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Although patients generally prefer oral drug delivery to injections, low permeability of
the gastrointestinal tract makes this method impossible for most biomacromolecules.
One potential solution is codelivery of macromolecules, including therapeutic proteins
or nucleic acids, with intestinal permeation enhancers; however, enhancer use has been
limited clinically by modest efficacy and toxicity concerns surrounding long-term
administration. Here, we hypothesized that plant-based foods, which are well tolerated
by the gastrointestinal tract, may contain compounds that enable oral macromolecular
absorption without causing adverse effects. Upon testing more than 100 fruits, vegeta-
bles, and herbs, we identified strawberry and its red pigment, pelargonidin, as potent,
well-tolerated enhancers of intestinal permeability. In mice, an oral capsule formulation
comprising pelargonidin and a 1 U/kg dose of insulin reduced blood glucose levels for
over 4 h, with bioactivity exceeding 100% relative to subcutaneous injection. Effects
were reversible within 2 h and associated with actin and tight junction rearrangement.
Furthermore, daily dosing of mice with pelargonidin for 1 mo resulted in no detectable
side effects, including weight loss, tissue damage, or inflammatory responses. These
data suggest that pelargonidin is an exceptionally effective enhancer of oral protein
uptake that may be safe for routine pharmaceutical use.

oral drug delivery j protein therapeutics j permeation enhancers

Millions of patients are subjected daily to injections of single-dose therapeutics (e.g.,
vaccines) and chronic therapies (e.g., insulin). Unfortunately, the pain and inconve-
nience of injections leads to noncompliance. For example, 45 to 60% of diabetic
patients report that they have intentionally skipped doses of their medication as a result
of injection-associated dread (1, 2). This noncompliance results in poor disease control
and long-term complications that exacerbate patient suffering and inflate healthcare
costs (3). In contrast to injections, oral delivery is painless and convenient (4). Its
development for protein and other macromolecular drugs would dramatically improve
patient experience, compliance, and outcomes for a variety of diseases, including type 1
and 2 diabetes (1–3), cancer (5, 6), and cardiovascular disease (3).
Oral delivery of most proteins is not currently possible because the epithelial cell lining

of the intestine inhibits macromolecular absorption into the bloodstream. Specifically,
the epithelial cells are joined together by tight junction complexes that prevent the para-
cellular (between-the-cells) passage of any molecule greater than ∼1 nm, or 600 Da, in
size (7, 8). Although there are numerous strategies to enhance oral bioavailability of
larger therapeutics (9, 10), the majority of clinical studies have used chemical permeation
enhancers to widen the diffusion channels in the tight junctions and facilitate absorption
of macromolecules (11) (Fig. 1A). Unfortunately, many such efforts have been thwarted
by enhancer-caused cytotoxicity or structural damage to the intestines (12, 13). Because
of this, oral delivery has been approved by the Food and Drug Administration for only a
handful of peptide drugs, which are relatively small compared to proteins (14).
To address the urgent need for safe intestinal permeation enhancers, we investigated

materials that we hypothesized would be nontoxic in the gastrointestinal tract: plant-
derived foods. Foods contain thousands of compounds that are well-tolerated by intes-
tinal cells and the body as a whole. Over millions of years, humans and plants have
coevolved via mutualism: Plants provide a source of nutrition for humans, while
humans disperse seeds through cultivation, harvest, preparation, and defecation (15).
Given this cooperation, edible plants and their molecular building blocks typically do
not induce toxic or immunogenic responses in the intestine. For example, plant cell
drug encapsulation strategies have been well-tolerated following oral administration
(16, 17), and many plant-derived compounds cause beneficial antiinflammatory, anti-
microbial, or anticancer effects (18–20).
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skipping therapeutic injections
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Herein, we demonstrate that plant-derived foods contain
numerous polyphenolic compounds that enhance intestinal
permeability. Pelargonidin, an anthocyanidin derived from straw-
berry, was the most active of these compounds. When adminis-
tered with the model protein insulin in an enteric coated capsule
at a low dose of 1 U/kg, its resultant bioactivity was over 100%
compared to subcutaneous injection. We also eliminated several
safety concerns by showing that effects were rapidly reversible
and that 1 mo of daily treatment with oral pelargonidin did not
overpermeabilize the intestine, cause gross pathological changes,
or provoke local or systemic inflammation.

Results and Discussion

To determine the suitability of plant-derived foods as intestinal
permeation enhancers, we assembled a library of 106 fruits,
vegetables, and herbs (SI Appendix, Table S1), collected primar-
ily from grocery stores and farmer’s markets or grown specifi-
cally for this study (e.g., otricoli orange berries). Each food was
prepared by washing, removing inedible portions (e.g., peels or
pits), and blending with deionized water to form a slurry. The
slurry was then centrifuged and filtered to remove any water-
insoluble materials, adjusted to neutral pH, and freeze-dried to
yield a powdered extract. These extracts were dissolved at a
concentration of 15 mg/mL, the upper concentration for uni-
form dissolution, in cell culture media for in vitro screening.

We first examined the hypothesis that food-derived com-
pounds are nontoxic to intestinal cells. Specifically, extracts
were incubated with Caco-2 intestinal cells for 3 h, then cell
viability was measured using the PrestoBlue assay (SI Appendix,
Table S1). As expected, most fruit, vegetable, and herb extracts
did not statistically significantly reduce Caco-2 cell viability (SI
Appendix, Fig. S1 and Fig. 1B). Those that did impact cell sur-
vival included garnishes and herbs that humans do not typically
consume in large quantities (e.g., citrus rinds and rosemary).
We also noted that several fruits known to contain protease
enzymes (including kiwi, pineapple, and papaya) registered as
cytotoxic according to the PrestoBlue assay. Visual inspection
revealed that these extracts were not killing the cells but simply
lifting them from the culture plate in the same manner that
trypsin dissociates adherent cells during passaging.

