
Research Paper

A Randomly Coiled, High-Molecular-Weight Polypeptide Exhibits Increased
Paracellular Diffusion in Vitro and in Situ Relative to the Highly Ordered
�-Helix Conformer
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Purpose. The current investigation was conducted to examine the effect of secondary structure of model
polypeptides on their hindered paracellular diffusion.
Methods. Poly-D-glutamic acid (PDGlu) was selected as one of the model polypeptides because of its
ability to form two secondary structures; a negatively charged random coil and an �-helix with partial
negative charge at pH 7.4 and 4.7, respectively. Poly-D-lysine (PDL) was selected as a positively charged
random coil conformation at pH 7.4. Transport experiments were conducted across both a Caco-2 cell
monolayer and the intestinal membrane of Sprague-Dawley rats. Additionally, using NMR, an estima-
tion for the diffusion coefficient and the equivalent hydrodynamic radius for each model polypeptide
was obtained.
Results. PDGlu in the randomly coiled conformation exhibited greater paracellular transport when
compared to either the same polypeptide having an �-helix secondary structure or the positively
charged, randomly coiled PDL.
Conclusions. Randomly coiled PDGlu was able to permeate through the negatively charged tight
junctions of both biological membranes to a greater extent than PDGlu having an �-helix structure and
suggests that molecular flexibility associated with the random coil conformation may play a more
important role than overall charge and hydrodynamic radius on its hindered paracellular diffusion.
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INTRODUCTION

Oral delivery of therapeutic proteins and polypeptides
still remains a challenge. Newly discovered, life-saving poly-
peptides, such as the recently tested anti-HIV1 polypeptide in
clinical trials, T20 (1), can only be delivered intravenously.
The natural physiology of the human body creates a hostile
environment for the absorption of therapeutic proteins and
polypeptides. Polypeptides do not freely diffuse across lipo-
philic cell membranes due to their hydrophilic nature. How-
ever, an alternative route, the so-called paracellular pathway,
is available for their translocation across the biological mem-
brane. Researchers have shown that, in general, the paracel-
lular pathway is the preferred route for passive diffusion of
polypeptides (2–5). So far, the strategies that have been used
to increase the permeability of proteins and polypeptides
across the GI tract can be classified into two major categories:
1) the physicochemical modification of the permeant by pro-
drug synthesis through chemical modification of the drug
molecule and more recently, the use of delivery agents (6),

and 2) modulating the paracellular pathway by applying cal-
cium chelating agents and permeability enhancers (7), toxins
(8), glucose solutions to open up the tight junctions (9), and
complementary tight junctional peptide sequences used to ex-
pand the aqueous-filled paracellular route (10). Although the
application and safety of the second approach is questionable
due to the possible loss of tight junction integrity and the
potential for absorption of undesirable toxins/immunogens
into the systemic circulation, the importance of modulating
the physicochemical properties of the permeant still remains
the top priority of current research. Among the physicochem-
ical manipulations of polypeptide molecules, the importance
of a polypeptide’s overall molecular dimensions or geometry
has not received as much attention as ionic charge, molecular
weight (MW), and size of the permeant. Because the role of
the overall molecular dimensions of a polypeptide and its
associated molecular geometry has not been adequately ad-
dressed with regard to paracellular transport, the three-
dimensional structure or shape of a polypeptide is often in-
correctly correlated with its molecular weight. However, un-
like molecular weight, terms such as spherical, prolate
ellipsoid, oblate ellipsoid, elongated, rod-shape, linear, and
star-like are required to define the overall geometry of many
macromolecules. With regard to the overall molecular dimen-
sions of a polypeptide, properties such as flexibility and rigid-
ity also play an important role in defining the overall dimen-
sions of the molecule.
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Polypeptides can exhibit different secondary structures,
such as random coils (RC), �-helices, or �-sheets, depending
on both their primary sequence and their immediate solution
microenvironment. Formation of different secondary struc-
tures causes a polypeptide to adopt different shapes and an
altered overall three-dimensional structure which, in turn,
may contribute to a different resistance toward its diffusion in
solution and, therefore, affect its rate and extent of paracel-
lular permeability. Using a homologous series of compounds
of increasing molecular weight, it has been well established
that the apparent permeability across various cell monolayers
and in vivo decreases with increasing molecular weight of the
permeant (11–13). Unfortunately, the role of overall molecu-
lar dimensions or geometry of the permeant was not investi-
gated in these studies. One particular study that investigated
the effect of the overall geometry of various water-soluble
intestinal probes demonstrated a nonlinear trend between the
molecular weight of these probes and their apparent perme-
ability (14). However, the influence of the overall molecular
dimensions or geometry of a polypeptide conferred by its
associated secondary structure has not been systematically
evaluated to date.

