treatments.  

Figure 4.1: Crude food extracts are generally well-tolerated by Caco-2 cells. Extracts are 

arranged alphabetically along the x axis, and a full table of toxicity values is provided in Table 4.1. 

The viability measurements of cells treated with a vast majority of the extracts were not 

statistically distinguishable from those of untreated control cells. Error bars display s.e.m., n = 8. 
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Of the apparently toxic extracts, most fell within a few categories that may 

explain their behavior. For example, several fruits known to contain protease enzymes 

(including kiwi, pineapple, and papaya) appeared to be toxic to the cells. However, 

based on visual observation, we believe that the proteases were not killing the cells, but 

simply lifting them from the culture plate in the same manner as trypsin during the cell 

culture passaging process. Next, while rinds from citrus fruits are often used as 

flavorings and garnishes, they are seldom eaten on their own or in large volume. Finally, 

many of the more pungent extracts (e.g. garlic, ginger, rosemary) also tended to reduce 

cell viability, likely related again to the relatively small portion of food intake that these 

herbs and spices generally comprise.  

Table 4.1: Presto viability, TEER, and calcein permeability screening results for crude food 
extracts. Viability (“Via.”) columns are all presented with respect to untreated control cells. Some 

apparently toxic extracts were not tested for TEER or calcein permeability. Lower values for "TEER % 
3 h" denote more efficacious permeation enhancers. "TEER Rec." denotes whether the average TEER 

value for the treated monolayers returned to at least 80% of their original value within 24 hours after 
removal of the extracts. "Calcein Class" indicates whether the extract (P)ermeabilized the monolayers 
or (C)losed tight junctions to a statistically significant extent, or caused (I)nsignificant differences from 

control. * p < 0.05 by Student's two-tailed t-test with respect to untreated control. 

Extract 
Via. 
% 

Via. 
s.e.m. *   

TEER 
% 3 h 

TEER 
s.e.m. 

TEER 
Rec. 

Calcein 
Ratio 

Calcein 
s.e.m. 

Calcein 
Class 

Aloe 79.9 6.6 Yes   2.6 2.7 No 28.6 3.2 P 

Apple, Granny Smith 106.0 5.6 No   73.1 6.9 Yes 1.3 0.2 I 

Apple, Red Delicious 103.9 7.9 No   110.3 13.4 Yes 0.8 0.1 I 

Asparagus 109.1 5.3 No   30.5 9.7 No 1.8 1.1 I 

Avocado 108.2 13.2 No   98.4 8.5 Yes 1.5 0.4 I 

Banana 105.6 7.6 No   90.0 3.7 Yes 0.7 0.1 I 

Basil 90.9 9.6 No   13.4 1.3 No 9.5 2.3 P 

Beans, Green 90.9 4.0 No   51.6 6.4 Yes 1.3 0.3 I 

Beet 88.2 8.2 No   2.8 0.6 No 52.5 18.2 P 

Blackberry 88.9 11.0 No   106.9 8.5 Yes 0.8 0.1 I 

Blueberry 86.9 6.8 No   93.9 6.2 Yes 0.5 0.2 I 

Breadfruit 66.2 3.4 Yes              
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Table 4, continued 

Extract 
Via. 
% 

Via. 
s.e.m. *   

TEER 
% 3 h 

TEER 
s.e.m. 

TEER 
Rec.? 

Calcein 
Ratio 

Calcein 
s.e.m. 

Calcein 
Class 

Broccoli 91.0 10.7 No   76.8 12.0 Yes 0.7 0.0 C 

Brussels Sprouts 84.6 9.8 No   90.8 4.9 Yes 0.8 0.1 I 

Cabbage, Red 99.2 8.1 No   73.6 10.9 Yes 1.1 0.2 I 

Cactus Pear 82.4 9.6 No   101.9 1.8 Yes 0.7 0.1 I 

Cantaloupe 82.0 9.7 No   106.5 8.5 Yes 1.0 0.2 I 

Carrots, Orange 101.7 10.9 No   97.6 3.1 Yes 1.4 0.7 I 

Carrots, Purple 100.2 7.9 No   115.4 11.5 Yes 1.8 1.2 I 

Celery 90.3 4.3 No   87.0 7.4 Yes 1.0 0.1 I 

Chayote 98.8 9.2 No   20.1 1.6 Yes 4.7 0.6 P 

Cherry, Red 103.2 6.4 No   95.4 1.7 Yes 0.9 0.1 I 

Cherry, White 110.4 7.4 No   95.6 1.3 Yes 0.9 0.1 I 

Chokeberry 108.9 6.8 No   32.9 2.4 No 0.8 0.1 I 

Cilantro 107.7 7.7 No   60.9 11.5 No 0.9 0.1 I 

Corn 79.1 10.5 No   99.5 25.2 Yes 1.1 0.1 I 

Cranberry 118.9 8.2 No   16.3 1.6 No 5.2 0.3 P 

Cucumber 97.5 5.8 No   54.7 14.8 Yes 1.7 0.3 I 

Currant, Black 91.8 4.5 No   22.6 2.5 No 1.9 0.3 I 

Currant, Red 107.4 7.4 No   20.3 0.5 No 2.6 0.3 P 

Dill 101.1 8.6 No   43.7 6.2 No 1.6 0.1 P 

Dragonfruit 101.8 5.3 No   87.5 11.6 Yes 0.9 0.1 I 

Eggplant 99.1 3.4 No   92.1 6.7 Yes 0.9 0.1 I 

Fennel 95.4 5.6 No   36.2 10.8 Yes 2.4 0.8 P 

Galangal 1.0 1.4 Yes              

Garlic 12.0 1.2 Yes   18.5 3.3 No 5.5 1.1 I 

Ginger -0.1 -0.8 Yes   1.6 1.1 No 125.6 59.3 I 

Grapefruit 97.5 5.1 No   95.3 10.1 Yes 0.9 0.1 I 

Grapefruit Rind 78.4 5.1 Yes              

Grapes, Green 108.8 13.6 No   70.0 2.9 Yes 0.9 0.2 I 

Grapes, Red 
Seedless 

85.0 6.9 No   16.7 0.6 Yes 6.2 0.7 P 

Guava 84.8 4.2 Yes              

Horseradish 46.1 4.9 Yes              
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Table 4, continued 

Extract 
Via. 
% 

Via. 
s.e.m. *   

TEER 
% 3 h 

TEER 
s.e.m. 

TEER 
Rec.? 

Calcein 
Ratio 

Calcein 
s.e.m. 

Calcein 
Class 

Huckleberry, Garden 0.4 0.2 Yes              

Jalapeno 106.4 12.6 No   57.7 12.6 Yes 1.7 0.6 I 

Jaltomato 98.9 4.9 No   42.2 0.6 Yes 1.7 0.1 P 

Jicama 141.2 20.5 No   91.7 5.8 No 0.9 0.1 I 

Kiwi 69.4 5.9 Yes              

Lemon 97.0 4.3 No   14.7 0.9 No 6.8 0.7 P 

Lemon Rind 1.3 0.2 Yes              

Lettuce 104.9 6.6 No   65.1 7.8 Yes 2.6 0.9 I 

Lime 102.4 9.8 No   78.0 16.0 Yes 2.7 0.8 P 

Lime Rind 1.2 0.2 Yes              

Mango 92.9 10.6 No   101.5 4.2 Yes 1.7 0.2 I 

Mushroom 75.4 5.9 Yes   42.6 2.4 No 2.5 0.5 I 

Name 129.7 15.3 No   68.9 14.6 Yes 1.0 0.6 I 

Nectarine 91.2 5.6 No   57.7 5.0 Yes 3.0 0.7 P 

Okra 93.1 3.3 No   120.7 20.2 Yes 0.8 0.1 I 

Onion, Red 90.9 10.3 No   75.2 7.8 Yes 1.0 0.1 I 

Onion, Yellow 90.6 8.0 No   71.7 6.3 Yes 1.3 0.1 I 

Orange 117.9 8.7 No   108.7 5.0 Yes 0.5 0.2 I 

Orange Otricoli 93.1 4.9 No   48.3 3.8 Yes 1.2 0.1 I 

Orange Rind 64.0 3.7 Yes              

Papaya 85.5 4.8 Yes              

Parsley 101.5 5.4 No   30.7 8.6 Yes 5.0 0.7 P 

Parsnip 114.3 17.5 No   95.7 13.6 Yes 1.1 0.1 I 

Passionfruit 101.8 5.3 No   41.9 7.3 Yes 2.4 0.3 P 

Peach 104.7 4.1 No   111.4 10.6 Yes 0.3 0.2 I 

Peach, White 104.4 3.4 No   120.8 9.2 Yes 0.5 0.3 I 

Pear, Anjou 112.1 4.9 No   90.5 9.3 Yes 2.7 0.4 I 

Pear, Asian 114.8 4.8 No   87.7 20.0 Yes 3.9 2.1 I 

Pepino 102.6 9.7 No   29.7 3.3 Yes 2.3 0.2 P 

Pepper, Green Bell 97.1 9.1 No   43.5 3.5 No 1.9 0.2 P 

Pepper, Red Bell 81.7 7.5 Yes   88.5 1.8 Yes 0.9 0.2 I 

Peppermint 84.2 4.8 No   41.3 11.3 Yes 3.6 0.9 P 
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Table 4, continued 

Extract 
Via. 
% 

Via. 
s.e.m. *   

TEER 
% 3 h 

TEER 
s.e.m. 

TEER 
Rec.? 

Calcein 
Ratio 

Calcein 
s.e.m. 

Calcein 
Class 

Persimmon 94.3 3.5 No   89.6 14.2 Yes 1.6 0.7 I 

Pineapple 55.0 8.3 Yes              

Plum, Purple 110.5 11.3 No   40.9 3.5 Yes 1.6 0.2 I 

Plum, Yellow 96.5 4.5 No   63.4 3.6 Yes 1.1 0.1 I 

Pomegranate 105.1 15.4 No   104.1 9.1 Yes 0.9 0.1 I 

Pomelo 92.4 4.1 No   72.4 14.3 Yes 0.8 0.4 I 

Pomelo Rind 99.6 7.7 No   61.8 6.9 Yes 0.8 0.4 I 

Potato, Baking 93.9 16.6 No   36.7 2.9 Yes 4.4 2.0 I 

Potato, Blue 108.2 8.7 No   30.3 3.0 Yes 5.2 2.2 I 

Potato, Red 8.3 1.3 Yes   3.7 0.6 No 28.4 2.5 P 

Quince 88.6 5.3 No   75.9 15.2 No 1.5 0.9 I 

Raspberry 98.2 3.6 No   120.6 5.6 Yes 0.3 0.1 C 

Rosemary 0.6 0.3 Yes              

Spinach 79.0 4.6 Yes              

Starfruit 107.1 4.6 No   13.7 1.5 Yes 5.1 0.6 P 

Strawberry 89.1 5.3 No   17.8 2.9 Yes 7.9   P 

Strawberry, White 103.8 7.3 No   60.6 17.3 Yes 1.6 0.2 P 

Sugar Cane 102.0 3.5 No   101.8 11.1 Yes 4.1 3.3 I 

Sweet Potato 97.0 6.5 No   99.3 4.7 Yes 1.0 0.4 I 

Sweet Potato, Purple 96.0 3.8 No   78.0 5.4 No 1.2 0.2 I 

Thyme 104.8 3.8 No   29.5 4.4 Yes 1.8 0.1 P 

Tomato, Black 88.4 10.0 No   100.5 5.9 Yes 0.6 0.1 C 

Tomato, Red 84.1 7.2 No   89.3 10.2 Yes 4.2 0.3 P 

Tomato, Yellow 81.6 8.5 No   102.4 7.6 Yes 1.4 1.0 I 

Tumeric 6.7 3.2 Yes              

Turnip 76.2 2.9 Yes              

Watermelon 105.3 7.9 No   117.6 8.0 Yes 0.5 0.2 I 

Wonderberry 0.0 0.5 Yes              

Yautia 102.4 10.5 No   91.8 10.8 No 0.7 0.1 C 

Yucca 111.7 12.8 No   104.7 12.5 Yes 0.9 0.5 I 

Zucchini 111.7 8.5 No   81.8 8.1 Yes 0.8 0.1 I 
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4.3.2 – Food Extracts Cause a Wide Variety of Permeability Responses 

We next examined permeation enhancement efficacy of the extracts by 

measuring transepithelial electrical resistance (TEER) on differentiated Caco-2 cell 

monolayers. Since TEER values represent the resistance of the cell monolayers to 

paracellular ion passage, a reduction in TEER corresponds to increased paracellular 

permeability of the layers. Conversely, increased TEER signals a tightening of the 

junctions and lower paracellular permeability. After recording initial resistance values for 

each monolayer, the media on top of each monolayer was gently replaced with a 

treatment (15 mg/mL fruit extract in media), while control wells received fresh media. 