We next took the noncytotoxic extracts and examined their
permeation enhancement efficacy by measuring the transepithelial
electrical resistance (TEER) of treated Caco-2 monolayers (21).
TEER measures the resistance of the cell monolayers to ion
passage, so a reduction in TEER indicates increased intestinal
permeability (22, 23). Extracts produced a wide range of effects
on permeability (Fig. 1B). While many extracts did not impact
TEER (y axis values near the dashed gray line), a subset produced
excellent permeation enhancement (TEER values less than 50%).
Interestingly, a small number of extracts rendered the monolayers
less permeable (e.g., raspberry; SI Appendix, Table S1), which
may be useful in the context of leaky gut therapy (24).

Fig. 1. Plant-derived foods are a novel source of nontoxic permeation enhancers that enable oral protein delivery. (A) A food-derived permeation enhancer
is incorporated into a capsule containing a powdered macromolecular drug (e.g., insulin) for oral administration. The capsule is coated with a pH-sensitive
polymer (enteric coating) that delays release of the enhancer and drug until the capsule has localized to the small intestine. There, the enhancer opens the
tight junctions between intestinal cells, enabling the protein drug to enter circulation. (B) Food extracts screened at 15 mg/mL on Caco-2 cells exhibited a
variety of behaviors, and well-tolerated food extracts differed in their effect on TEER (y axis), a surrogate measurement for intestinal permeability. Lower
TEER typically corresponds to higher drug permeability. (C) The most effective TEER-reducing extracts increased the permeability of the model drug, calcein,
across Caco-2 intestinal monolayers (y axis). Strawberry was chosen as our top candidate because it enabled full recovery of TEER values within 24 h of
treatment removal (x axis). Error bars display SEM (n = 3 replicate wells for TEER and calcein permeability, n = 8 replicate wells for Presto viability).
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For the most promising permeation-enhancing extracts (col-
ored points in Fig. 1B), we confirmed that TEER reductions
correspond with increased permeability. Specifically, we mea-
sured transport of the fluorescent molecule calcein, a 623-Da
model drug, across Caco-2 monolayers (y axis, Fig. 1C). Because
permeability of treated monolayers developed over time, typically
taking 2 h to equilibrate, calcein transport data are expressed as a
quasi-steady-state permeability relating the mass transported for
1 h before treatment addition to that transported between the
2- and 3-h posttreatment marks. As expected, the selected
extracts increased calcein permeability. Improvements ranged
from 5-fold (cranberry) to more than 50-fold (beet). Because
reversibility is an important feature of a safe permeation
enhancer, we also measured TEER 24 h after extract removal (SI
Appendix, Table S1). All TEER data are displayed as percentage
of the same monolayers’ TEER values before treatment addition
(x axis, Fig. 1C). We chose strawberry for future experiments
because it offered the most promising combination of perme-
ation enhancement and monolayer recovery.
Next, we focused on the most critical question for further tech-

nology development: Of the thousands of chemical compounds
found in strawberry, which is responsible for strawberry’s revers-
ible and nontoxic permeabilization of the intestine? Our screen-
ing results revealed an intriguing trend: The effect of some fruits
and vegetables varied dramatically as a function of color. For
example, while red tomatoes, grapes, and potatoes were effective
permeation enhancers, yellow tomatoes, green grapes, and white
potatoes were not (Fig. 2A). Based on these data, we wondered
whether our active, permeation-enhancing compound may be a
pigmented molecule.
To test this theory, we grew a crop of the Carolina Pine-

berry, a white-fruited strawberry cultivar (Fig. 2B). When
applied to Caco-2 monolayers, these white strawberries failed
to enhance intestinal permeability (Fig. 2C), confirming that
we were searching for a compound related to coloration. The
most abundant class of pigmented compounds in strawberries
is the polyphenols (25), defined by the presence of multiple
phenol groups (26). Given that white strawberries have multi-
ple down-regulated synthesis pathways for polyphenols (27),
we next examined strawberry polyphenols as a narrowed set of
potential permeation enhancers.
To isolate polyphenols, we ground freeze-dried strawberries

to a powder, extracted them with ethanol, and dried the result-
ing material. We then dissolved this in methanol and applied it
to Amberlite XAD7 resin, which selectively adsorbs phenol
groups (28) (Fig. 2D). Vacuum filtration of the resin removed
all the nonphenolic material with the methanol and subsequent
water washes, and the polyphenols were eluted using ethanol.
After drying, this separation process yielded ∼3.5 g of polyphe-
nol extract per kilogram of strawberries (about 50 strawberries).
When applied to Caco-2 monolayers, the nonphenolic mate-

rial did not affect permeability as measured by TEER (Fig. 2E).
However, the polyphenols boosted calcein permeability to the
same extent as the crude strawberry extract at only one-third the
concentration (Fig. 2F). With a purer permeation enhancer in
hand, we next asked whether our cell culture results extended
in vivo. For initial experiments, we orally dosed mice with
strawberry polyphenols and 4-kDa fluorescein isothiocyanate
(FITC)-labeled dextran (FITC-DX4), which is a nondigestible
and fluorescent macromolecule commonly used to model oral
uptake of small proteins. As expected, the strawberry polyphe-
nols more than doubled FITC-DX4 absorption across the intes-
tinal barrier (Fig. 2G). We observed a similar increase in uptake
for orally administered 40-kDa FITC-dextran (FITC-DX40)

(Fig. 2H), suggesting that the strawberry polyphenols can be
used to orally deliver midsized macromolecular drugs.