Another important factor in the paracellular transport of
polypeptides is the effect of overall ionic charge. Using a
Caco-2 cell monolayer, it has been shown that the passive
paracellular diffusion of several small, charged peptides (�6
amino acids) followed the order neutral � positive > negative
(5). Using a series of cyclic arginine-glycine-aspartic acid
(RGD) peptides, it was reported that peptides with a net
charge of –1 to –2 exhibited optimum permeability through
the paracellular route of Caco-2 monolayers (15). Another
study with small anionic, neutral, and cationic nonpeptide
markers revealed a higher permeability for the cationic spe-
cies across this same cell monolayer (16). There are also re-
ports evaluating the transport of several model polypeptides
across a Caco-2 monolayer that do not demonstrate charge-
dependent transport (17,18). In general, it appears that the
overall ionic charge associated with a polypeptide becomes
less significant with regard to transport across a Caco-2 cell
monolayer as the molecular size of the permeant increases. It
has been reported that at the level of a hexapeptide, the
contribution of net charge to the overall transport character-
istics through a Caco-2 cell monolayer was virtually negligible
(5). Unlike polypeptides, the formation of secondary struc-
tures, such as random coils, �-helices, and �-sheets, is not
possible with very short peptides. One particular example of
an investigation with a small peptide that addressed the effect
of secondary structure on transport across a Caco-2 mono-
layer demonstrated that inducing a �-turn motif into the mol-
ecule resulted in an increase in lipophilicity (19). With an
increase in the peptide’s lipophilicity, the primary route for its
transport across the Caco-2 cell monolayer changed from
paracellular to transcellular (19). Additionally, studies with
peptide cyclization resulting in an inhibition of random mo-
lecular movement and an increase in lipophilicity have been
conducted, and have demonstrated the importance of these
factors on the passive diffusion of a small peptide across a
Caco-2 cell monolayer (20,21).

Therefore, using several high molecular weight model
polypeptides, the objectives of the current study were to in-
vestigate i) the effect of overall geometry (conferred from
secondary structure) and ii) the effect of charge on a poly-

peptide’s hindered diffusion across a Caco-2 cell monolayer in
vitro and its absorption across rat intestinal epithelium in situ.

MATERIALS AND METHODS

Two model polypeptides, with relatively close molecular
weights, were selected and purchased from Sigma (St. Louis,
MO, USA). Poly-D-lysine (PDL), MW 17.6 kDa [determined
by the manufacturer using low-angle laser light scattering
(LALLS)], at pH 7.4 in 10 mM phosphate buffered saline
(PBS) was a model for a random coil displaying an overall
positive charge (RC+) (22). Poly-D-glutamic acid (PDGlu),
MW 26.6 kDa [same method of MW determination] at pH 7.4
in 10 mM PBS was a model for a random coil exhibiting an
overall negative charge (RC−). This same molecule at pH 4.7
was used as a model for an �-helix in which a smaller fraction
of the carboxylic acid groups yielded their protons to the
medium and hence carried an overall partial-negative charge
(��−) (23). These model polypeptides had a weight-average to
number-average molecular weight ratio (Mw/Mn) of approxi-
mately 1.2. Fluorescein isothiocyanate (FITC)-labeled-dextran
with an average MW of 19.5 kDa, [ethyleneglycol-bis-(�-
aminoethyl ether)-N,N,N�,N�]-tetraacetic acid (EGTA), col-
chicine, and sodium azide (NaN3) were also purchased from
Sigma and used as received. 14C-mannitol and 14C-diazepam
with specific activities of 231 and 56 mCi/mmol were pur-
chased from American Radiolabeled Chemicals (St. Louis,
MO, USA) and Amersham Pharmacia Biotech (Piscataway,
NJ, USA), respectively. Each polypeptide was labeled with
FITC as described below and diluted with Dulbecco’s phos-
phate buffered saline (DPBS) to the desired concentration for
the in vitro experiments, and a pH of 4.7 was achieved using
a standard 1 N HCl solution. FITC-labeled polypeptides in
PBS were used for the in situ investigations. Fluorescence of
all receptor phase samples was determined with a Tecan
SpectraFluor Plus microtiter plate reader (Research Triangle
Park, NC, USA) at the excitation and emission wavelengths
of 485 and 535 nm, respectively.