TEER values were monitored for three hours following treatment addition, and are 

reported as percent resistance of one treatment’s monolayers to their initial resistances, 

normalized to the same value for the control monolayers. 

From the extracts tested, we observed a wide variety of TEER-manipulating 

behaviors, especially among those samples that were well-tolerated by the cells (Figure 

4.2a). Raspberry and blueberry yielded high TEER values through the entire treatment, 

corresponding to a strengthening of tight junction integrity. By contrast, culinary aloe, 

red grapes, and strawberries substantially reduced TEER and increased permeability of 

the cell layers (Figure 4.2b). However, among these three most active permeation 

enhancers, only the effects of red grapes and strawberries were reversible after a 24-

hour recovery period; the Caco-2 monolayers treated with aloe did not regain barrier 

function after treatment removal, indicating permanent cell damage. 

To confirm the trends implicated by TEER, we also assessed apparent 

permeability of calcein through the Caco-2 monolayers (Figure 4.2c). Due to its strong 
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negative charge at physiological pH (=7.4), calcein must transport paracellularly, 

through the tight junctions. Calcein was added into media on top of the cells for one 

hour before treatment addition to provide a baseline value of each monolayer’s 

untreated permeability. Media from below the cells was then sampled for calcein and 

replaced with fresh media each hour in order to maintain sink conditions. Permeation 

ratios are reported as final permeability (t = 2 h to t = 3 h after treatment addition) 

divided by baseline permeability (pre-treatment leakiness) of treated monolayers, 

normalized to the same values for untreated controls. As in TEER experiments, aloe, 

Figure 4.2: Crude extracts of different foods have 

differing effects on Caco-2 intestinal epithelia. Full 

viability and permeation data are available in Table 4.1. 

(a) The majority of extracts did not significantly affect 

TEER or viability measurements, while a significantly 

changed permeability without damaging the cells. (b) 

Raspberry and blueberry decreased permeability, while 

strawberry and red grape gave strong but reversible 

permeability increases. While culinary aloe was the 

most effective permeation enhancer screened, 

monolayers did not recover their barrier function after 

treatment removal. (c) Calcein permeability through the 

monolayers confirmed the trends seen with TEER. Error 

bars represent s.e.m., n=8 for viability, and n=3 for 

TEER and calcein permeability. * p < 0.05 w.r.t. control. 
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strawberry, and red grape were identified as potential permeability enhancers, while 

raspberry and blueberry strengthened the barrier function of Caco-2 tight junctions.  

Though we are primarily interested in increasing epithelial permeability for this 

study, our identification of fruits that reduce permeability is nonetheless interesting. For 

example, intestinal epithelial barrier function plays a key role in the pathology of 

inflammatory bowel diseases (IBD). When inflamed, the epithelium becomes leaky (i.e. 

increases in paracellular permeability), allowing antigen proteins and bacteria to move 

through enlarged gaps between enterocytes and stimulate immune cells35. In response, 

the immune cells secrete additional pro-inflammatory cytokines, which induce further 

leakiness of the epithelial layer and a dangerous positive feedback loop that furthers the 

progression of the disease. Despite the importance of the epithelial barrier dysfunction 

in IBD, there are currently no FDA-approved drugs designed to bolster barrier 

function36. The potential for a raspberry-derived therapeutic to treat the epithelial 

leakiness of IBD (by tightening intestinal tight junctions) was spun out of this work and is 

being pursued by Kyle Cochran, a fellow PhD candidate in the Whitehead Lab. 

 

4.3.3 – Food Color is an Indication of Permeation Enhancing Efficacy 

Among the screening results from the crude extract library, an intriguing trend 

emerged: different colored varieties of the same fruits and vegetables sometimes 

yielded drastically different permeability responses. This was not true for all sets of 

varieties tested; in the cases of apples (red and green), cherries (red and white), and 

peaches (standard and white), none of the extracts were effective permeation 
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enhancers. However, for tomatoes, grapes, strawberries, and potatoes, there was a 

visible pattern: the red varieties of those foods were all effective permeation enhancers, 

while the white, green, or yellow varieties did not substantially affect monolayer 

permeability (Figure 4.3). Interestingly, each of those crops are known to produce a 

family of molecules, called polyphenols, which often contribute to plant coloration37–40. 

Based on this connection, we decided to examine this family as the next step in our 

iterative isolation process. Because strawberry was the most efficacious yet reversible 

permeabilizing extract (monolayers treated with red potato did not recover their barrier 

function), we proceeded to examine the strawberry polyphenols as our set of target 

molecules.  

 

 

Figure 4.3: Crude extract color predicts permeation enhancing efficacy for some foods. 

Calcein permeability through monolayers treated with four different types of fruits and vegetables 

indicated that only those varieties with red coloration were effective permeation enhancers. All 

monolayers recovered their barrier function after treatment, with the exception of those exposed to 

red potato extract. Error bars represent s.e.m., * p < 0.05 w.r.t. control. 
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4.3.4 – Strawberry Polyphenols are Potent Permeation Enhancers 

 Polyphenols are a diverse group of molecules that are characterized by 

containing multiple phenol functional groups41. They are found in a wide variety of 

foods, and are highly abundant strawberries42–45, with some examples shown in Figure 

4.4a. Our strawberry polyphenol (STRB PPh) extraction method was adopted from a lab 

specializing in phenolic natural product research33, and is summarized in Figure 4.4b. 

Briefly, strawberries were lyophilized, ground, extracted with ethanol, and filtered, which 

yielded an extract with similar properties to the crude strawberry extract. This was taken 

and applied to Amberlite™ XAD7 resin, which selectively adsorbs phenol groups. A 

series of sequential wash steps removed all of the non-phenolic material, then the 

polyphenols were eluted with ethanol and dried, yielding approximately 3.5 grams of 

extract per kilogram of strawberries for biological testing.  

 When applied to Caco-2 monolayers, the non-phenolic material caused little 

change in permeability (Figure 4.4c). However, the polyphenols achieved 

approximately the same increases in calcein permeability at one third the concentration 

of the crude extract. To confirm that this permeation enhancement in Caco-2 correlates 

to improved macromolecular bioavailability through intestinal tissues, we next orally 

dosed mice with strawberry polyphenols (600 mg STRB PPh per kg of animal), followed 

by 4 kDa, FITC-labelled dextran (FITC-DX4). FITC-DX4 is a non-digestible, fluorescent 

macromolecule commonly used to probe the permeability of the intestinal epithelium in 

animal models, and its size approximates a large peptide or small protein. After three 

hours, the serum fluorescence was measured to determine the blood FITC-DX4 

concentration. As expected, the strawberry polyphenols increased FITC-DX4 
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Figure 4.4: Polyphenols are responsible for strawberry’s permeation enhancing activity. (a) A 

selection of polyphenols known to exist in strawberries. (b) Polyphenols were extracted from 

strawberry via adsorption to Amberlite™ resin and a sequence of washing steps. (c) Only the 

polyphenol fraction of the strawberries acted as a permeation enhancer, achieving the same calcein 

permeability as crude strawberry extract with a much smaller dose. (d) Treatment with strawberry 

polyphenols doubled the uptake of 4 kDa dextran (FITC-DX4) and (e) 40 kDa dextran in mice. (f) One 

hour following oral gavage strawberry polyphenols to mice, an intestinal injection of 1 U/kg insulin 

induced sustained reductions in blood glucose levels. A 1 U/kg subcutaneous insulin dose induced a 

pronounced but brief response. (g) Integrated areas above the curves from (f) show that oral delivery 

with STRB PPh in approximately twice the total pharmacodynamic effect as subcutaneous injection. 

Error bars represent s.e.m., n = 3 for calcein permeability and n = 5 for mice. * p < 0.05 w.r.t. control. 
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absorption across the intestinal barrier by more than 100% (Figure 4.4d). The same 

double in uptake efficiency was seen when 40 kDa FITC-dextran (FITC-DX40) was 

delivered orally (Figure 4.4e), indicating that the strawberry polyphenols can be used to 

orally deliver a wide size range of macromolecule drugs. 

As a proof-of-concept that improved dextran absorption would correlate with 

improved oral protein delivery, we next examined transport of functional insulin across 

the mouse epithelium. We chose insulin for these studies because it is a modestly-sized 

(5.8 kDa) and relatively inexpensive protein that is not orally bioavailable in normal 

animals. Furthermore, its bioactivity is easily assessed by monitoring the depression of 

blood glucose levels that results from increased insulin concentration in the 

bloodstream. Mice received an oral dose of strawberry polyphenols, followed by an 

injection of 1 U/kg dose of insulin directly into the small intestine, circumventing possible 

digestion in the stomach. Blood glucose levels were monitored each hour and 

normalized to each mouse’s blood sugar before the procedure. Mice that received 

insulin and strawberry polyphenols experienced a substantial reduction in blood glucose 

compared to mice that received insulin after just a saline gavage (Figure 4.4f). Further, 

the STRB PPh and intestinal insulin combination sustained hypoglycemia several hours 

longer than the same 1 U/kg dose of subcutaneous insulin, the current gold standard of 

administration.  

To compare the total insulin bioactivity between these administration methods, 

we integrated the areas between each mouse’s glucose curve and its starting blood 

sugar value. The areas above the curve (AACs) show that pharmacodynamic activity of 

intestinal insulin in polyphenol-treated mice is approximately double that of 
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subcutaneous insulin (Figure 4.4g), yielding a relative bioactivity value of 191%. 

Importantly, the sustained activity of the polyphenol-assisted intestinal insulin indicates 

that this administration route may be advantageous for drugs that require extended 

release profiles. Additionally, this successful protein absorption across the intestinal 

epithelium confirmed that strawberry polyphenols are efficacious enhancers and should 

be further pursued and refined for this purpose. 

 

4.3.5 – Chromatography Indicates One Active Strawberry Polyphenol 

To continue the iterative separation-activity cycle of compound isolation, we 

turned to chromatography for better resolution of the strawberry polyphenol extract into 

discrete fractions. Specifically, we employed reverse-phase medium pressure liquid 

chromatography (MPLC) using a trifluoroacetic acid (TFA)-doped water and acetonitrile 

mobile phase. Each MPLC run was assigned a Greek letter identifier, moving 

consecutively through the alphabet, and gradient information from each run is listed in 

Section 4.2.10. The first MPLC run (α) yielded fractions that were divided into seven 

groups, based on fraction color and ultra performance liquid chromatography (UPLC) 

traces of the eluents (Figure 4.5a). Four of these produced enough material to support 

a second tier of MPLC runs, yielding fractions for the β, γ, δ, and ε groups, respectively. 

Interestingly, UPLC traces identified two pure compounds that each appeared in 

multiple Greek letter groups. These were pooled together to yield the samples denoted 

as Compound η and Compound θ. 
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Next, we took each of the 22 fractions and compounds from MPLC and screened 

them for bioactivity on Caco-2 monolayers. Most fractions were screened at a 

concentration of 1 mg/mL, though some (β2, γ1, δ2, ε1, and ε3) did not yield enough 

material and were tested at lower concentrations (entire fraction). By calcein 

permeability, the vast majority of the samples did not substantially affect epithelial 

permeability (Figure 4.5b). However, one fraction, ε3, was an exceptional permeation 

enhancer. Interestingly, ε3’s late elution from the columns identifies it as one of the less 

hydrophilic members of the polyphenol family. It was also deep red in color and a very 

small fraction, yielding less than three milligrams from one gram of polyphenol starting 

material. While the small mass promisingly indicated the fraction’s high potency, it also 

complicated efforts to properly discern its molecular identity. 