We then probed whether strawberry-derived polyphenols
enable the oral delivery of a functional protein. As a proof of
concept, we chose insulin (5.8 kDa) because 1) it is widely pre-
scribed but not orally bioavailable and 2) its bioactivity is read-
ily assessed from a drop of whole blood. Specifically, insulin
enables sugar uptake into cells and results in lower blood glu-
cose levels. In these experiments, mice received an oral dose of
strawberry polyphenols, followed 1 h later by an injection of
insulin directly into the small intestine to circumvent transit
time and degradation in the stomach. Blood glucose levels for
each mouse were monitored over 5 h and were normalized to
the individual animal’s reading immediately before insulin
administration. Mice receiving insulin and strawberry polyphe-
nols experienced a substantial and sustained reduction in blood
glucose concentration compared to mice that received insulin
after a saline gavage (Fig. 2I). Further, the strawberry polyphe-
nols and intestinal insulin combination sustained hypoglycemia
for at least 3 h longer than the same 1 U/kg dose of subcutane-
ous insulin, the current gold standard of administration.

Encouraged by these bioactivity data, we resumed our search
for a single, active component of strawberry and turned to
medium-pressure liquid chromatography (MPLC) for further
resolution of the strawberry polyphenol extract (SI Appendix,
Fig. S2). Briefly, the polyphenol mixture was separated by an
initial MPLC run, and consecutive fractions were combined
based on color and similarity of ultraperformance liquid chro-
matography (UPLC) traces. The pooled samples were further
separated by four additional runs of MPLC and recombined
based on UPLC traces. This yielded 22 fractions, including two
pure compounds, for screening on Caco-2 monolayers.
Although the vast majority of the samples did not affect epithe-
lial permeability (Fig. 3A), one fraction, ε3, was an exceptional
permeation enhancer. The late elution of ε3 from the columns
identified it as one of the less hydrophilic members of the poly-
phenol family. It was also deep red in color and a very small
fraction, yielding less than 3 mg from 1 g of polyphenol start-
ing material. While the small quantity of product suggested
that the fraction was particularly potent, it also complicated
efforts to discern its molecular identity.

To expedite our identification of fraction ε3, we purchased a
library of 27 known phenolic compounds from strawberry. As
with the chromatography fractions, we screened these for their
bioactivity on Caco-2 cells at 1 mg/mL concentration (Fig. 3B).
Fortuitously, one of these compounds was an effective per-
meation enhancer: pelargonidin. Pelargonidin (Fig. 3C) and its
glucoside, callistephin, contribute to the red coloration in straw-
berries (29), with the vast majority of the pigment present as gly-
coside (30). However, our screening showed that callistephin was
not effective, and that only the aglycone form of pelargonidin
improved epithelial permeability. This is consistent with the
observation that the effective fraction, ε3, yielded a small mass of
deep red, fairly hydrophobic material. We further confirmed the
common identity of ε3 and pelargonidin by mass spectrometry
(SI Appendix, Fig. S3) and NMR (SI Appendix, Fig. S4) and
comparable activity on Caco-2 monolayers (SI Appendix, Fig.
S5). Treatment of Caco-2 monolayers with commercially
obtained pelargonidin led to dose-dependent reductions in TEER
(Fig. 3D) and improvements in calcein permeability (Fig. 3E)
without reducing cell viability (SI Appendix, Fig. S6).

We then asked whether commercially available pelargonidin,
like strawberry extracts, enables oral macromolecule delivery in
mice. First, we examined the kinetics of permeation enhancement
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following oral pelargonidin treatment using FITC-DX4. Intesti-
nal permeability was highest 1 h after treatment (Fig. 4A) and
returned to phosphate-buffered saline (PBS)-treated control levels
within an additional hour. These data suggest a swift reversibility
of effect, assuaging the concern that permeation enhancers permit

the unregulated transport of toxins over prolonged periods.
Experiments focusing on size of drug cargoes showed that
improved uptake of orally delivered 40-, 70-, and 150-kDa dex-
trans decreased with larger size (Fig. 4B). Such size-dependent
transport suggests that pelargonidin would not allow for large

Fig. 2. Polyphenolic compound(s) in strawberry enhance intestinal permeability. (A) Only the red varieties of several foods enhanced the permeability of
Caco-2 monolayers. (B) White Carolina Pineberry strawberries were grown for this study. (C) White strawberries, which lack polyphenolic pigments, were
not effective permeation enhancers. (D) Polyphenols were extracted from strawberry via adsorption to Amberlite resin and a sequence of washing steps.
(E) Polyphenolic compounds isolated from strawberries enhanced intestinal permeability by TEER and (F) by calcein permeability to the same extent as crude
strawberry extract at one-third of the dose. (G) Treatment with strawberry polyphenols doubled the uptake of orally administered 4-kDa dextran (FITC-DX4)
and (H) 40-kDa dextran (FITC-DX40) in mice. (I) One unit per kilogram of insulin was delivered by intestinal injection following oral delivery of either saline
(control) or strawberry polyphenols and compared to subcutaneous injection of the same dose. Strawberry polyphenols induced sustained reductions in
blood glucose levels. Integrated areas above the curves from H demonstrate that strawberry polyphenols enabled significantly better insulin bioactivity than
subcutaneous injection. Error bars display SEM (n = 3 replicate wells for A, C, and E, n = 6 mice for panels F and G, and n = 5 mice for H and I). *P < 0.05
with respect to control by two-tailed t test with Welch’s correction.
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material, such as virus capsids or bacteria, to migrate out of the
intestines and into the body. This property is critical for long-
term tolerability of permeation enhancers and has likewise been
demonstrated in the Transient Permeation Enhancer technology
that has achieved recent clinical and commercial success for oral
delivery of the small peptide octreotide (31, 32).
We again used insulin to demonstrate that pelargonidin ena-