Labeling Model Polypeptides with FITC

The model polypeptides were labeled with FITC utilizing
a FluoroTag FITC conjugation kit, obtained from Sigma, ac-
cording to the manufacturer’s protocol, and separated from
excess FITC using a Sephedex G-25 column. Each fraction
was monitored with a UV spectrometer at 220 nm for poly-
peptide presence, and the absorbance value obtained was cor-
rected for FITC absorbance at this wavelength. The reaction
site for FITC labeling in PDL is the free side chain amino
groups, as well as the terminal amino group, and for PDGlu it
is only the free amino terminus. Thus, the molar ratio of FITC
to the polypeptide (F/P) which was determined for each la-
beling procedure was greater for PDL. Despite having a
smaller F/P ratio, labeled PDGlu was still easily detectable by
a spectrofluorometer.

Circular Dichroism (CD)

A JASCO J-720 spectropolarimeter (Japan Spectro-
scopic Co. Ltd., Tokyo, Japan) was used to determine the CD
spectra of the model polypeptides and the ability of each
pH-controlled buffer solution to induce the required second-
ary structure in the model polypeptide. CD analysis was con-
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ducted from 190 to 300 nm at room temperature under con-
stant nitrogen flush with a Teflon-stoppered quartz cell hav-
ing a pathlength of 0.02 cm. The percent of each conformation
present was calculated using the software called JFIT (devel-
oped by Dr. Bernard Rupp at the Lawrence Livermore Na-
tional Laboratory, Livermore, CA, USA; www-structure.llnl.
gov/cd/cdtutorial.htm).

Stability Studies

FITC-PDGlu at either pH 7.4 or 4.7 was incubated with
Caco-2 monolayers for 3 h at 37°C. Samples were collected at
predetermined time points up to 3 h and were injected into a
PolySep-GFC-P 3000 size exclusion column (Phenomenex,
Torrance, CA, USA) connected to a Waters 600E isocratic-
pumping unit (Waters, Milford, MA, USA), a 746 automated
integrator, and a JASCO FP-1520 fluorescence detector (Ja-
pan International Co., Ltd., Tokyo, Japan). The mobile phase
was composed of 20% methanol and 80% water (v/v). A flow
rate of 0.3 ml/min was used for each run. Samples were de-
tected at the excitation and emission wavelengths at 495 and
525 nm, respectively. No stability study was conducted with
FITC-PDL due to the lack of succination of the lysine and
problems associated with elution of this compound from the
column.

Diffusion Experiments

In Vitro

Caco-2 cells used in all of the studies were obtained from
the American Type Culture Collection (ATCC) and were
grown in 12-well Transwells according to standard procedures
to form a monolayer. The cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% nonessential amino acids
(NEAA), 100 mg/l of penicillin G, and 100 mg/l of strepto-
mycin. Cells were incubated at 37°C in culture flasks in hu-
midified air and a 5% CO2 atmosphere. The cells were pas-
saged after confluence using 0.25% trypsin-EDTA and
seeded on a polyester Transwell with a pore size of 3 �m at a
density of 1.0 × 105 cells/well. The culture medium was re-
placed every 48 h for the first 6 days and every 24 h thereafter.
After 21 days in culture, the cells (passage numbers 35-38)
were washed with DPBS three times, and the experiments
conducted. All diffusion experiments, whether in vitro across
a Caco-2 cell monolayer or in situ across intestinal membrane,
were performed a minimum of three times.