To expedite our identification of the permeation enhancing compound in fraction 

ε3, we assembled a library of known phenolic compounds from strawberry. As with the 

fractions, we screened these for their bioactivity on Caco-2 cells at 1 mg/mL 

concentration (Figure 4.5c). By calcein permeability, only one of these compounds was 

an effective permeation enhancer: pelargonidin. Pelargonidin and its glucoside, 

callistephin, are primarily responsible for the red coloration in strawberries39,45. The vast 

majority of the pigment is present in the glycosylated form, due to its improved solubility 

for storage in aqueous vacuoles46,47. However, our screening showed that callistephin 

was not an effective permeation enhancer (Figure 4.5c), and that only the non-

glycosylated pelargonidin improved epithelial permeability. This is consistent with the 

observations that the effective fraction, ε3, yielded a small mass of deep red, fairly
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hydrophobic material. To further support the similarity between ε3 and pelargonidin, we 

ran a sample of each on UPLC and compared the trace at 280 nm, as well as the 

absorbance spectra of the peaks (Figures 4.5d and 4.5e). While it should be noted that 

the pelargonidin standard was run with almost an order of magnitude more material, the 

UPLC elution time readouts were nonetheless consistent. Both samples displayed 

characteristic peaks in 280 nm absorbance at approximately 2.1 and 3.3 minutes into 

the run, as well as similar UV-vis light absorption spectra. While this evidence is 

sufficient for us to conclude that pelargonidin is the primary permeation enhancer in 

strawberries, ongoing work aims to further probe its bioactivity and irrefutably confirm 

the identity of the ε3 fraction via NMR analysis.  

 

4.3.6 – Pelargonidin Enables Oral Protein Delivery in Mice 

 In addition to strawberries, pelargonidin can be found in each of the previously-

discussed red foods: tomatoes37, red grapes38,48, and red potatoes40. With this 

knowledge and our chromatography based evidence, we set out to demonstrate and 

characterize pelargonidin as a reversible, food-derived permeation enhancer. First, we 

examined dose dependent permeability response in Caco-2 monolayers. Reductions in 

Figure 4.5: Chromatography indicates that pelargonidin is the primary permeation enhancer in 

strawberries. (a) Two tiers of MPLC were used to separate the STRB PPh extract into fractions. The 

first run, α, yielded three fractions for direct biological testing (α1-α3) and four sets of material for the 

second tier of MPLC runs. These runs yielded the β, γ, δ, and ε fractions, as well as pure compounds 

η and θ. (b) When screened for activity on Caco-2 monolayers, only the ε3 fraction was an effective 

permeation enhancer. (c) Similarly, of a large group of phenolic compounds known to occur in 

strawberries, only the pigment molecule pelargonidin significantly increased the permeability of calcein 

across cell monolayers. (d) UPLC traces for fraction ε3 and (e) pelargonidin contain the same 

characteristic peaks in absorbance (at 280 nm) at approximately 2.1 and 3.3 minutes (left graphs) as 

well as similar absorption spectra (right graphs), indicating that they are likely chemically identical. 

Error bars represent s.e.m., n = 3 for calcein experiments.  
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TEER (Figure 4.6a) and improvements in calcein permeability (Figure 4.6b) both 

increased with higher concentrations of (commercially purchased) pelargonidin 

treatment. It should be noted that the highest concentration, 1 mg/mL pelargonidin, 

opened the tight junctions beyond their ability to recover barrier function, underscoring 

the potency of this molecule at low concentrations. However, both lower concentrations 

of pelargonidin, 0.33 mg/mL and 0.67 mg/ml, induced substantial yet reversible 

permeabilization of the monolayers. 

 We then asked whether the pelargonidin-induced improvements in Caco-2 

monolayer permeability would translate into successful oral administration of proteins 

and other macromolecules. To test this, we administered pelargonidin (40 mg/kg), then 

FITC-DX4 orally to mice, then examined the content of the fluorescent dextran in their 

blood. As expected, pelargonidin treatment doubled FITC-DX4 absorption across the 

intestinal barrier (Figure 4.6c) when compared to a phosphate-buffered saline (PBS) 

gavage. Based on this improved oral bioavailability of FITC-DX4, we again sought to 

determine if a protein drug translocate across the pelargonidin-treated intestinal 

epithelium. We orally gavaged mice with pelargonidin, then intestinally administered a 1 

U/kg dose of insulin. Mice receiving insulin after pelargonidin treatment showed a 

significant reduction in blood glucose when compared to mice that received the drug 

after a saline control (Figure 4.6d). Further, the pelargonidin and insulin combination 

sustained hypoglycemia several hours longer than the same 1 U/kg dose of 

subcutaneous insulin. The areas above the curve (AACs) demonstrate that 

pharmacodynamic activity of pelargonidin-assisted intestinal insulin is approximately 

130% that of subcutaneous insulin (Figure 4.6e). From this, we can conclude that 
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pelargonidin is an effective intestinal permeation enhancer that holds promise for future 

development and clinical translation. 

 

 

Figure 4.6: Pelargonidin is a reversible, efficacious permeation enhancer for oral protein 

delivery. (a) By TEER, pelargonidin gave a dose-dependent opening of the tight junctions between 

0.33 and 1.00 mg/mL. However, only the two lower concentrations recovered their barrier function 

within 24 hours. (b) The dose dependence was also evident in pelargonidin’s improvement of calcein 

permeability through the monolayers. (c) Treatment with pelargonidin doubled 4 kDa dextran 

absorption in mice, when compared to mice receiving just saline control. (d) One hour following oral 

gavage of pelargonidin in mice, an intestinal injection of 1 U/kg insulin induced sustained reductions in 

blood glucose levels. A 1 U/kg subcutaneous insulin dose induced a dramatic but transient. (e) 

Integrated areas above the curves from (d) show that oral delivery with pelargonidin resulted in 1.3 

fold pharmacodynamic effect when compared to subcutaneous.   (e) Error bars represent s.e.m., n = 3 

for Caco-2 experiments and n = 5 for mouse experiments. * p < 0.05 w.r.t. untreated control 
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4.4 – Conclusions and Outlook 

Oral administration of protein drugs, especially insulin, has the potential to broadly 

improve patient experience, compliance, and clinical outcomes for a wide array of 

maladies. However, successful clinical translation of oral delivery systems will require 

sufficiently high bioavailability of the drugs without damaging intestinal tissues. To 

address this need, we began here with the hypothesis that food-derived extracts would 

provide a well-tolerated, chemically diverse library from which one or more permeation 

enhancers could be identified. We demonstrated from this extensive library of crude 

extracts demonstrated that most foods do not appreciably change intestinal permeability. 

Of the few that do, strawberry was the most potent permeation enhancer, and 

demonstrated increased potency as extracts were refined and screened for oral drug 

delivery capabilities in both cell culture and in mice. Most notably, the compound 

pelargonidin approximately doubled bioavailability of the model macromolecule dextran 

and yielded approximately 130% bioactivity of intestinally administered insulin. These 

conclusive in vivo results demonstrate the ability of pelargonidin to effectively increase 

epithelial permeability, enabling the oral delivery of macromolecular drugs. Future 

investigations will include oral delivery of other active protein drugs, comprehensive 

safety studies in mice, and translation to higher animal models before moving to treat 

humans in the clinic.  
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Chapter 5: 

Anionic nanoparticles enable oral protein 

delivery by enhancing intestinal permeability 

  

 

5.1 – Introduction 

During the course of examining the crude fruit library in Chapter 4, we made a 

peculiar observation regarding some of the samples: those that were near their solubility 

limit and precipitated during the experiments caused strange behavior in the cell culture 

models. Further, simply filtering the samples through a standard, kitchen coffee filter 

produced completely different results. We hypothesized that some colloidal factor 

characteristic of the treatments was affecting the permeability of the Caco-2 

monolayers, and began to consider the possibility of using a nanoparticle as a physical 

disrupter of the tight junctions. 

As a potentially safer and more effective alternative to chemical permeation 

enhancers, some strategies for physically manipulating the epithelial barrier have been 

examined in preclinical trials. For example, polymer films with surface nanotopography 

open tight junctions in intestinal cell cultures, improving the transepithelial diffusion of 

model proteins1. Other studies have shown that ultrasound, through the physical 

process of cavitation, can temporarily disrupt the intestinal epithelial barrier to 

systemically deliver protein drugs2. Together, these studies suggest that physical 

means of intestinal permeabilization may offer improved safety profiles when used 

alone or, potentially, in combination with chemical approaches.  
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Here, we describe a serendipitous discovery that small, negatively charged 

particles act as physicochemical permeation enhancers that facilitate the oral delivery of 

protein. Specifically, the nanoparticles described here act not by moving across the 

intestinal epithelium as delivery vehicles, but by binding intestinal surface receptors that 

mediate the opening of tight junctions. This stands in contrast to previous studies for 

oral insulin delivery using nanoparticles, which primarily fall into two categories: insulin-

loaded particles for transcytotic uptake3–7 or insulin-loaded, chemical permeation 

enhancer-doped particles8,9. 

With this surprising revelation that the mere presence of nanoparticles can open 

tight junctions, we set out to establish the breadth of this effect, its therapeutic potential, 

and its mechanism. We discovered that small (<100 nm), anionic nanoparticle 

treatments improve absorption of model drugs across both Caco-2 monolayers and 

mouse intestines in vivo. Further, the oral delivery of two therapeutically-relevant protein 

drugs, insulin and exenatide, became possible when they were co-administered with 

silica nanoparticles in mice. Mechanistically, the nanoparticles increase intestinal 

permeability by binding integrins and activating myosin light chain kinase. Finally, we 

eliminate several safety concerns typical of permeation enhancers by showing their 

effect is reversible and does not cause necrosis or inflammation of intestinal tissue. 

 

5.2 – Methods 

5.2.1 – Materials 

  Thirteen commercially available nanoparticles were used in this study. Nine were 

purchased from nanoComposix (San Diego, CA, USA): nonfunctionalized silica (20, 50, 
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100, 200, 500 and 1200 nm), 50 nm amine functionalized silica, nonfunctionalized 

silver, and gold. Four were purchased from Microspheres-Nanospheres (Cold Spring, 

NY, USA): 50 nm polystyrene, 50 nm carboxyl functionalized silica, and silica internally 

doped with FITC (50 nm) or Rhodamine B (20 nm).  

For cell culture and in vitro experiments, penicillin/streptomycin, trypsin-

ethylenediaminetetraacetic acid (trypsin-EDTA), phosphate buffer saline (PBS), fetal 

bovine serum (FBS), rat tail Collagen I, calcein, DAPI, Hoechst 33342, Alexa Fluor® 

488 tagged phalloidin, and Alexa Fluor® 594 tagged anti-ZO-1 antibodies were 

purchased from Life Technologies® (Thermo Fisher subsidiary, Carlsbad, CA, USA). 

Caco-2 cells and methyl thiazole tetrazolium (MTT) kits were purchased from American 

Type Culture Collection® (ATCC, Manassas, VA, USA). Dulbecco’s Modified Eagles 

Medium (DMEM), Falcon® 225 cm2 tissue culture flasks, Corning® HTS 1.0 μm porous 

support Transwell® plates, Falcon® 24-well plates, Corning® CellBIND® 96-well 

microplates, sodium butyrate, and MITO+ serum extender were obtained from VWR® 

(Radnor, PA, USA). FITC-labelled dextrans, Type II mucin from porcine stomach, 

myosin light chain kinase inhibitor peptide 18 (PIK), Eriochrome® Black T indicator 

(EBT), EDTA, anti-integrin αV, and anti-integrin β1 antibodies were purchased from 

Sigma-Aldrich® (St. Louis, MO, USA). 