bles the delivery of functional protein drugs across the intestinal
barrier. Following oral pelargonidin administration, intestinal
injections of insulin (1 U/kg) induced sustained decreases in
blood glucose over at least 4 h, while a subcutaneous injection
induced a pronounced but brief response (Fig. 4C). Area above
the curve calculations showing that pharmacodynamic activity of
intestinal insulin at the highest pelargonidin dose (80 mg/kg) is
approximately double that of subcutaneous insulin (Fig. 4D and
Table 1). This improves upon other promising, recently reported
strategies for oral insulin delivery, including ionic liquid (33) and
anionic nanoparticles (34), which achieve between 60% and
100% relative bioactivity.
Next, to demonstrate the efficacy of a fully oral delivery

system, we loaded pelargonidin and insulin together into mouse-
sized capsules and coated them with the enteric polymer Eudra-
git L100-55 to protect them from acid- and enzyme-mediated
degradation in the stomach. When orally administered to mice,

capsules containing insulin or pelargonidin alone did not dem-
onstrate any pharmacodynamic difference compared to blank
capsules (SI Appendix, Fig. S7). However, a combination of
pelargonidin and an insulin dose of only 1 U/kg decreased blood
glucose concentrations for at least 4 h (Fig. 4E). In contrast, a
1 U/kg subcutaneous injection of insulin produced a sharp
hypoglycemic effect that resolved within 3 h. Area above the
curve calculations determined that the insulin–pelargonidin cap-
sules at 1 U/kg were twice as bioactive as subcutaneous insulin
(Fig. 4F). To our knowledge, this is the highest oral insulin bio-
activity reported in the literature. Mucoadhesive intestinal
patches (35) and anionic nanoparticle permeation enhancers
(34) in healthy animals have achieved 7% and 29% relative insu-
lin bioactivity, whereas this system produces 140% of the phar-
macodynamic potency per insulin molecule (Table 1). The oral
dose of 1 U/kg insulin used here is an improvement upon
the 10- to 100-U/kg doses required by other oral delivery
systems (33–35).

Having demonstrated the unusual efficacy of pelargonidin as
an intestinal permeation enhancer for oral protein delivery, we
conducted mechanistic and toxicity experiments to evaluate
potential for long-term use. First, we examined the rearrange-
ment of tight junction proteins upon pelargonidin treatment in
Caco-2 cells via immunofluorescence and confocal microscopy.

Fig. 3. Chromatographic separation of strawberry polyphenols identified pelargonidin as the primary, active permeation enhancer. (A) Of 22 fractions that
resulted from MPLC separations of strawberry polyphenols, only the ε3 fraction enhanced the permeability of Caco-2 monolayers. “+” denotes fractions that
were too small to examine at the otherwise standardized concentration of 1 mg/mL. (B) Similarly, of a large group of commercially purchased phenolic com-
pounds known to occur in strawberries, only the pigment molecule pelargonidin significantly increased the permeability of calcein across cell monolayers.
(C) Chemical structure of pelargonidin. (D) Pelargonidin permeabilized intestinal Caco-2 cells, as measured by TEER, and (E) improved calcein permeability in
a dose-dependent manner. Error bars represent SEM (n = 3 or 4 replicate wells).
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While nuclear staining and midcell actin were consistent
between untreated (Fig. 5A) and pelargonidin-treated cells (Fig.
5B), pelargonidin rearranged actin at the apical (luminal) cell
surface (Fig. 5 C and D), which is in the vicinity of tight junc-
tions (36). The junction anchoring protein, zonula occludens 1
(ZO-1) (Fig. 5 E and F), and the tight junction protein, occlu-
din (Fig. 5 G and H), delocalized from the tight junctions and

displayed large gaps in the normally continuous rings at the
boundary of each cell. By pretreating Caco-2 monolayers with
a collection of small-molecule enzyme inhibitors we determined
that myosin light chain kinase (MLCK) is a critical mediator of
pelargonidin-induced permeability (SI Appendix, Fig. S8).
MLCK can remodel the actin cell skeleton (37) and has been
shown to modulate the paracellular transport of insulin (38).

Fig. 4. Pelargonidin, the active component of strawberry, enables oral delivery of functional proteins in mice. (A) Kinetic experiments of pelargonidin per-
meation enhancement in mice showed that intestinal permeability to 4-kDa FITC-dextran (FITC-DX4) peaks 1 h after treatment and returns to baseline within
another hour. (B) Pelargonidin treatment improved uptake of 40-kDa dextran but increased permeability tapered off for larger dextrans. (C) The efficacy of
intestinally injected insulin at a dose of 1 U/kg was dependent on the dose of oral pelargonidin pretreatment, with (D) higher pelargonidin doses leading to
higher bioactivity of the insulin. (E) Oral insulin doses of 1 U/kg (maroon) and 5 U/kg (red) reduced blood sugar in healthy mice when administered with
pelargonidin in capsules. (F) Pelargonidin–insulin capsules resulted in double the bioactivity of subcutaneously injected insulin for 1 U/kg oral insulin. Error
bars represent SEM (n = 8 to 10 mice for B, n = 5 or 6 for all other experiments). *P < 0.050 with respect to control, unless otherwise denoted, by two-tailed
t test with Welch’s correction.