Effect of pH and PDGlu on the Integrity of the Caco-2
Cell Monolayer. In order to determine whether the integrity
of the Caco-2 cell monolayer was altered by a reduction in pH
to 4.7, as well as whether the polypeptide itself was able to
disturb the cell monolayer, diffusion of two markers of para-
cellular and transcellular transport (14C-mannitol and 14C-
diazepam, respectively) were evaluated for 3 h. The first ex-
periment was to determine whether there was a difference in
the transport of 14C-mannitol across the Caco-2 cell mono-
layer when maintained in DPBS at either a pH of 4.7 or 7.4.
14C-diazepam was similarly evaluated at both pHs. The sec-
ond experiment involved placing either the random coil or
�-helix secondary structure of PDGlu in the donor compart-
ment with 14C-mannitol to determine whether the inclusion of

the polypeptide altered mannitol’s paracellular diffusion.
Similarly, 14C-diazepam was evaluated with both secondary
structures of PDGlu to determine whether its transcellular
diffusion was changed. The apparent permeability (Papp) was
calculated for mannitol and diazepam using the slope of the
plot of the cumulative amount of radioactive isotope in the
receptor compartment vs. time.

EGTA to Expand Tight Junctions. To determine wheth-
er EGTA would enhance the paracellular diffusion of both
secondary structures of PDGlu, experiments were conducted
in which the Papp across a Caco-2 cell monolayer for each
secondary structure was determined in both the absence and
presence of 2.5 mM EGTA (24). EGTA solution was added
to both the donor and receptor buffer (DPBS) at 37°C for 45
min prior to initiation of the diffusion experiments and then
removed. Two hundred �g/ml of FITC-PDGlu in either the
random coil or the �-helix structure was placed in the donor
compartment, and receptor phase samples (200 �l) subse-
quently collected at predetermined time points with buffer
replacement.

Endocytotic Uptake Studies. To test whether both sec-
ondary structures of PDGlu were transported across a Caco-2
cell monolayer by either adsorptive endocytosis or receptor-
mediated endocytosis, the transport of each secondary struc-
ture was evaluated in the presence and absence of either col-
chicine or sodium azide (NaN3). Colchicine is an inhibitor of
microtubule structure and function and, as such, acts as an
inhibitor of adsorptive endocytosis (25), whereas NaN3 causes
the depletion of ATP in the cells (26). Each secondary struc-
ture FITC-labeled of PDGlu was evaluated at a donor phase
concentration of 200 �g/ml, while the final donor phase con-
centration of either colchicine or NaN3 used was 0.1 mM (27)
and 5 mM (28), respectively. Diffusion experiments were then
conducted as described above.

Cell Internalization of the Secondary Structures of Poly-
D-glutamic Acid. Separate diffusion studies across Caco-2 cell
monolayers were conducted using FITC-PDGlu in either the
random coil or �-helix secondary structure. At the end of the
3-h transport study, the Caco-2 cells were copiously washed
three times and the washings collected for analysis. It was
assumed that the exhaustive washing protocol removed any
surface-bound polypeptide. The cells were subsequently re-
moved from the Transwell filters using a rubber policeman,
transferred to Eppendorf tubes containing fresh buffer, and
then centrifuged at 2000 rpm for 15 min at 4°C to remove any
trapped polypeptide retained by phospholipids in the mem-
brane. The remaining pellet was homogenized by means of a
glass homogenizer in fresh buffer, followed by the second
centrifugation at 12,000 rpm for 20 min at 4°C to remove the
cytosolic content of the Caco-2 cells. The supernatants fol-
lowing each centrifugation were analyzed by a spectrofluo-
rometer for the presence of the FITC-labeled secondary
structure of interest at excitation and emission wavelengths of
485 and 535 nm, respectively.