For mouse experiments, bovine pancreas insulin, bovine serum albumin (BSA), 

and metoclopramide hydrochloride were purchased from Sigma-Aldrich®. Exenatide, 

aprotinin, Aimstrip® Plus blood glucose strips, and blood glucose monitor were obtained 

from VWR®. Human insulin ELISA kits were purchased from LifeTechnologies®. 

Exenatide ELISA kits were purchased from Peninsula Laboratories (San Carlos, CA, 
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USA). Mouse sized (M) capsules and dosing kit were supplied by Torpac® (Fairfield, 

NJ, USA), and Eudragit® L100-55 enteric coating polymers were a gift of Evonik 

(Essen, Germany). 

 

5.2.2 – Particle Characterization 

Nanoparticles were diluted in deionized, 0.22 μm filtered water to a solids 

concentration of 1 mg/mL (w/v) for all DLS and zeta potential characterization. 

Suspension parameters were measured using a Malvern Zetasizer Nano (Malvern 

Instruments, UK), using the instrument software’s pre-programmed material properties. 

Data reported for size and zeta potential are the averages of three technical replicate 

runs. All other particle characteristics reported were supplied by nanoComposix in 

particle batch certificates of analysis. 

 

5.2.3 – Caco-2 Cell Culture 

Caco-2 lines were confirmed mycoplasma free by direct DNA staining with 

Hoechst 3334210. Cells were cultured in DMEM supplemented with 10% FBS, 100 

IU/mL of penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL Amphotericin B (“Caco-2 

media”). Cultures were incubated at 37°C in a fully humid, 5% CO2 environment. The 

cells were subcultured with 0.25% trypsin-EDTA and subsequent passaging every 3 to 

4 days at ratios between 1:3 and 1:8. Cells at passage numbers 20–50 were utilized for 

further experiments. The free-to-use PS power calculator (Vanderbilt) was used to 

determine the minimal sample size for which statistical power was greater than or equal 

to 0.8, generally n = 3-4 for Caco-2 based experiments. 
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5.2.4 – Toxicity Assays 

For the MTT viability assay, Caco-2 cells were seeded in a clear, 96-well plate at 

a concentration of 105 cells/well. After incubating the plate overnight at 37°C, the media 

in the wells was aspirated and replaced with treatment solutions (100 μL/well, 0.2% w/v 

particles). After three hours of exposure, treatments were removed and cells were 

rinsed with warm PBS. MTT reagent (10 μL/well) and Caco-2 media (100 μL/well) were 

added to the wells. Three hours later, detergent reagent was added (100 μL/well), and 

the plate was incubated at room temperature, overnight, in the dark. A BioTek® 

Synergy2 automated plate reader was used to measure the absorbance of the MTT 

product in each well. The viability of each treatment is expressed as the ratio of its wells’ 

absorbance values to the absorbance values of untreated wells. 

For the LDH release viability assay, Caco-2 cells were seeded in a 96-well plate 

at a concentration of 104 cells/well. After incubating the plate overnight at 37°C, the 

media in the wells was aspirated and replaced with treatment solutions (100 μL/well, 

0.2% w/v particles). After three hours of exposure, 50 μL of media from each well was 

transferred to a new, clear plate and combined with 50 μL/well LDH reaction mixture. 

Thirty minutes later, stop solution was added (50 μL/well), and the plate was read for 

absorbance at 680 nm (background signal) and 490 nm (formazan product of LDH 

activity). Viability percentages are provided by comparing the formazan absorbance of 

particle-treated cells to that of untreated (negative control) and completely lysed 

(positive control) cells. 
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5.2.5 – Caco-2 Permeability Experiments 

For transepithelial electrical resistance (TEER) and diffusion marker permeability 

experiments, an established model11–13 of rapid, 3-day Caco-2  intestinal epithelial 

monolayers was employed. Caco-2 cells were suspended in DMEM supplemented with 

MITO+ serum extender (basal seeding medium, BSM), seeded at a density of 2×105 

cells per well on collagen-coated HTS membrane supports, and incubated for 24-48 

hours. The media was then changed to DMEM supplemented with MITO+ and 2 mM 

sodium butyrate (enterocyte differentiation medium, EDM), and incubated for 48 hours. 

The TEER was monitored to confirm proper barrier formation, and only monolayers with 

initial TEER values of at least 150 Ω·cm2 were utilized for TEER or molecular 

permeability experiments. 

HTS inserts containing Caco-2 monolayers were transferred to 24-well plates 

containing 1 mL DMEM per well and allowed to equilibrate for 30 minutes before 

recording initial resistance values using a Millicell® voltohmmeter. Nanoparticle 

treatments were suspended in EDM (0.2 % w/v unless otherwise specified) and applied 

to the apical chambers, and negative control wells received fresh EDM. TEER readings 

were taken after 15, 30, 60, 120, and 180 minutes. After 180 minutes, treatments were 

removed and the monolayers rinsed once with warm PBS before returning to EDM in 

both the apical and basal chambers for a 24-hour recovery period. 

For molecular permeability, fluorescent paracellular diffusion markers were 

applied at 0.5 mM (calcein) or 0.2 mM (FITC-DX4), into the apical side of the 

monolayers with the nanoparticle treatments. After one hour, media in the basal 

chambers was sampled and examined for fluorescence at 495/515 nm (calcein) or 
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485/515 nm (FITC-DX4) using the plate reader. Application of calibration curves yielded 

the amount of mass transferred across each monolayer, which was used in the 

permeability equation  𝑃𝑎𝑝𝑝 =
∆𝑀

𝐶𝑎𝐴∆𝑡
, where Papp is the apparent permeability through the 

monolayer, ΔM is the marker mass in the basal compartment, Ca is the apical marker 

concentration, A is the monolayer area, and Δt is the time between samples. 

Permeability measurements are expressed as the ratio of each monolayer’s 

permeability at 3 hours after treatment addition to its permeability before treatment, 

normalized to any change in untreated control monolayers during that time. 

 

5.2.6 – Integrin Blockade and MLCK Inhibition 

 For the integrin blockade, Caco-2 monolayers were incubated for an hour before 

treatment with 1:10 diluted anti-integrin αV and 1:40 diluted (25 μg/mL) anti-integrin β1 

antibodies. Particle treatments were added without removing the antibodies, and all 

changes in permeability were normalized to monolayers treated with the antibodies but 

no particles. For MLCK inhibition, the same procedure was employed, adding 0.33 mM 

(0.44 mg/mL) PIK to the cell media instead of the antibodies. 

 

5.2.7 – Particle Translocation Across Mucus Layers 

Type II mucin isolated from pig stomach was employed to create the in vitro 

mucus models, as it is the primary component of intestinal mucus14. Mucus was 

simulated by dissolving 5% (w/v) mucin in PBS, sonicating, then applying to Transwell® 

permeable membrane supports (1 μm pore size) to give a 2 mm deep layer. The 

supports were placed into a basal plate containing 1 mL of PBS in each well, and 
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fluorescent particle suspensions were added to the apical surface of the mucus. 

Samples were taken from the basal wells over time with PBS replenishment, and read 

for Rhodamine B (540/625 nm) or FITC (485/515 nm) on the plate reader to determine 

the fraction of particles transported across the barrier. 

 

5.2.8 – Particle-Mucus Interactions 

 Mucin binding studies were based on previous mucus-binding studies by multiple 

groups15,16. Briefly, Type II mucin was dissolved in distilled water to a concentration of 

10 mg/mL, stirring overnight at room temperature and sonicating to aid dissolution. The 

solution was then centrifuged for 30 minutes at 850 x g to remove any undissolved 

solids. Nanoparticles were added to the mucin solution at 1 mg/mL particles, then kept 

at 37°C with gentle stirring for the remainder of the experiment. At each time point, a 

sample of nanoparticle and mucin solution was collected and immediately examined for 

nanoparticle size via dynamic light scattering. Data shown are the averages of three 

DLS measurements on each sample. 

 

5.2.9 – Mouse Studies 

 All mouse experiments were approved by the institutional animal care and use 

committee (IACUC) at Carnegie Mellon University (Pittsburgh, PA, USA) under protocol 

number PROTO201600017, and were performed in accordance with all institutional, 

local, and federal regulations. C57BL/6 mice were either purchased from Charles River 

Laboratories (Wilmington, MA, USA) or obtained from an institutionally managed 

breeding colony. Prior to experiments, mice were housed in cages of no more than six 
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animals, with controlled temperature (25°C), 12 hour light-dark cycles, and free access 

to food and water. Mice utilized in this study were female and 8-16 weeks (dextran and 

intestinal insulin, 18-24 g weight range) or 24-30 weeks (insulin capsules, 30-39 g 

weight range to ensure capsule passage through the GI tract) old, though only mice 

within 6 weeks of age are directly compared to one another (i.e. placed on the same 

graph) for consistency. The free-to-use PS power calculator (Vanderbilt) was used to 

determine the minimal sample size for which statistical power was greater than or equal 

to 0.8. (Generally, n=5-6). Mice were fasted 8-12 hours the night before an experiment 

to limit the variability caused by food matter and feces in the GI tract. Fasting also 

served to stabilize the animals’ blood sugar for insulin activity experiments, with a 

starting blood glucose range of approximately 70 to 120 mg/dL. Oral gavages were 

administered at a volume of 10 mL solution per kg of mouse body weight (10 μL/g). 

Intestinal and subcutaneous injections were administered at a volume of 1 ml/kg (1 

μL/g). 

 

5.2.10 – Intestinal Permeability to Dextran 

 For dextran efficacy studies, fasted mice were orally gavaged with 100 mg/kg 

nanoparticle solutions (10 mg/kg concentration), then gavaged two hours later with a 60 

mg/kg solution of FITC-DX4, at a dose of 600 mg/kg (for a timing study with 50 nm 

nonfunctionalized silica, this time step was varied between zero and twenty-four hours). 

Three hours after the dextran gavage, blood was collected and centrifuged. The serum 

was removed and examined for FITC concentration by reading for fluorescence on the 

plate reader (485/515 nm) and comparing to a unique calibration curve for each 
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experiment. For larger macromolecule studies, 40,000 MW dextran (FITC-DX40) was 

substituted at the same 600 mg/kg concentration. For permeability recovery, one group 

of mice was held for twenty-four hours, rather than two hours, between particle and 

FITC-DX4 gavages. 

 

5.2.11 – Intestinal Insulin Delivery 

 Following ten hours of fasting, mice were orally gavaged with PBS (for control) or 

nanoparticle suspensions (100 mg/kg unless otherwise specified). Two hours later, their 

initial blood sugar was measured and the animals were placed under anesthesia. Their 

intestines were surgically exposed, and insulin was injected at the predetermined dose 

(1 unit per kg body weight unless otherwise specified) into the duodenum. The mice 

were closed and secured with tissue adhesive, then kept under anesthesia as their 

blood sugar levels were monitored each hour for five hours. An endpoint at five hours 

was enforced for all experiments, as the combined effects of the anesthesia, 

dehydration, and reduced blood sugar prevented reliable survival beyond that point. For 

comparison to the current standard of insulin delivery, subcutaneous injections were 

given at 1 U/kg to additional mice, into the scruff on their necks. To determine areas 

above the curve for each mouse, trapezoidal integration was used to sum the area 

between known points on the blood glucose curve and the starting blood glucose value 

for the individual animal. 

To determine specific insulin concentrations, blood samples were collected and 

separated via centrifugation. The serum was subjected to ELISA analysis per the 

instructions of the kit manufacturer, and the kit exhibited reliable detection of the bovine 
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insulin used. To calculate areas under the concentration curve for each mouse, 

trapezoidal integration was used to sum the area between known points on the serum 

concentration curve and the pre-administration serum concentration for the individual 

animal. 

 

5.2.12 – Oral Insulin Delivery with Capsules 

 Dry capsule contents for 675 U/kg insulin doses were produced by combining 

insulin, the protease inhibitor aprotinin, and inactive bovine serum albumin (BSA) filler at 

a 3:1:1 ratio in aqueous solution, then lyophilizing. Filler for negative control capsules 

contained just lyophilized aprotinin and BSA (0:1:4). 40 U/kg and 10 U/kg capsule fillers 

were created by diluting the high-dose insulin powder with the negative control powder. 