Table 1. Relative bioactivity values for insulin delivered with or without pelargonidin absorption enhancer in
healthy mice

Delivery route
Insulin dose,

U/kg
Pelargonidin,

mg/kg rBGmin, %
AAC,

[(h�mg)/dL]/(U/kg) rBA, %

SQ (5 h) 1 0 50.1 ± 5.5 42.9 ± 12.8 100.0
Intestinal (5 h) 1 0 100.0 ± 0.0 3.7 ± 3.5 8.7

1 40 75.5 ± 4.0 47.1 ± 5.2 109.7
1 80 58.9 ± 4.5 88.9 ± 7.1 207.2

SQ (10 h) 1 0 56.1 ± 2.2 68.5 ± 9.8 100.0
Oral (10 h) 1 0 87.6 ± 2.9 53.7 ± 15.4 (�9.8)

1 40 76.3 ± 1.6 135.2 ± 18.2 140.2
5 40 69.7 ± 4.9 152.0 ± 25.8 34.2
0 40 86.4 ± 1.9 59.0 ± 8.2 0.0

Data are presented as arithmetic average ± SE (n = 5 or 6 mice for 5-h experiments and 8 to 10 mice for 10-h experiments). rBGmin = minimum average relative blood sugar achieved.
AAC = insulin dose adjusted area above the blood glucose curve. rBA = dose-adjusted relative bioactivity. SQ = subcutaneous injection.
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Inhibition of rho-associated protein kinase (ROCK) or kinase
c-Src diminished but did not fully prevent the efficacy of pelar-
gonidin. None of the other signaling enzymes that we exam-
ined proved necessary to the permeabilization process.
To address concerns that pelargonidin permeation-enhancing

treatment may cause damage to intestinal mucosae (39), we per-
formed a long-term safety experiment. Specifically, we orally
dosed mice with 40 mg/kg pelargonidin every day for 30 d. Half
of the animals were monitored for an additional, 7-d “recovery”
period after treatment. In each case, we compared several intesti-
nal and systemic health outcomes in pelargonidin-treated subjects
to control animals receiving saline gavages. Treated mice did not
lose weight during the study (Fig. 5I), nor did they experience ele-
vated blood levels of the intestinal inflammation markers lipopoly-
saccharide binding protein (40) (LBP; Fig. 5J), intestinal fatty
acid binding protein (41, 42) (I-FABP; Fig. 5K), or procalcitonin
(42) (PCT; Fig. 5L). Further, gene expression analysis of mice’s
small intestinal epithelia revealed no significant changes in the
expression of the pore-forming tight junction protein Claudin 2

(43) (CLDN2; Fig. 5M) or the barrier-forming proteins Claudin
3 (CLDN3; Fig. 5N), Zonula Occludens 1 (ZO-1; Fig. 5O), and
Junctional Adhesion Molecule A (JAMA; Fig. 5P) (44).

Finally, we collected small intestine samples and stained
them with hematoxylin and eosin for histological analysis.
Comparison of duodenal tissue between control mice (Fig. 5Q)
and pelargonidin-treated mice (Fig. 5R) revealed no immune
cell invasion, necrosis, or discernible changes in tissue architec-
ture. Similarly, there were no observable differences between
proximal colon tissues from control (Fig. 5S) and pelargonidin-
treated (Fig. 5T) animals. Taken together, these data indicate
that daily intake of pelargonidin, at doses effective for oral drug
delivery, is unlikely to cause intestinal or systemic toxicity.

Through this work we have demonstrated that pelargonidin, a
red pigment abundant in strawberries, enables the oral adminis-
tration of macromolecules from a standard, enteric-coated cap-
sule. Pelargonidin reversibly permeabilized the gut without
adverse effects following 1 mo of daily oral administration.
Proof-of-concept delivery for proteins was established with low

Fig. 5. Pelargonidin induces reversible, nontoxic opening of intestinal tight junctions. (A) Compared to untreated Caco-2 cells, (B) pelargonidin-treated
monolayers showed no difference in morphology for nuclei or midcell actin. (C and D) However, actin at the apical surface, as well as the tight junction pro-
teins (E and F) ZO-1 and (G and H) occludin rearranged into more punctate forms as a result of pelargonidin treatment. (I) During 1 mo of daily pelargonidin
treatment, mice did not lose weight compared to control animals. Periodic weight loss was observed in both control and treated groups as a result of over-
night fasting for weekly checkups. (J) Treated mice did not develop elevated levels of the inflammation markers LBP, (K) I-FABP, or (L) PCT. qRT-PCR revealed
no statistical difference in mRNA expression of the tight junction proteins (M) Claudin 2, (N) Claudin 3, (O) ZO-1, or (P) JAMA in the small intestines of control
and pelargonidin-treated mice. (Q) Representative histological images of duodenal sections of the small intestines from control mice and (R) pelargonidin-
treated mice displayed no tissue damage resulting from treatment. (S) There were also no discernable histological differences between proximal colon sam-
ples from control and (T) treated mice. (White scale bars, 10 μm; black scale bars, 100 μm.) Error bars represent SEM (n = 4 to 12). For I–P, no comparisons
between treated and control mice achieved statistical significance by two-tailed t test with Welch’s correction.
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doses of insulin, and dextran absorption highlighted the poten-
tial for extension to biopharmaceutical agents of differing size,
structure, and composition. This versatility, combined with its
unusual efficacy, suggests that pelargonidin and other fruit-
derived permeation enhancers may provide a new solution to the
clinical challenge of oral macromolecule delivery.