In Situ

Briefly, male Sprague-Dawley rats weighing 225–250 g
and which had an indwelling cannula placed into the left ex-
ternal jugular vein the previous day were fasted overnight and
anesthetized using sodium pentobarbital (35–40 mg/kg). Body
temperature under anesthesia was maintained using a heating
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pad and an overhead lamp. A midline incision was made in
the abdomen of the rat, and an 8-cm segment of duodenum
selected. While the proximal end of this segment was still
connected to the rest of the intestine and tied firmly with
surgical thread, the distal end was cut open. The luminal con-
tents were then removed, and the segment further cleaned
carefully with prewarmed sterile normal saline solution. A 2.5
mg (∼55 �M) dose of the FITC-labeled polypeptide in 1.7 ml
of the buffered dosing solution was instilled before the distal
end was tied closed with another piece of surgical thread. The
whole intestinal segment was carefully placed back in the
abdominal cavity.

Blood samples (300 �l) were collected at predetermined
time points. The jugular vein cannula was heparinized be-
tween blood collections with 0.1 ml of a heparin solution (100
U/ml). Blood samples were immediately centrifuged at 5000 ×
g, the plasma harvested, and the polypeptide concentration
determined using fluorescence spectroscopy by comparison to
a standard curve generated by assaying known concentrations
of the FITC-labeled polypeptide dosing solution, which had
been spiked into blank rat plasma. Because no transport of
the �-helix secondary structure of PDGlu was observed in
vitro, another set of in situ experiments were conducted to
evaluate the possibility of endocytotic uptake for the �-helix
structure of PDGlu. This was accomplished by including 1.2
mg/kg of colchicine (25) in the polypeptide dosing solution.

The plasma concentration of each polypeptide was mul-
tiplied by the volume of distribution, assumed to be the vol-
ume of the plasma (40.4 ml/kg) in a rat (29), to obtain the
slope of the cumulative amount of polypeptide transported
vs. time plot. The slope was then normalized for the surface
area of the isolated intestinal segment (A � 2�r × l). The
effective radius of the rat intestinal lumen (r) was assumed to
be 0.18 cm (30), and the average length of the isolated intes-
tinal segment (l) was measured in each experiment. All ani-
mal investigations adhered to the NIH “Principles of Labo-
ratory Animal Care”.

Determination of Diffusion Coefficients Using NMR. A
500 MHz model DRX500 Bruker Avance NMR (Billerica,
MA, USA) was used to provide an estimate of the diffusion
coefficient for each polypeptide (31). All NMR measure-
ments were performed at 37°C using deuterated buffer. Prior
to the NMR measurements, the CD profile of the polypeptide
solutions prepared in deuterated buffer confirmed the forma-
tion of the desired secondary structure (data not shown). The
value of the diffusion coefficient obtained by NMR was sub-
stituted into the Stokes-Einstein equation (Eq. 1),

Daq =
kT

6� � 	 � RH
(1)

and the equivalent hydrodynamic radius (RH) for each model
polypeptide was calculated.

Estimation of the Tight Junction Pore Diameter in Rat
Duodenum. As a prelude to estimating the radius of the
aqueous pore (tight junction) in the rat intestinal absorption
experiments, the expression describing the lag-time (tlag) as-
sociated with the diffusion of a compound at steady-state
across an isotropic, nonporous membrane (Eq. 2) was first
used to calculate the diffusion coefficient of each polypeptide

in the aqueous pore (Dpore). This expression was used as only
an approximation, as intestinal epithelium is porous. How-
ever, the fractional surface area of the intestine that is porous
is rather small (32).

tlag =
h2

6 � Dpore
(2)

In Eq. 2, the lag-time was determined from a plot of the
cumulative amount of the individual secondary structure of
PDGlu, as well as PDL, that was detected in the plasma vs.
time post-dosing. The thickness (h) was assumed to be equal
to the overall pathlength that each polypeptide followed as it
traversed the membrane (assumed to be ∼600–750 �m)
(33,34). Thus, by rearranging Eq. 2 (the lag-time equation),
Dpore of the individual secondary structure of PDGlu and
PDL was calculated.

In order to estimate the radius of the tight junctions in rat
intestinal membrane (Rpore), the following equation was sub-
sequently used.