Size M capsules were filled with 2-3 mg filler, and their exact weights recorded. Each 

capsule was then dip coated 3 times in a 7% (w/v in ethanol) solution of Eudragit® 

L100-55, drying completely under gentle airflow following each coat. The total dry 

weight of polymer added to each capsule ranged from 0.4 to 0.8 mg. 

 Following a ten-hour fasting period, large (> 30 g) mice were orally gavaged with 

PBS (controls) or 100 mg/kg 50 nm silica nanoparticles, then injected subcutaneously 

with 1 mg/kg metoclopramide hydrochloride (to stimulate gastric emptying) and orally 

administered capsules two hours later. Capsules were chosen so small variations in 

filler weight matched small variations in mouse weight, giving insulin doses within 10% 

of the designated average dose. The capsules were immediately flushed into the 

stomach with an additional gavage of PBS or 100 mg/kg silica. Blood glucose was 

measured every two hours for a total of ten hours, and normalized to each mouse’s 
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reading before capsule administration. From the blood glucose measurements, areas 

above the curve were calculated as previously described. These areas were used to 

calculate dose-corrected relative bioactivity as follows: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒
𝐵𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

= (
 𝛽

𝑈
𝑘𝑔  𝐴𝐴𝐶 −  0 

𝑈
𝑘𝑔  𝐶𝑎𝑝𝑠𝑢𝑙𝑒 𝐴𝐴𝐶

β
𝑈
𝑘𝑔

) (
1 

𝑈
𝑘𝑔  𝑆𝑄 𝐴𝐴𝐶 − 0 

𝑈
𝑘𝑔  𝑆𝑄 𝐴𝐴𝐶

1
𝑈
𝑘𝑔

) × 100%⁄  

where β is the insulin dose in U/kg of the capsule treatment being examined, and SQ is 

subcutaneous injection. 

For exenatide delivery using oral capsules, the same scheme was used. Capsule 

filler was 75:25:1 BSA : aprotinin : exenatide by mass. In the place of blood glucose 

measurements, blood was collected from each mouse at the predetermined times, and 

the serum was examined for exenatide concentration via ELISA. Areas under the 

concentration curve were calculated using trapezoidal integration to sum the area 

between known points on the serum concentration curve and the pre-administration 

serum concentration for the individual animal. The ratio of these areas is reported as the 

bioavailability. 

 

5.2.13 – Confocal Microscopy 

 Monolayers were rinsed with PBS to remove treatments and fixed in 4% 

paraformaldehyde. They were permeabilized with 0.2% Triton-X100 and blocked with 

0.2% BSA solution to limit non-specific antibody binding, then incubated for one hour 

with staining solutions. The staining solution contained DAPI (12 μg/mL, 358 nm/461 

nm) to mark nucleic acids, AlexaFluor 488® conjugated phalloidin (5 units/mL, 495 

nm/518 nm) to bind actin, and AlexaFluor® 594 conjugated Anti-ZO-1 antibodies (50 
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μg/mL, 590 nm/617 nm) in 0.2% BSA. For monolayers that were treated with FITC-

doped particles (490 nm/525 nm) the staining solution was prepared without phalloidin. 

After staining, the monolayers were mounted on slides using ClearMount™ solution 

(Invitrogen - Carlsbad, CA, USA) and sealed under coverslips using clear nail polish.  

Following treatment with FITC-doped particles (490 nm/525 nm), intestines were 

gently rinsed with PBS to remove fecal debris and fixed in 4% paraformaldehyde. They 

were permeabilized with 0.2% Triton-X100 and blocked with 0.2% BSA solution to limit 

non-specific antibody binding, then incubated for one hour with DAPI (12 μg/mL, 358 

nm/461 nm) in 0.2% BSA. After staining, the intestines were gently sliced into small 

section and mounted onto slides in 0.6 mL PBS, using rubber spacers to prevent the 

coverslip from crushing the tissue. 

Prepared slides were imaged at 10x (intestines) or 63x (monolayers) 

magnification using a Zeiss LSM 700 confocal microscope with ZEN 2012 SP1 

software. Images were captured using a Plan-Apochromat 63x/1.40 Oil DIC objective 

and an X-Cite Series 120Q laser source exposing at 405, 488, and 555 nm. Since all 

samples were fixed, images were captured at room temperature and represent a single 

time point. Images were approximately 101.5 μm x 101.5 μm and were captured with a 

lateral resolution of approximately 0.3 μm. Z stack images were taken in 0.4 μm slices. 

No additional processing or averaging was performed to enhance the resolution of the 

images. 

ImageJ (NIH) image processing software was used to prepare confocal images 

for publication. Upper and lower thresholds were narrowed slightly to remove 

background noise and improve visibility of the signals. All images were processed with 
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the same thresholds and display lookup tables (LUTs), which were linear throughout 

their ranges. Images were converted from their original 16-bit format to RGB color for 

saving and arrangement into figures. No other manipulations were performed. Z-stack 

images were converted to side perspective using the Orthogonal Views tool or 

assembled into video files using the Stacks tool in ImageJ. 

 To determine the ratio of nuclei to ZO-1 rings, ten locations were randomly 

selected from three monolayers each for both untreated and 50 nm, nonfunctionalized 

silica-treated cells. All monolayers were seeded from the same population of cells onto 

the same Transwell® plate. ZO-1 and DAPI were imaged for each location, and the 

resulting images randomized to blind the counter to their treatment status. Each image 

was then counted for number of nuclei or number of ZO-1 rings. The samples were then 

matched with their identities, and the corresponding nuclei to ZO-1 ratios calculated for 

each sample and each treatment.  

 

5.2.14 – Histology 

 Three particle-treated and three untreated control mice were sacrificed following 

FITC-DX4 absorption experiments, and their small intestines were immediately excised. 

The organs were fixed for 24 hours in 4% paraformaldehyde, then transferred to 70% 

ethanol for shipment to Mass Histology Services (Worcester, MA, USA). There, paraffin 

sections were prepared and stained with hematoxylin and eosin for histological 

examination. A semi-quantitative analysis of tissue health, inflammation, and immune 

cell infiltration for each specimen was also prepared by a certified veterinary pathologist. 
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5.2.15 – Statistics 

 All data presented are accompanied by an indication of which statistical test was 

used to determine significance. For experiments in which the direction of effect was 

known, but the magnitude of the effect was being measured (e.g. permeability 

increases), one-tailed, Student’s t-tests (*) were applied. For experiments determining if 

two treatments cause distinct responses from the biological subjects (e.g. difference 

between same number of two discrete particle sizes), two-tailed, Student’s t-tests (†) 

were used to calculate relevant p values. In experiments where the same treatment was 

examined to different degrees (e.g. dose responses), statistics provided are the results 

of one-way ANOVA (#). All figures display the arithmetic mean of the given “n” number 

of biological replicates (individual animals or number of in vitro cell culture wells), and 

error bars display the standard error of the mean. 

 

5.3 – Results and Discussion 

5.3.1 – Nanoparticle library of varied sizes and surface chemistries  

A collection of nanoparticles was purchased to probe the effect of size, surface 

charge, and chemistry on intestinal barrier function. We confirmed the supplier-provided 

particle properties using dynamic light scattering (DLS) and zeta potential 

measurements (Table 5.1). Particle diameters ranged from 20 nm to 1200 nm. Non-

functionalized silica particles had the most negative zeta potentials (ranging from -41 to 

-84 mV), followed by carboxyl-functionalized silica, silver, and gold particles. 

Polystyrene particles were negligibly charged, and amine-functionalized particles had 

positive zeta potential (+16 mV).   
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Table 5.1: DLS size and zeta potential data for nanoparticles in water at neutral pH. Values for 

particle number and surface area per mass were obtained from specification sheets provided by the 

supplier. FITC = fluorescein isothiocyanate. RhodB = rhodamine B. n.f. = non-functionalized; PVP = 

40,000 MW polyvinylpyrrolidone capping agent. 

Core 
Surface 
chem 

Nomenclature 

Z-average 
diameter 

Zeta 
potenti

al 

Particles 
per mass 

Surface 
area 

Size 
(nm) 

Material d.nm PDI (mV) #/mg  cm2/mg 

1200 silica n.f. 1200 nm SiO- 1173* 0.05* -84.0 5.41E+08 23 

500 silica n.f. 500 nm SiO- 536 0.08 -68.9 5.88E+09 52 

200 silica n.f. 200 nm SiO- 209 0.02 -57.6 1.09E+11 137 

100 silica n.f. 100 nm SiO- 90 0.05 -41.2 9.61E+11 280 

50 silica n.f. 50 nm SiO- 49 0.04 -41.4 7.81E+12 554 

20 silica n.f. 20 nm SiO- 26 0.05                                                                                             -57.6 7.89E+13 1212 

50 silica COOH 50 nm SiO-COO- 46 0.15 -27.3 n/a n/a 

50 silver PVP 50 nm Ag- 54 0.14 -21.4 1.47E+12 109 

50 gold PVP 50 nm Au- 61 0.09 -16.3 7.64E+11 59 

50 polystyrene n.f. 50 nm PS 58 0.06 0.2 n/a n/a 

50 silica NH2 50 nm SiO-NH3
+ 49 0.44 15.6 7.24E+12 547 

50 FITC-silica n.f. 50 nm FITC-SiO- 56 0.20 -27.2 n/a n/a 

20 RhodB-silica n.f. 20 nm RhodB-SiO- 23 0.20 -24.3 n/a n/a 

* Values based on T.E.M. measurements and provided by manufacturer due to poor quality of DLS 

results with large particles. 

 

5.3.2 – Anionic particles increased Caco-2 monolayer permeability 

To assess the effect of particles on intestinal barrier function in cell culture, we 

applied silica nanoparticles ranging from 20 to 1200 nm in diameter to the apical side of 

Caco-2 monolayers, which represent the most common in vitro model of the intestinal 

epithelium17. For three hours following particle addition, we measured trans-epithelial 

electrical resistance (TEER), which correlates inversely with permeability18. While all 

silica nanoparticles reduced TEER values to some degree, 20 nm and 50 nm particles 

produced the most dramatic effect (Figure 5.1a). After three hours, monolayers were 

returned to fresh media, where they recovered their barrier function within 24 hours. 

MTT and LDH release assays showed no reductions in cell viability (Figures 5.1b and 
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Figure 5.1: Smaller and more negatively charged nanoparticles potently and reversibly increased 

intestinal monolayer permeability in vitro. All measurements are expressed as ratios to values for 

untreated cells (dotted black lines). (a) Smaller silica particles caused greater reductions in the 

transepithelial electrical resistance (TEER) of Caco-2 monolayers. Particle treatments were removed at 

three hours, and the monolayers regained their barrier function within 24 hours. (b) None of the 

treatments induced statistically significant reductions (p < 0.05) in viability as measured by MTT assay 

or (c) LDH release assay. (d) Smaller silica particles induced larger permeability increases for the 

permeation markers calcein and (e) 4 kDa MW FITC-labelled dextran (FITC-DX4). (f) Increases in 

calcein permeability were dose responsive for both 20 nm particles and (g) 50 nm particles. (f) For a set 

of 50 nm nanoparticles with varied surface chemistry, those with greater negative surface charge 

caused greater monolayer permeability by TEER and (i) by calcein transport. Neutral and positively 

charged particles had no significant effect. Error bars display s.e.m. (n = 3), * p < 0.05 by one-tailed t-

test, with respect to untreated cells. # p < 0.05 by one-way ANOVA. 
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5.1c), further confirming that silica nanoparticles induce reversible increases in 

permeability without permanently destroying the cell monolayers.  