Materials and Methods

Materials. Penicillin/streptomycin, trypsin–ethylenediaminetetraacetic acid (tryp-
sin-EDTA), PBS, fetal bovine serum (FBS), rat tail Collagen I, PrestoBlue viability
kits, Hoechst 33342, calcein, DAPI, AlexaFluor 488-conjugated phalloidin, Alexa-
Fluor 594-conjugated Anti-ZO-1 antibodies, and AlexaFluor 594 Anti-Occludin
antibodies were purchased from Life Technologies (Thermo Fisher subsidiary).
Caco-2 cells were purchased from American Type Culture Collection (ATCC). Dul-
becco’s modified Eagle’s medium (DMEM), Amphotericin B, Falcon 225-cm2

tissue culture flasks, Falcon HTS 24-Multiwell Insert Systems with 1-μm pores, Fal-
con 24-well plates, Corning CellBIND 96-well microplates, sodium butyrate,
MITO+ serum extender, Whatman filter paper, Aimstrip Plus blood glucose strips,
blood glucose monitor, gentisic acid, furoic acid, ellagic acid, kaempferol, narin-
gin, vanillic acid, protocatechuic acid, ferulic acid, caffeic acid, lactone hexose, res-
veratrol, luteolin, bovine serum albumin (BSA), and optimal cutting temperature
(OCT) mounting media were obtained from VWR. FITC-labeled dextrans (neutral
charge, FD product line), Amberlite XAD7 resin, recombinant human insulin,
aprotinin, catechin, epicatechin, polydatin, myricitrin, myricetin, hesperetin, myr-
tenol, gallic acid, metoclopramide hydrochloride, streptozotocin, U-73122, SR
3677, PP2, API-1, AZ 628, PIK, Harris modified hematoxylin, and alcoholic eosin
Y were purchased from Sigma-Aldrich. C18 bulk silica gel SMT-Bod-C18 was pur-
chased from Separation Methods Technologies. Callistephin and procyanidin B1
were obtained from Alkemist Labs. Epicatechin gallate and pelargonidin were
from ChromaDex. Genistein, glucogallin, and sarsasapogenin were purchased
from Toronto Research Chemicals. Mouse-sized (M) capsules and dosing kit were
supplied by Torpac and Eudragit L100-55 enteric coating polymers were a gift
from Evonik. DMSO-d6 and tetramethylsilane (TMS) were purchased from Cam-
bridge Isotope Laboratories. The complementary DNA (cDNA) reverse transcriptase
kit; primers for Beta-Actin, ZO-1, Claudin-2, Claudin-3, and JAM-A; and SYBR
Select Master Mix were ordered from Applied Biosystems. Enzyme-linked immu-
nosorbent assay (ELISA) kits PCT, LBP, and fatty acid binding protein 2 (I-FABP)
were purchased from Abclonal.

Preparation of Crude Food Extract Library. Food samples were obtained
from local supermarkets and farmer’s markets or grown from nursery seed/stock
(Baker Creek Heirloom Seeds, Stark Bro’s Nurseries and Orchards Co.) in
K.A.W.’s garden (Pittsburgh, PA), totaling 106 fruits, vegetables, and herbs (SI
Appendix, Table S1). After removing inedible portions (e.g., seeds and stems),
the samples were blended with 125% wt/wt distilled water on medium-high
speed for 3 min using a household blender. The resulting slurry was transferred
to 50-mL conical tubes and centrifuged for 30 min at 400 rcf and room tempera-
ture. The resulting liquid was centrifuged to remove insoluble components, and
the supernatant filtered through standard coffee filters to remove any large par-
ticulate 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 immedi-
ately before testing.

Cell Culture. Caco-2 lines were confirmed mycoplasma-free by direct DNA stain-
ing 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 d at ratios between 1:3 and 1:8.
Cells at passage numbers 20 to 50 were utilized for further experiments.

PrestoBlue Assay. Caco-2 cells were seeded in a clear-bottom, black, 96-well
plate at a concentration of 104 cells per 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 for crude extracts or reported concentrations for

pelargonidin, 100 μL/well). Sets of cell-free wells were also given extract treat-
ments to ensure that food compounds did not interfere with the assay. After 3 h
of exposure, the treatments 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 treated cells (treated cell wells minus signal
from treatments in cell-free wells) to that of the untreated cells.

Caco-2 Permeability Experiments. For TEER and diffusion marker permeabil-
ity experiments, TRIM models of rapid, 3-d Caco-2 intestinal epithelial mono-
layers were employed (21). Briefly, Caco-2 cells were suspended in DMEM
supplemented with MITO+ serum extender (basal seeding medium), seeded at
a density of 2 × 105 cells per well on collagen-coated transwell membrane sup-
ports, and incubated for 24 to 48 h. The media was then changed to DMEM sup-
plemented with MITO+ and 2 mM sodium butyrate (enterocyte differentiation
medium, EDM) and incubated for 48 h. The TEER was monitored to confirm
proper barrier formation, and only monolayers with initial TEER values of at least
150Ω�cm2 were utilized for TEER or molecular permeability experiments.

Transwell inserts containing Caco-2 monolayers were transferred to 24-well
plates containing 1 mL DMEM per well and allowed to equilibrate for 30 min
before recording initial resistance values using a Millicell voltohmmeter. Treat-
ments were suspended in EDM (15 mg/mL unless otherwise specified) and
applied to the apical chambers, and negative control wells received fresh EDM.
For some batches of pelargonidin, predissolution in ethanol was required; in
these cases, the controls were likewise adjusted to contain the same ethanol con-
tent as the treatments (<1%). TEER readings were taken after 15, 30, 60, 120,
and 180 min. After 180 min, treatments were removed and the monolayers
rinsed once with warm PBS before returning to for a 24-h recovery period.

For molecular permeability, calcein was applied at 0.5 mM into the apical
side of the monolayers with the fruit treatments. After 1 h, 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 a quasi-steady-state
approximation to the apparent permeability equation:

Papp =
ΔM
CaAΔt

, [1]

where Papp is the apparent permeability through the monolayer, ΔM is the
amount of calcein in the basal compartment, Ca is the apical calcein concentra-
tion, 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 h of treatment to its permeability before treatment, normalized to any change
in untreated control monolayers during that time.

Amberlite Separation of Strawberry Extracts. Polyphenols were isolated
via a previously published method (28). Briefly, a strawberry extract produced by
extracting lyophilized fruit with ethanol then drying via 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 using a Buchner funnel and Whatman #11 filter paper and evaporated to
dryness, yielding unabsorbed material, which comprises a wide variety of com-
pounds. The beads were then washed with water, which was collected and lyoph-
ilized 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 polyphe-
nol extract.