F�
� = �1 − 
�2�1 − 2.8
 + 3.3
2 − 1.4
3� (3)

where F(
) is the Renkin molecular sieving function, and 
 is
the ratio of RH(NMR)/Rpore. Because the Renkin molecular
sieving function, F(
), is also equivalent to the ratio of the
diffusion coefficients of the solute in the pore and in the bulk
solution (Dpore/Dbulk, where Dbulk can be determined from
NMR measurements), F(
) was calculated by simply dividing
the Dpore of each conformer (determined using Eq. 2) by the
DNMR (determined in the previous section). RH(NMR) was
calculated from the DNMR using the Stokes-Einstein equation
(Eq. 1), as described in the previous section. As a result, the
only unknown parameter in Eq. 3 is Rpore, which was finally
determined using successive iterations/approximations.

RESULTS

CD Spectrum

The CD profiles from 190 to 250 nm for FITC-PDGlu in
the RC− and ��− secondary structure, as well as FITC-PDL in
the RC+ structure, are shown in Fig. 1. The percentage of the

Fig. 1. The CD spectra of the three model polypeptides. FITC-PDL
( ), FITC-PDGlu (— — —), and FITC-PDGlu (– – –) exhibited a
RC+, an �-helix (��−), and a RC− secondary structure, respectively.
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predominant secondary structure for each polypeptide was
estimated by JFIT and predicted to be approximately 95%,
85%, and 70% for FITC-PDL at pH 7.4 (RC+), FITC-PDGlu
at pH 7.4 (RC−), and FITC-PDGlu at pH 4.7 (��−), respec-
tively.

Stability Studies

Although the chemical stability of various FITC-labeled
polypeptides have been reported in the literature (3,35,36),
the current stability study was conducted to ensure the pres-
ervation of the intact polypeptide conjugated with FITC. As
an example of a FITC-labeled macromolecule for which sta-
bility studies have been conducted, FITC-dextran has been
evaluated for its stability in vitro (37). This molecule was used
as a high-MW marker for the transport of FITC-PDGlu in the
current study. Although FITC-labeled PDGlu demonstrated
a lower fluorescence intensity at pH 4.7 than at pH 7.4, the
samples were readily detected, and the plots of the area-
under-the-curve (AUC) vs. time (to 3 h) resulted in slopes of
approximately zero; thus, demonstrating the stability of each
secondary structure of FITC-labeled PDGlu (data not
shown).

Diffusion experiments

In Vitro

No transport was observed for positively charged FITC-
PDL across Caco-2 monolayers. Therefore, the transport ex-
periments focused on FITC-PDGlu in either the RC− or ��−

secondary structure. Transport across the Caco-2 cell mono-
layer was negligible for both FITC-PDL at pH 7.4 (RC+) and
PDGlu at pH 4.7 (��−). Values of the apparent permeability
of (7.0 ± 1.2) × 10−7 cm/s and (3.1 ± 0.9) × 10−7 cm/s were
calculated for FITC-PDGlu in the RC− conformation at pH
7.4 (n � 5) and FITC-dextran (n � 3), respectively. FITC-
dextran, with a MW close to PDL and PDGlu, was used as an
uncharged molecular probe in the in vitro diffusion studies
using Caco-2 monolayers.

Effect of pH and PDGlu on Caco-2 Monolayer Integrity.
The amount of 14C-mannitol that was transported across the
Caco-2 cell monolayer at pH 4.7 in the presence of FITC-
PDGlu in the donor solution was compared to the corre-
sponding values obtained at pH 7.4 (Table I). It is important
to note that for each marker in column 2 of Table I, the
FITC-PDGlu existed in the ��− secondary structure at pH 4.7
and the random coil structure at pH 7.4. A similar analysis
was conducted with the marker for transcellular diffusion
(14C-diazepam) (lower half of Table I). When the values of
Papp for a given marker molecule were compared for diffusion
between pHs in the absence of PDGlu in the donor phase,
between pHs in the presence of PDGlu in the donor phase,
and in the absence vs. the presence of PDGlu in the donor
phase at a given pH, no statistically significant differences
were obtained. Therefore, it was concluded that pH 4.7 and
the presence of PDGlu in either conformation in the donor
phase did not disrupt the integrity of the Caco-2 cell mono-
layer during the course of the 3-h experiment.