We confirmed that particle size inversely correlated to epithelial permeability for 

particles  200 nm by introducing membrane-impermeable diffusion markers to the 

apical surface of Caco-2 monolayers. Similar to whole proteins, these molecules do not 

cross the cell membrane, so their accumulation below the epithelial barrier reflects 

opening of the tight junctions, and has been shown to correlate well with TEER for 

marker sizes from 180 Da to at least 10 kDa18,19. The transport of the markers calcein 

(Figure 5.1d) and 4 kDa FITC-labelled dextran (FITC-DX4) (Figure 5.1e) were most 

effectively improved by 20 nm silica particles. Efficacy diminished with increasing 

particle diameter. Silica nanoparticles exhibited dose-dependent effects on intestinal 

cells over a treatment range of 0.05 – 0.2% w/v, with 20 nm (Figure 5.1f) and 50 nm 

(Figure 5.1g) particles improving calcein permeability up to 26- and 10-fold, 

respectively.  

In addition to particle size, particle surface chemistry was directly linked to 

permeation enhancing ability. Only particles with negative surface chemistries – 

including non-functionalized silica, carboxylated silica, gold, and silver – significantly 

reduced TEER (Figure 5.1h) and increased calcein permeability through the intestinal 

monolayers (Figure 5.1i). Particles with neutral or positive charge had little effect on 

Caco-2 cells.  

 

 

 



123 
 

5.3.3 – Particles improved absorption of oral macromolecules in mice 

We next assessed particle activity in vivo by orally dosing mice with silica 

nanoparticles and the macromolecule dextran (4 kDa, FITC-labelled). Because dextran 

does not contain any acid- or enzyme-labile bonds, it does not require protection in the 

GI tract. The 4 kDa molecular weight approximates that of common therapeutic 

peptides, such as insulin, exenatide, and calcitonin20. Particle-induced absorption 

enhancing effects were monitored by measuring systemic blood serum FITC levels. 

Unexpectedly, only the 50 and 100 nm particles improved the oral delivery of dextran 

(Figure 5.2a). Despite being the most effective treatment in vitro, the 20 nm silica 

nanoparticles did not substantially affect intestinal absorption in mice. 

We hypothesized that the difference between in vitro and in vivo efficacy of 20 

nm particles resulted from the mucus layer that lines the intestines but is not present in 

the Caco-2 model. To test this, we placed fluorescent silica particles on top of a 

permeable support that had been coated with a gel of Type II mucin, the predominant 

component of mucus in the intestines14.  The particles used were internally doped with 

FITC or rhodamine B to track their accumulation beneath the mucus layer without 

affecting surface chemistry and interactions. Interestingly, the 20 nm particles (Figure 

5.2b) diffused through the mucus at less than one-third the rate of 50 nm particles 

(Figure 5.2c). By applying mathematical models of diffusion through mucus and other, 

similar hydrated polymer networks21–23, we can infer some information regarding the 

interactions between the particle surface and the mucin matrix.  
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Figure 5.2:  50 nm anionic nanoparticles reversibly permeabilized intestinal epithelia in 

mice. (a) Oral treatment with silica particles improved absorption of 4 kDa, FITC-labelled dextran 

(FITC-DX4), with 50 nm particles being most effective. Despite their efficacy in vitro, 20 nm silica 

particles were not effective in mice. (b) This discrepancy was likely caused by the mucus present 

in vivo. Diffusion of 20 nm particles through model mucus was hindered compared to (c) 50 nm 

particles. (d) Intestinal mucins bound 20 nm particles within 30 minutes of exposure, increasing 

their apparent size. (e) By contrast, 50 nm and (f) 100 nm silica particles did not bind to mucin or 

change size in its presence. (g) Negatively charged particles improved absorption of 4 kDa dextran 

in mice, while positive and neutral particles did not. (h) Particles did not improve absorption of 

larger molecules, such as 40 kDa dextran (FITC-DX40). (i) Particle-induced permeability of mouse 

intestines began to increase within an hour after particle treatment and returned to normal levels 

within four to six hours of treatment. Error bars display s.e.m. (n = 3 for mucus studies and n =5 - 6 

for mouse dextran studies). * p < 0.05 by one-tailed t-test, with respect to PBS control mice. 

 



125 
 

We assume that, in this one-dimensional diffusion problem, there will be a 

positive, linear correlation between diffusivity and particle translocation through the 

mucus layer. First, if the reduction in particle passage were due solely to volume 

occupation by the dilute mucin chains, we would expect the diffusivity to scale only with 

the volume fraction of the silica-containing, aqueous phase (𝐷𝑒𝑓𝑓 =  𝐷0𝜀, where Deff is 

the effective diffusivity of the particles, Do is the free diffusivity in water, and ε is the 

aqueous volume fraction). Since, in either case, particle translocation through a 1% 

mucin layer falls well below the expected value of 99%, we know that the mucin volume 

fraction is not the controlling factor. Next, we can consider the possibility that the porous 

mesh size in the mucin hydrogen hinders the passage of particles. The guiding equation 

in such a case is 𝐷𝑒𝑓𝑓 =
𝐷0

𝑒
(

𝑟𝑚+𝑟𝑝
𝑟𝑚

√𝜑)
 , where Deff is the effective diffusivity of the particles 

through the mucin mesh, Do is the free diffusivity in water, rm is the average mesh 

radius, rp is the particle radius, and φ is the aqueous volume fraction. Here, given the 

same mucus mesh, we would expect the diffusivity of a larger particle to be less than 

that of a smaller particle. However, that is not the trend seen with either the 1% or 5% 

mucin layers. With neither of these factors explaining the more rapid transport of 50 nm 

particles than 20 nm particles through the mucus layer, we hypothesized that differential 

adsorption or binding interactions between the particles and mucin were responsible. 

We confirmed that 20 nm particles are likely binding to mucin proteins by mixing 

20, 50, and 100 nm silica particles each with a 1% (w/v) solution of type II mucin 

proteins and tracking their number average size over time via DLS. The 20 nm particles 

“grew” to three times their original size within thirty minutes (Figure 5.2d), indicating 

that the mucin bound to their surfaces. In contrast, 50 nm (Figure 5.2e) and 100 nm 
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silica particles (Figure 5.2f) did not grow in apparent size. While not visible in the 

figures, all three species exhibit a small peak (0.6 – 1%) at the micron scale, indicating 

that a limited number of the particles were aggregating or becoming entangled with the 

mucin chains. Nonetheless, a substantial number of the 50 and 100 nm particles 

remained unbound, and all further in vivo work was conducted with 50 nm particles to 

balance high permeation-enhancing efficacy and reduced mucus binding.  

We also investigated whether particle surface charge has the same dramatic 

effect in vivo as it did in cell culture. Mice were orally gavaged with 50 nm particles of 

varied surface chemistry, followed by 4 kDa, FITC-labelled dextran. As in cell culture 

experiments, oral dextran delivery correlated with the strength of the negative charge on 

particles (Figure 5.2g). Neutral and positively-charged particles caused no significant 

change in dextran uptake. 

Next, we assessed two potential safety concerns for any permeation enhancer. 

One potential concern is that the enhancers might permit the passage of bacteria or 

digestive byproducts into systemic circulation. The data in Figure 5.2h suggest that this 

would be an unlikely issue for silica nanoparticles, as 40 kDa FITC-labelled dextran did 

not experience increased transport when delivered with silica nanoparticles. Intestinal 

bacteria are much larger than 40 kDa dextran, so the permeation enhancing effect of 

silica is unlikely to allow their transepithelial migration24. The second potential concern 

pertains to the duration of action of the enhancer, as some chemical permeation 

enhancers have been shown to permanently disrupt the epithelial barrier18,19,25,26. 

Fortunately, the silica particles increased intestinal permeability rapidly, but only for a 

short duration of time. When 4 kDa dextran was delivered at differing times after particle 
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treatment, ranging from zero hours (coadministration) to twenty-four hours, permeability 

increased by one hour after treatment (Figure 5.2i), peaking at two hours. However, the 

measured intestinal permeability returned to baseline levels within four hours after 

treatment, and remained there through the rest of the trial, indicating that silica 

nanoparticle-induced permeation enhancement was transient and reversible. 

 

5.3.4 – Silica particles enabled oral protein delivery in mice 

Ultimately, we are interested in using silica nanoparticles to enhance the delivery 

of a functional, therapeutically relevant protein. As a proof-of-concept, we asked 

whether a protein drug could maintain its activity through silica-assisted intestinal 

translocation. We chose insulin for these studies, as it is a modestly-sized (5.8 kDa) 

protein that does not readily undergo transepithelial intestinal transport in healthy 

animals. Furthermore, its bioactivity is easily assessed by monitoring the depression of 

blood glucose concentration that results from increased insulin circulation. In a first set 

of experiments, mice received a 100 mg/kg oral dose of 50 nm silica nanoparticles, 

followed by an injection of 1 U/kg dose of insulin directly into the small intestine, 

circumventing digestion in the stomach. Blood glucose levels were monitored each hour 

and normalized to each mouse’s blood sugar before the procedure. Mice that received 

insulin and silica nanoparticles experienced a substantial reduction in blood glucose 

compared to mice that received insulin and polystyrene nanoparticles (Figure 5.3a). 

Further, the silica nanoparticle and insulin combination sustained hypoglycemia several 

hours longer than the same 1 U/kg dose of subcutaneous insulin.  
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To compare the total insulin bioactivity between these administration methods, we 

integrated the areas between each mouse’s glucose curve and its starting blood sugar 

value. The areas above the curve (AACs) show that pharmacodynamic activity of 

intestinal insulin in silica-treated mice is comparable to that of subcutaneous insulin 

(Figure 5.3b), yielding a relative bioactivity value of 100% (Table 5.2). Importantly, the 

more modest but longer-sustained activity of the intestinal insulin indicates that this 

administration route may be advantageous for drugs that require extended release 

profiles.  

To ensure that the observed hypoglycemia was not a procedural artifact, we 

examined the dose responsiveness of both elements of the delivery system (i.e. the 

particles and the drug). While maintaining an insulin dose of 1 U/kg, increases in the 

nanoparticle dose from 50 to 200 mg/kg induced more pronounced and sustained 

reductions in blood glucose levels (Figure 5.3c). This trend is also reflected in the AAC 

calculations (Figure 5.3d). Because hypoglycemia did not resolve within 5 hours of 

treatment, the reported AAC values for the higher dose groups are an underestimate. 

The delivery system was also dose-dependent on insulin. When particles were 

administered at a constant dose of 100 mg/kg, increasing insulin dose from 0.5 – 2 U/kg 

correlated with increased magnitude and duration of hypoglycemia (Figures 5.3e-f).  

Next, we assessed the pharmacokinetics of intestinally administered insulin by 

quantifying serum insulin concentrations using enzyme-linked immunosorbent assay 

(ELISA). Mice that received 1 U/kg subcutaneous insulin injections experienced large 

spikes in blood insulin concentration within fifteen minutes that returned to normal levels 
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shortly after two hours (Figure 5.3g). By contrast, mice that received the same intestinal 

insulin along with 200 mg/kg silica nanoparticles demonstrated more moderate 

elevations in blood insulin that persisted beyond two hours. Intestinal insulin with no 

particle treatment gave no substantial increase in serum insulin levels. Integrating the 

areas under the concentration curve for both administration routes yields approximately 

the same total serum values (Figure 5.3h) and nearly 100% relative bioavailability for 

the intestinal insulin (Table 5.2). This compares favorably to another promising oral 

protein delivery technology - CAGE ionic liquid – which registered 51% relative 

bioavailability upon intestinal injection27.  