Chromatography. MPLC was performed using a Buchi Sepacore system. Glass
columns were hand-packed with reverse-phase (C18) silica gel and each run uti-
lized a gradient from 10 to 100% acetonitrile in water with 0.1% trifluoroacetic
acid (TFA). Run α was implemented for a coarse separation of the strawberry
polyphenol extract (SI Appendix, Table S2). Eluent absorption at 280 nm was
monitored to track phenol group migration. Fractions were collected, concen-
trated via rotary evaporation, and reapplied to a longer, narrower column for
runs β, γ, δ, and ε. Fractions were collected and reconcentrated for testing in
cell culture.
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Each MPLC fraction was analyzed by UPLC using a Waters Acquity UPLC sys-
tem and Acquity UPLC C18 Column. Each run began with a 10-μL injection of
concentrated MPLC eluent. The samples were separated with a linear gradient of
10 to 100% acetonitrile in water/0.1% TFA over 6 min (SI Appendix, Table S2).
The eluent was monitored by a photodiode array detector, allowing each sample
to be recorded for both the 280-nm absorbance trace over time and absorbance
spectra of characteristic polyphenol peaks.

To obtain a larger quantity of fraction ε3 for characterization, a larger amount
of strawberry polyphenol material (6.4 g) was used. This material was dissolved in
60 mL of [67% ethanol, 33% water with 0.1% TFA], sonicated for 5 min, and cen-
trifuged at 300 × g for 4 min to remove any undissolved matter. The supernatant
was reduced to 20 mL by rotary evaporation and applied to a 36- × 920-mm col-
umn hand-packed with reverse-phase (C18) silica gel. This column was run with
the same solvent gradient as run α, at 50 mL/min. The corresponding fractions
were confirmed via UPLC, concentrated, and subjected to the same conditions as
the initial run ε, yielding ∼7 mg of sample. Before characterizing, the activity of
the sample was confirmed on Caco-2 monolayers (SI Appendix, Fig. S5).

Mass Spectrometry. High-resolution mass spectra were obtained on a Thermo
Scientific Exactive Plus EMR Orbitrap Mass Spectrometer (ThermoFisher Scien-
tific). The electrospray ionization source was operated in the positive mode with
spray voltage of 2.5 kV and ion transfer tube temperature at 270 °C. Gas flow
was set to defaults for the used 10-μL/min injection which was performed using
the syringe pump. Each scan consisted of three microscans with a detection
range set over a mass range of 150 to 2,000 m/z.

NMR. 1H and 13C NMR spectra were recorded with a Bruker Avance 500 spec-
trometer using 3-mm tubes with DMSO-d6 as solvent and TMS as an internal
standard. 1H and 13C NMR were performed at 500 and 126 MHz, respectively,
and chemical shifts are given as δ values.

Mouse Studies. All mouse experiments were approved by the institutional ani-
mal care and use committee (IACUC) at Carnegie Mellon University (Pittsburgh,
PA) under protocol number PROTO201600017 and were performed in accor-
dance with all institutional, local, and federal regulations. C57BL/6 mice were
either purchased from Charles River Laboratories or obtained from an institution-
ally managed breeding colony. Prior to experiments, mice were housed in cages
of no more than six animals, with controlled temperature (25 °C), 12-h
light–dark cycles, and free access to food and water. Mice utilized in this study
were female and 8 to 16 wk (dextran, intestinal insulin, and toxicity: 18- to 24-g
weight range) or 24 to 30 wk old (protein drug capsules: 30- to 45-g weight
range to ensure capsule passage through the gastrointestinal tract). Only mice
within 6 wk of age were directly compared to one another (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 or 6), and individuals were only excluded
from data collection if they expired in the middle of surgical procedures or the
monitoring period. Mice were fasted 8 to 12 h the night before an experiment
to limit the variability caused by food matter and feces in the gastrointestinal
tract. Fasting also served to stabilize the animals’ blood sugar for insulin activity
experiments, with a starting blood glucose range of ∼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 adminis-
tered at a volume of 1 mL/kg (1 μL/g).

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 1 h later with 600 mg/kg FITC-DX4. For
some batches of pelargonidin, predissolution in ethanol was required; in these
cases, the controls were likewise adjusted to contain the same ethanol content
as the treatments (<1%). Three hours after the dextran gavage, blood was col-
lected and centrifuged. The serum was removed and examined for FITC concen-
tration 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), 70-kDa dextran (FITC-DX70), or 150-kDa dextran
(FITC-DX150) was substituted at the same 600-mg/kg dose.

Intestinal Insulin Delivery. Following 10 h of fasting, mice were orally gav-
aged 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 insulin
per kg body weight, unless otherwise specified) into the duodenum. Mice in the
subcutaneous insulin injection group received an oral gavage of PBS and did
not undergo surgical access to the intestines. The mice were closed and secured
with tissue adhesive then kept under anesthesia as their blood sugar levels were
monitored each hour for 5 h. An endpoint at 5 h was enforced for all experi-
ments, 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 (AAC) 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. In the AAC calculations, mice returning
above 100% of their starting blood glucose did not incur “negative area.”

Capsule Preparation. Dry capsule contents were produced by combining insu-
lin at the prescribed dose, the protease inhibitor aprotinin (25% capsule filling
by mass, 25 mg/kg), pelargonidin if required (40% capsule filling by mass,
40 mg/kg), and inactive BSA filler then mixing thoroughly. Size M capsules were
filled with 3 to 4 mg of the drug mixture and their exact weights recorded. Each
capsule was then dip-coated three times in a 7% (wt/vol 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.