EGTA. Treatment of Caco-2 cell monolayers with
EGTA prior to the diffusion studies resulted in a 3.3-fold
increase in the value of Papp for the RC− conformation. The

value of Papp significantly (p < 0.05) increased from (7.0 ± 1.2)
× 10−7 cm/s with no EGTA to (2.3 ± 0.4) × 10−6 cm/s in the
presence of 2.5 mM EGTA. The cumulative percent of the
dose transported vs. time for PDGlu in the randomly coiled
secondary structure is shown in Fig. 2. No transport was ob-
served for the ��− conformation of FITC-PDGlu in either the
presence or the absence of EGTA.

Endocytotic Uptake Studies. The cumulative amount of
FITC-PDGlu in the RC− conformation that was transported
across a Caco-2 cell monolayer (Fig. 3) was not significantly
different when in the absence or presence of either colchicine
(Fig. 3A) or sodium azide (Fig. 3B), indicating that neither
endocytotic uptake nor active transport played a role in the
transport of FITC-PDGlu.

Cell Internalization of the Secondary Structures of Poly-
D-glutamic Acid. Figure 4 demonstrates the amount of FITC-
PDGlu for each secondary structure that was recovered from
the Caco-2 cell surface, membrane, and cytosol. The ��− sec-
ondary structure of FITC-PDGlu was retained on the cell
surface to a much greater extent than that observed for the
RC− secondary structure, as indicated by the almost 11-fold
increase in the amount of the secondary structure recovered

Table I. Investigation of the Effect of pH and the Presence of Either
Conformation of FITC-PDGlu on the Integrity of the Caco-2 Mono-
layer by Evaluating the Transport of the Paracellular (14C-Mannitol)

and Transcellular (14C-Diazepam) Marker Molecules

pH
Papp for mannitol

alone (cm/s)
Papp for mannitol with
FITC-PDGlu (cm/s)

7.4 (2.9 ± 0.4) × 10−6 (2.8 ± 0.4) × 10−6

4.7 (2.6 ± 0.1) × 10−6 (2.3 ± 0.3) × 10−6

Papp for diazepam
alone (cm/s)

Papp for diazepam with
FITC-PDGlu (cm/s)

7.4 (2.3 ± 0.2) × 10−5 (2.1 ± 0.1) × 10−5

4.7 (2.0 ± 0.4) × 10−5 (2.2 ± 0.3) × 10−5

A one-way ANOVA demonstrated no statistically significant differ-
ences between mean values of Papp (n � 3) for a given marker mol-
ecule when compared for diffusion between pHs in the absence of
PDGlu in the donor phase, between pHs in the presence of PDGlu in
the donor phase, and in the absence vs. the presence of PdGlu in the
donor phase at a given pH.

Fig. 2. Effect of 2.5 mM EGTA on the permeability of FITC-PDGlu
across a Caco-2 cell monolayer. The closed squares and filled dia-
monds are FITC-PDGlu in the RC− conformation in the presence
and absence of 2.5 mM EGTA, respectively. All symbols represent
the mean value ± the standard deviation.
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in the cell washings. Neither secondary structure of FITC-
PDGlu was detected in the cytosolic fraction of the cells.

In Situ

The plasma concentration-time profile of the polypep-
tides following placement of the dose in the intestinal seg-
ment is shown in Fig. 5, and the associated transport param-
eters for both conformations of PDGlu are listed in Table II.
PDGlu (RC−) exhibited the greatest concentration in the
plasma, followed by PDGlu in the ��− secondary structure
and, lastly, PDL (RC+) which demonstrated negligible ab-
sorption. A statistically significant increase (p < 0.05) was
observed for the mean Cmax, flux, and Papp values for the RC−

structure when compared to the ��− secondary structure of
FITC-PDGlu.