Interestingly, the integrated bioavailability of the insulin appears to much better 

predict its relative bioactivity than does the peak serum concentration. Such a 

discrepancy between total insulin activity and maximal systemic insulin concentration is 

common when comparing subcutaneous to oral insulin systems28,29, and is likely due to 

first-pass liver processing of all material absorbed by the intestines. This uptake leads to  

Figure 5.3: Silica nanoparticles enabled oral protein delivery in mice.  (a) Two hours following 

oral gavage of silica particles to mice, an intestinal injection of 1 U/kg insulin induced sustained 

reductions in blood glucose levels. Polystyrene nanoparticles did not enable insulin absorption. A 1 

U/kg subcutaneous insulin dose induced a pronounced but brief response. (b) Integrated areas above 

the curves from (a) show that oral delivery with silica nanoparticles and subcutaneous injection 

resulted in comparable total pharmacodynamic effect. Blood glucose levels and areas above the 

curves were (c, d) particle dose dependent with a constant insulin dose of 1 U/kg and (e, f) insulin 

dose dependent with a constant particle dose of 100 mg/kg. (g) Pharmacokinetically, subcutaneous 

injection caused a spike in blood insulin concentration followed by a rapid decline. By contrast, 

intestinal administration after silica nanoparticles sustained more modest elevations in serum levels 

over several hours, leading to (h) nearly equal areas under the blood insulin curves for the two 

administration methods. (i) Orally delivered insulin induced pronounced and sustained hypoglycemia 

at doses as low as 10 U/kg when administered to silica-treated mice. Oral insulin without particles 

produced no effect compared to the control protein BSA. (j) Particle treatments resulted in multiple-

fold increases in the area above the blood glucose curve calculated to 10 hours. (k) Particle 

treatments enabled systemic uptake of exenatide administered orally in capsules (1 mg/kg), leading to 

(l) a substantially higher area under the serum concentration curve when compared to capsules 

administered without silica. Error bars display s.e.m. (n = 5). * p < 0.05 w.r.t. control by one-tailed t-

test. # p < 0.05 by one-way ANOVA.  
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Table 5.2: Summary of relative bioavailability and relative bioactivity values for proteins delivered 

with or without silica nanoparticle absorption enhancers. Data is presented as arithmetic average ± 

standard error. rBGmin = minimum average relative blood sugar achieved. AAC = insulin dose adjusted 

area above the blood glucose curve. rBA = dose-adjusted relative bioactivity. Cmax = maximum average 

serum drug concentration achieved. AUC = dose adjusted area beneath the serum concentration curve. F 

= relative bioavailability. 

 

a rapid decline in hepatic glucose output and more stable regulation of blood sugar than 

that achieved by injected insulin30. Thus, patients treated with oral insulin should 

experience superior glycemic control and significantly reduced risk of dangerous 

hypoglycemic episodes when compared to patients treated with subcutaneous insulin31. 

Bioactivity 

Drug 
Delivery 

Route 
Dose 

Silica 
NPs 

rBGmin AAC rBA 

  U/kg  % 
ℎ ∗ 𝑚𝑔/𝑑𝑙

𝑈/𝑘𝑔
 % 

Insulin 

SQ 1 No 50.1 ± 5.5 37.3 ± 13.6 100.0 ± 42.3 

INT 
1 No 100.0  ± 0.0 0.0 ± 5.6 0.0 ± 0.0 

1 Yes 64.6  ± 7.5 37.3 ± 7.5 100.0 ± 33.1 

Oral 

675 No 81.6  ± 3.9 0.0  ± 0.1 0.0  ± 0.0 

10 Yes 70.3  ± 4.3 13.2  ± 2.2 35.4  ± 11.1 

40 Yes 60.3  ± 1.8 4.9  ± 0.7 13.3  ± 4.2 

675 Yes 40.4  ± 7.2 0.5  ± 0.1 1.4  ± 0.4 

              

Bioavailability 

Drug 
Delivery 

Route 
Dose 

Silica 
NPs 

Cmax AUC F 

    U/kg   μU/ml ℎ ∗ 𝜇𝑈/𝑚𝑙 % 

Insulin 

SQ 1 No 52.5  ± 21.6 16.0 ± 5.2 100.0 ± 46.3 

INT 
1 Yes 8.7  ± 1.9 13.6 ± 2.4 84.8 ± 31.5 

1 No 0.7  ± 0.6 0.5 ± 0.1 2.9 ± 1.2 

              

  U/kg  ng/ml ℎ ∗ 𝑛𝑔/𝑚𝑙 % 

Exenatide 

SQ 1 No 15.3  ± 1.4 20.2 ± 2.0 100.0 ± 13.7 

Oral 
1 Yes 0.5  ± 0.2 2.0 ± 0.5 10.0 ± 2.3 

1 No 0.0  ± 0.0 0.3 ± 0.1 1.4 ± 0.4 
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Given the successful proof-of-concept that silica nanoparticles facilitate intestinal 

delivery of insulin, we next demonstrated that particles enable fully oral delivery. To 

protect insulin in the upper GI tract, it was loaded into mouse-specific (Size M) gel 

capsules along with the protease inhibitor aprotinin, which improves protein survival in 

digestive fluids32. Furthermore, loaded capsules were coated with Eudragit L100-55, a 

pH-responsive polymer that remains intact at low pH (e.g. in the stomach) and dissolves 

at pH 5.5 to ensure delivery to the intestines. Mice weighing at least 30 g were used for 

capsule experiments to ensure that their GI tracts would be large enough for the 

material to transit, and a subcutaneous injection of 1 mg/kg metoclopramide 

hydrochloride was given at the time of capsule administration to induce gastric emptying 

into the small intestine.  

We tested insulin at three doses: 675 U/kg to observe maximal effect given the 

packing limitations of the mouse capsules, 40 U/kg to closely compare with many of the 

oral insulin systems in literature3–5,7,29,33, and 10 U/kg to probe how low of an oral insulin 

dose could produce an observable therapeutic effect. When delivered orally to mice 

treated with 200 mg/kg silica nanoparticles, these insulin capsules provoked intense, 

sustained hypoglycemia that lasted at least ten hours past administration (Figure 5.3i). 

In contrast, maximum dose insulin capsules given to mice without nanoparticle 

treatment did not affect blood glucose or corresponding AACs when compared to 

control capsules containing only BSA and aprotinin (Figure 5.3j). 

Using the blood glucose AACs to compare insulin pharmacodynamics between 

subcutaneous and oral administrations, we calculated per-dose, relative bioactivities of 

the insulin capsules (Table 5.2). Notably, the 10 U/kg capsules were approximately 



133 
 

35% bioactive compared to the 1 U/kg subcutaneous injection. This compares favorably 

with many of the most promising technologies for oral protein delivery. For example, 

studies using starch microgels5 and permeation enhancer loaded mucoadhesive 

intestinal patches29 have achieved up to 7% relative insulin bioactivity in rats. Similarly, 

nanoparticles particles decorated with penetratin4 or low molecular weight protamine6 

for cellular uptake, reach 10-18 % relative bioavailability. These comparisons suggest  

that silica nanoparticle system may be a particularly promising option for oral insulin 

delivery. 

 To confirm that the silica nanoparticles promote the intestinal absorption of 

protein drugs beyond insulin, we next sought to deliver the anti-diabetic peptide 

exenatide. Exenatide mimics native hormones to help stabilize blood sugar and is 

injected subcutaneously for long-term management of type 2 diabetes34. To orally 

deliver this peptide, exenatide-loaded capsules (1 mg/kg dose) were enterically coated 

for protection against the stomach environment, and washed down the esophagus with 

either silica nanoparticle suspension (200 mg/kg), or saline for a negative control. Blood 

samples, which were analyzed for exenatide concentration via ELISA, showed that the 

particle treatments greatly improved exenatide uptake compared to the peptide 

capsules without particle treatment (Figure 5.3k). When compared to the same dose of 

subcutaneously administered exenatide, the silica-assisted, orally delivered peptide 

achieved 10% bioavailability (Figure 5.3l and Table 5.2). While this is lower than 

bioavailability following intestinal injection due to less spatial control and particle-protein 

co-localization, it does compare closely with oral protein delivery by promising 

technologies in the literature. For example, nanoparticles that exploit the bile salt 
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pathway for intestinal cell uptake can reach 15.9% oral bioavailability, and GIPET-

enhanced tablets achieve 8-9% oral delivery of 4-6 kDa proteins35. Given that GIPET 

has advanced into Stage II clinical trials36, and our successful delivery of both insulin 

and exenatide, we believe that these silica nanoparticle treatments have the potential to 

translate into the clinic as a platform technology for the oral administration of small 

protein drugs. 

 

5.3.5 – Particles induce integrin-mediated tight junction remodeling 

Having demonstrated that silica improves oral absorption and bioactivity of 

protein drugs, we asked how the nanoparticles increase epithelial permeability. First, we 

determined that permeabilizing activity was not a colligative property (Figure 5.4a), 

indicating that activity was not caused by an osmotic pressure gradient. Next, we 

applied silica particles of different sizes while maintaining the total particle surface area 

per treatment to determine that the total anionic charge is not a controlling factor 

(Figure 5.4b). We also examined particles for calcium chelation activity, a mechanism 

by which some chemical permeation enhancers improve epithelial permeability37,38 

(Figure 5.4c). While some particles caused slight decreases in free calcium ions, none 

approached the full calcium depletion necessary to induce tight junction opening. 

Next, we examined the integrin family of epithelial cell surface receptors. 

Integrins have been implicated in the mechanism of action for mechanical permeation 

enhancement by nanostructured films39. When these receptors are bound, the resulting 

signal cascade activates the enzyme myosin light chain kinase (MLCK). Activated 

MLCK phosphorylates a portion of the cytoskeleton, which then contracts and exerts 
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tension on the tight junctions, causing them to open39,40 (Figure 5.5a). This action of 

MLCK has previously been exploited for oral insulin delivery by using rationally 

designed PIP (permeant inhibitor of phosphatase) peptides to force the kinase into a 

perpetually active state, leading to actin contraction and tight junction opening28. In the 

intestinal epithelium, because tight junctions represent the major barrier to passive 

transepithelial diffusion, their opening facilitates protein transport from the intestinal 

lumen into the body and systemic circulation. The physiologic purpose for this process 

in the intestinal epithelium is unknown. However, a purpose for integrin-mediated 

Figure 5.4: The permeation enhancing effect of silica 

nanoparticles was not colligative, dictated by total particle 

surface area, or calcium dependent. (a) Silica particles were 

applied at approximately 1.9 x 1010 particles/mL (light points) or 

1.6 x 1011 particles/mL (dark points). In each group, the larger 

particles induced significantly more opening of the tight junctions 

than the same number of smaller particles. (b) Particles were 

applied at approximately 3.2 cm2 of silica surface per milliliter 

(light points) or 5.6 cm2/mL (dark points). Of the six possible 

comparisons between treatments of equal particle surface, five 

were significantly different from one another. (c) Calcium 

concentrations of cell culture media were not significantly affected 

by nanoparticles. 2 mM EDTA was included as a benchmark of 

strong calcium chelation without effect on permeability, while 2.5 

mM showed complete calcium depletion with significant effect on 

permeability (calcein permeability ratios of 1.21 ± 0.23 and 12.9 ± 

3.6, respectively. Data not shown). Error bars display s.e.m. (n = 

3), † p< 0.05 by two-tailed t-test. 
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junction-opening has been identified in the endothelium: it aids the migration of immune 

cells from the blood stream into surrounding tissue. Specifically, the cells undergo 

integrin binding with the top of the endothelial monolayer, inducing the tight junctions to 

briefly open before re-forming the barrier41.  Based on this behavior, we hypothesized 

that the silica nanoparticles were stimulating a similar pathway, binding to the epithelial 

cells to briefly and reversibly open the junctions, allowing protein absorption.  

 To test this hypothesis, we first blocked integrins commonly associated with 

extracellular matrices42 on Caco-2 monolayers and re-examined the particles’ 

permeabilizing effects on these cells (Figure 5.5b). Even though only two (ITGαV and 

ITGβ1) of twenty-four known human integrin subunits42 were prevented from interacting 

with the nanoparticles, the boost to permeability was reduced by approximately 30%. 