Oral Insulin Delivery with Capsules. Following a 10-h fasting period, large
(>30 g) mice were checked for baseline blood glucose levels then injected sub-
cutaneously with 5 mg/kg metoclopramide hydrochloride (to stimulate gastric
emptying) and orally administered capsules. Capsules were chosen so small var-
iations in filler weight matched small variations in mouse weight, giving insulin
doses within 10% of the designated average dose. The capsules were immedi-
ately flushed into the stomach with a 200-μL gavage of PBS. Blood glucose was
measured every 2 h for a total of 10 h and normalized to each mouse’s reading
before capsule administration. From the blood glucose measurements, AACs
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%; [2]

where β is the insulin dose in units per kilogram of the capsule treatment being
examined and SQ is subcutaneous injection.

Confocal Microscopy. Monolayers were rinsed with PBS to remove treatments
and fixed in 4% paraformaldehyde for 10 min. After being rinsed three times
with PBS, they were permeabilized with 0.2% Triton X-100 for 10 min, rinsed
three times with PBS, and blocked with 0.2% BSA solution for 30 min to limit
nonspecific antibody binding then incubated for 1 h with staining solutions. The
staining solution contained DAPI (12 μg/mL, 358 nm/461 nm) to mark nucleic
acids, AlexaFluor 488-conjugated phalloidin (5 U/mL, 495 nm/518 nm) to bind
actin, and AlexaFluor 594-conjugated Anti-ZO-1 (clone ZO1-1A12) antibodies or
Anti-Occludin (clone OC-3F10) antibodies (50 μg/mL, 590 nm/617 nm) in 0.2%
BSA. After staining, the monolayers were mounted on slides using ClearMount
solution (Invitrogen) and sealed under coverslips using clear nail polish.

Prepared slides were imaged at 63× magnification using a Zeiss LSM 700 con-
focal microscope with ZEN 2012 SP1 software. Images were captured using a Plan-
Apochromat 63×/1.40 oil DIC objective and an X-Cite Series 120Q laser source
exposing at 405, 488, and 555 nm. Images were ∼101.5 μm × 101.5 μm and
were captured with a lateral resolution of ∼0.3 μm. 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
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processed with the same thresholds and display lookup tables, 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.

Cell Signaling Inhibition. Caco-2 monolayers were incubated for an hour
before treatment with small-molecule inhibitors, then pelargonidin was added
without changing the inhibitor concentration. All changes in permeability were
normalized to monolayers treated with the inhibitors but no pelargonidin. The
inhibitors used were 10 μM FRAX 486 (p21-Activated Kinase, PAK, inhibitor),
10 μM U-73122 (Phospholipase C, PLC, inhibitor) 1 μM SR 3677 (Rho Kinase,
ROCK, inhibitor), 1 μM PP2 (c-Src inhibitor), 100 μM API-1 (Protein Kinase B,
Akt, inhibitor), 2 μM AZ 628 (Rapidly Accelerated Fibrosarcoma Kinase, Raf,
inhibitor), or 0.33 mM PIK (Myosin Light Chain Kinase, MLCK, inhibitor).

Long-Term Safety Study. Cohorts of 12 mice each were treated for 30 d with
oral pelargonidin (40 mg/kg) or PBS (negative control). Mice were weighed each
day before oral gavages to ensure proper dosing. On day 31, half of the mice
were killed and tissue and serum collected for later analysis. The remaining six
mice per group were left untreated for an additional 7 d to assess their recovery
from any cumulative effects of the pelargonidin treatment. Reported weights are
normalized to the starting weight of the individual mouse and to the untreated
control mice.

To determine levels of circulating cytokines and inflammatory markers, blood
samples were separated via centrifugation. The serum was subjected to ELISA
analysis per the instructions of the kit manufacturer.

For intestinal tight junction expression, tissue samples (1 cm) were collected
from treated mice and homogenized in 0.5 mL TRIzol reagent using the Bead-
Bug microtube homogenizer. Chloroform (0.1 mL) was added and centrifuged at
12,000 rpm for 15 min. The aqueous layer was removed and mixed with an
equal volume of 100% ethanol, and the RNA was extracted with RNeasy mini kit
(Qiagen) according to the manufacturer’s instructions. cDNA was generated
from 2,000 ng of RNA using High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Quantitative real-time PCR (qRT-PCR) was performed
using SYBR Select Master Mix (Applied Biosystems) on a ViiA 7 Real-Time
PCR system (Applied Biosystems) and the primer sequences displayed in

SI Appendix, Table S3. The expression of each messenger RNA (mRNA) was
normalized to expression of the housekeeping gene Beta Actin and expressed as
R = 2^-ΔΔct values.

Histology. Immediately following killing, mice from the safety study were dis-
sected to collect their small intestines and colons. The organs were fixed in 4%
formaldehyde for 24 h and transferred into 30% sucrose solution overnight at
4 °C. Sampled were embedded in OCT, and cross-sections of 10 μm were cut
using a cryostat. Sections ere rinsed with PBS and stained in Harris hematoxylin
for 8 min then washed twice in deionized water, differentiated for 1 min in 5%
acetic acid, and washed with water two more times. The hematoxylin was blued
using Scott’s tap water (0.2% sodium bicarbonate and 1% magnesium sulfate at
pH 8 in water) and washed twice more with water. The slides were stained in
alcoholic eosin for 2 min then dehydrated with 95% and 100% ethanol before
they were cleared in xylenes. The slides were mounted and allowed to dry in a
fume hood overnight then imaged using an EVOS FL Auto 2 microscope (Thermo
Fisher Scientific) at 20× magnification.

Statistics. All data presented as arithmetic mean of the given “n” number of
replicates (individual animals or number of in vitro cell culture wells) and error
bars display the SEM. For statistical significance markings, two-tailed Student’s
t tests with Welch’s correction were used to calculate P values, which are dis-
played alongside the data.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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