From this, we can conclude that integrins αV and β1 are partially responsible for particle 

binding and signal activation, but other integrin subtypes are likely also involved and 

account for the partial conservation of particle efficacy. By contrast, treatment with an 

MLCK inhibitor cut off the signal cascade downstream and completely prevented the 

particles from increasing monolayer permeability. From this, we can conclude that silica 

nanoparticles increase intestinal permeability by contracting the cytoskeleton through 

the MLCK-dependent signaling pathway.  
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To visualize how particle-induced cytoskeletal tension affects tight junction 

arrangement, we stained Caco-2 monolayers for nucleic acids, actin, and the tight 

junction protein ZO-1. There was no apparent rearrangement of nuclei or the actin 

skeleton (Figure 5.5 c-d), despite actin rearrangement being a common mechanism of 

action for intestinal permeation enhancers26,43. However, when compared to ZO-1 

patterns in untreated samples, some particle-treated cells formed clusters that did not 

contain ZO-1 within their junctions (Figure 5.5 e-h). This rearrangement may create an 

effective permeation pathway for macromolecule drugs to diffuse between the cells. To 

the best of our knowledge, this phenomenon has not previously been reported in 

literature. To quantitatively assess these permeation hotspots, we counted the number 

of nuclei and ZO-1 loops in both untreated and particle-treated monolayers. Cells 

exposed to silica nanoparticles had a significantly higher ratio of nuclei to ZO-1 

enclosures (1.27 +/- 0.07, mean +/- s.e.m.) than untreated cells (1.05 +/- 0.03), 

indicating that the particle treatments deplete ZO-1 between epithelial cells. 

Figure 5.5: Silica nanoparticles increased permeability by binding cell surface integrins and 

inducing tight junction rearrangement. (a) An integrin- and myosin light chain (MLC)-dependent 

cell signaling pathway has been previously linked to intestinal permeability. (b) The permeation 

enhancing effect of silica nanoparticles in vitro was reduced when either a subset of integrins was 

blocked or pMLC activation was inhibited. (c, d) In Caco-2 monolayers imaged at 63x magnification, 

actin (green) and nuclei (blue) did not rearrange in response to particle treatment. (e) The tight 

junction protein ZO-1 (red) localized around the perimeter of each untreated cell while (f) silica particle 

treatment induced ZO-1 rearrangement, creating clusters of cells between which no ZO-1 was present 

(white arrows). (g) Overlaid images show that the general 1:1 ratio of tight junctions to nuclei in the 

untreated sample was not maintained in (h) the nanoparticle treated cells, where a single tight 

junctional boundary encompassed several nuclei. (i) A side view confocal image of a nanoparticle-

treated monolayer confirmed that nanoparticles (yellow) localized on top of the cells but did not 

permeate the tight junctions. (j) FITC-labeled silica nanoparticles did not cross in vitro intestinal 

barriers. Particles diffused into the basolateral chamber when no epithelial cells were present. (k) 

Histological analysis of untreated and (l) particle treated mice showed no inflammation and no change 

in epithelial architecture. Error bars display s.e.m. (n = 3). * p < 0.05 by one-tailed t-test. White scale 

bars = 10 μm. Black scale bars = 100 μm. 
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Given that permeation enhancing silica nanoparticles need only to interact with 

apical cell surface integrins to take effect, we performed a set of studies to determine 

whether they penetrate or traverse the epithelium. In these experiments, silica 

nanoparticles containing FITC in their cores were applied to the apical side of Caco-2 

monolayers, which were subsequently imaged using confocal microscopy. Composite 

stacks of monolayer images showed that the particles accumulate at the apical cell 

surface but do not localize within junctions or inside the cells (Figure 5.5i). Additionally, 

the particles did not traverse the monolayers, with only the cell-free membrane supports 

allowing FITC passage (Figure 5.5j). This is consistent with previous studies that have 

shown that negatively charged particles do not readily translocate through epithelial 

models44,45. These studies add further evidence that silica nanoparticles are acting 

solely as permeation enhancers and not as delivery vehicles that transport 

macromolecules across the intestinal barrier.  

To assess the integrity of intestinal tissue following treatment, histology was 

performed on the intestines of untreated and particle-treated mice. There were no 

significant differences between the control (Figure 5.5k) and experimental mice (Figure 

5.5l). Further, semi-quantitative analysis by a trained pathologist indicated no difference 

in immune cell infiltration or inflammatory response between the samples. These results 

are consistent with several studies that have shown that chronic gastrointestinal 

exposure to nanosilica does not cause lasting health effects in animal models46.  Most 

notably, a study in rats examined particles ranging from 20 to 100 nm, delivering a 

particle dose ten times the largest used here (2000 mg/kg vs 200 mg/kg) every day for 

ninety days. Afterwards, there were no signs of particle uptake into the animals’ bodies 
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and no observable changes in clinical signs, blood biochemistry, or histopathological 

markers.  

Given that our experiments showed efficacy at doses at least as low as 50 mg/kg 

(Figures 5.3c and 5.3d), the particles can be inferred to have a therapeutic window 

spanning at least 1.5 orders of magnitude. By contrast, many of the most promising 

chemical permeation enhancers, including piperazines, bile salts, fatty acids, and 

surfactants, have very narrow therapeutic windows, often less than an order of 

magnitude concentration in vitro18,19,26,47. Despite their narrow therapeutic windows, 

several of these species have nonetheless advanced to early stage clinical trials25. We 

also anticipate that the incorporation of silica nanoparticles into a delivery vehicle, such 

as a polymer-based intestinal patch29,48,49, will drastically reduce the dose of particles 

needed to achieve the same protein uptake when scaling up to larger animal models. 

Whereas the particles and protein drugs are currently spreading throughout the 

intestines upon administration, we anticipate the same magnitude of effect at lower 

doses when nanoparticles are co-localized with drug at the surface of the intestinal 

epithelium.  

 

5.4 Conclusions and Outlook 

The oral delivery of protein drugs has the potential to improve the patient 

experience and disease outcomes by mitigating the fear and non-compliance 

associated with injections. Unfortunately, no approved oral protein therapies exist 

because clinical translation requires high bioavailability of drug without toxicity. We have 

shown here that small, negatively charged nanoparticles may fill this therapeutic void for 
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small proteins and macromolecules. Specifically, 50 nm silica nanoparticles potently 

improved intestinal permeability to macromolecular therapeutics and enabled the oral 

delivery of two protein drugs: insulin and exenatide. Silica particles enhanced intestinal 

permeability by binding integrins on the apical epithelial surface, triggering an MLCK-

dependent opening of the tight junctions. Intestinal permeation enhancement was 

reversible and non-toxic in mice. Together, our data demonstrate that silica and other 

strongly anionic nanoparticles have the potential to make oral protein delivery a reality, 

and should move to be tested for both efficacy and safety in higher animal models. 
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Chapter 6:  

Reflections and Future Directions 

  

 

 It is said so often that it has become a cliché in the field: oral protein 

administration is the holy grail of modern drug delivery. However, trite is not the 

equivalent of incorrect. There remain both massive opportunities and tremendous 

hurdles to current researchers seeking platform technologies for oral protein 

formulations. However, we are closer than ever before to the day when diabetic patients 

can start their day with a long-acting insulin pill instead of an injection, or children with 

endocrine disorders can replace constant doctor’s office trips for hormone therapy shots 

with oral tablets in the comfort of their own homes. The key to this success will be to 

maintain the steady pace of innovation that the field has built up over the past century of 

efforts, and to keep open minds as new and seemingly crazy approaches come along, 

as we seek out as much fundamental, mechanistic understanding of oral drug delivery 

systems as we can find.  

 In the context of this work, we first sincerely hope that the newly-designed TRIM 

system will be of use to other labs that are performing research on Caco-2 monolayers. 

By employing them, we were able to make much more progress in permeation 

enhancer identification and characterization than either the long-term, 21-day system or 

the expensive, proprietary kits would allow. With so much left to be understood about 

the mechanisms and tolerability of even the most promising permeation enhancers, we 

expect that any technology enabling more, faster and larger volumes of screening will 
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aid in forward progress toward a clinically viable oral protein delivery formulation. 

Optimistically, TRIM will provide this necessary improvement to Caco-2 models for 

researchers around the globe. 

When considering the piperazines family, it was, to say the least, disappointing to 

discover the systematic toxicity of most members of the family, especially since they are 

otherwise outstanding permeation enhancers. Luckily, there are some determined 

researchers that have taken up the mantle on applying piperazines in new ways, 

harnessing their permeabilizing behavior while sidestepping the issues of toxicity. In 

particular, I would like to give a nod to fellow Whitehead Lab PhD student Kathy Fein, 

who has worked wonders by combining the piperazines with polymer based protein 

engineering approaches. Her strategy to co-localize the protein and enhancer, opening 

tight junctions only in the precise place where a protein molecule is poised to enter, 

could offer a paradigm shift to the entire field of permeation enhancer research. 

 An active effort through the entire duration of my PhD tenure, the strawberry 

research has always been my favorite project, both to work on and to discuss. In a field 

dominated by synthetic permeation enhancers, and a department that never had “fruit” 

in its vocabulary, it has been a constant source of joy to watch looks of bewilderment 

melt into intrigue and delight as we describe why, for example, there are three kilograms 

of strawberry on the lyophilizer. Fortunately, the identification of pelargonidin opens a 

long list of exciting, potential forward directions for the project. First, pelargonidin itself 

will need to successfully orally deliver proteins in mice before graduating to higher order 

animal models. Along this path, it will also need to acquire a delivery vehicle to help co-

localize the pelargonidin and protein drug to the same locations on the epithelium, 
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decreasing the total amount of material required for oral delivery. Finally, there exists an 

exciting opportunity to tease more mechanistic and structure-function information out of 

the pelargonidin. First, to understand why glycosylation inhibits its activity as a 

permeation enhancer. Next, to compare the activities of the other food-derived 

members of the anthocyanidin family, which each differ from pelargonidin by only one or 

two hydroxy or methoxy functional groups. Finally, the cationic oxygen in pelargonidin is 

a rare chemical entity, and begs the question: would other oxycations be similarly 

effective permeation enhancers? Once again, an answer to this question could prove 

invaluable to mechanistic understanding of our most promising permeation enhancers. 

A close second to the strawberry project, I never could have guessed that we 

would discover a novel use for something as mundane and commonplace as a silica 

nanoparticle. Especially with silica particles having long been employed for other drug 

delivery purposes, it startled us (and has elicited similar reactions from audience 

members at conference talks) that their activity went unnoticed for so long. It is worth 

noting that, like those before us, it was never our intention to study nanoparticles as 

permeation enhancers. Rather, the entire project sprung out of some frustration with 

poorly soluble fruit extracts that turned out to be forming nano-precipitates. For me, this 

very much underscores the need for open-mindedness in oral drug delivery research 

and beyond. I will offer a piece of advice to those who follow me: do not be afraid to try 

something because it seems crazy or like it should be an obvious answer. Every 

researcher has their own unique perspective and potential discoveries to bring to the 

table, and you never know what strange fact you may discover. 
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As the development of the silica nanoparticle permeation enhancers continue, I 

am thrilled to see what could become of this new fusion between physical and chemical 

tight junction disruption. Having successfully delivered oral proteins in mice, our next 

steps will be to move into higher animal models; we hope to begin those experiments 

around the time that this thesis is submitted (April 2019). Additionally, as with the 

piperazines and the pelargonidin, the particles will likely require a method of co-

localizing with the protein drugs at the epithelial surface. A very talented colleague, Sijie 

Xian, rigorously investigated the use of protein-loaded, mesoporous silica particles for 

this purpose. Unfortunately, she discovered that the porous surface of the particles 

precluded their interaction with the cells to function as permeation enhancers. Moving 

forward, other strategies (such as loading into polymer microspheres or mucoadhesive 

intestinal patches) should be investigated for better particle-protein co-localization. 

To conclude, I would like to offer another piece of advice to the lab mates and 

other CMU researchers who follow me: explore the university around you. Poke your 

nose into other labs, other departments, even across Oakland into Pitt and UPMC. 

There is so much knowledge to gain from one another, and from seemingly unrelated 

researchers. Especially in the context of the strawberry and silica nanoparticle projects, 

I was offered advice or experimental assistance from more researchers in more labs 

than I can count, and did my best to offer whatever know-how I could in return. As we 

work to innovate our ways forward, it will never be a disadvantage to add another skill 

set and a new, fresh frame of reference onto our quest into the scientific unknown. 