With the aid of Caco-2 monolayers, it was demonstrated
that colchicine did not alter the transport of the RC− confor-
mation of FITC-PDGlu (Fig. 3A). On the other hand, as no
transport was observed for the ��− secondary structure of
FITC-PDGlu across a Caco-2 monolayer, the in vitro inves-
tigation of the effect of colchicine on this secondary structure
was not possible. However, the transport of the ��− secondary
structure of FITC-PDGlu was observed in situ. Thus, a sepa-
rate in situ experiment, in which colchicine was included in
the dosing solution of the ��− secondary structure of FITC-
PDGlu, was conducted. Similar values for the slope of the
cumulative amount of the ��− secondary structure of FITC-
PDGlu transported vs. time profiles in the presence and the
absence of colchicine were obtained. As listed in Table III,
the values of Cmax, flux, and Papp for the ��− secondary struc-
ture of FITC-PDGlu in the presence of colchicine were not
significantly (p > 0.05) different from the corresponding mean
values in the absence of colchicine.

NMR Measurements. The estimated RH for non–FITC-
labeled polypeptides is shown in Table IV. A larger RH for
PDGlu (RC−) was obtained, compared to PDL (RC+) and
PDGlu (��−). In fact, an ANOVA revealed that all these
mean values of the RH were significantly (p < 0.05) different
from one another. With regard to the RC− and ��− structure
of PDGlu, it may be that a smaller, more compact geometry
is adopted by the ��− structure due to a smaller number of the
carboxylic acid groups yielding their protons to the medium
(i.e., a smaller number of carboxylate anions are produced),

Table II. Transport Parameters for Both Secondary Structures of
FITC-PDGlu in Situ

Study (n � 3)
Cmax

(�g/ml)
Flux

(�g cm−2 s−1) × 103
Papp

(cm/s) × 106

FITC-PDGlu (RC−) 22.0 ± 0.6a,b 8.7 ± 0.4b 4.8 ± 0.2b

FITC-PDGlu (��−) 16.0 ± 1.4 4.2 ± 1.8 2.6 ± 0.7

a Indicates only an estimation, as the plasma concentration was still
increasing at 75 min (see Fig. 5).

b Demonstrates a significant (p < 0.05) difference between mean val-
ues for both secondary structures of FITC-PDGlu.

Fig. 4. Investigation of the distribution of both secondary structures
of FITC-PDGlu when incubated with Caco-2 cells. *Indicates a sig-
nificant (p < 0.01) difference compared to the mean value for the cell
washings that contained the RC−. All symbols represent the mean
value ± the standard deviation.

Fig. 3. Effect of (A) colchicine (an endocytosis inhibitor) and (B)
NaN3 (an active transport inhibitor) on the paracellular transport of
FITC-PDGlu in the RC− conformation across Caco-2 monolayers.
The solid and the dashed lines represent FITC-PDGlu in the absence
and the presence of both inhibitors, respectively. All symbols repre-
sent the mean value ± the standard deviation.

Fig. 5. The plasma concentration-time profiles of the two model
polypeptides in the in situ experiments. FITC-PDGlu at pH 7.4 (RC−)
is represented by diamonds, FITC-PDGlu at pH 4.7 (��−) by squares,
and FITC-PDL at pH 7.4 (RC+) by closed triangles. All symbols
represent the mean value ± the standard deviation.
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which results in the formation of more intermolecular hydro-
gen bonds.

Estimation of the Tight Junction Pore Diameter. Using
Eqs. 2 and 3 and the method of successive approximations,
the pore radius of the tight junctions in the rat intestine were
calculated to range from 15 ± 0.2 to 19 ± 2.0 Å.

DISCUSSION

In the current study, an attempt was made to correlate
the overall molecular dimensions of a polypeptide with its
diffusive movement through tight junctions to better under-
stand the absorption of polypeptides from the intestine. Pre-
viously, we demonstrated that changing the secondary struc-
ture of a polypeptide influenced the value of its free diffusion
coefficient (Daq) through aqueous-filled pores of a synthetic
membrane (38). Thus, a positive correlation was established
between the secondary structure of the model polypeptides
and their Papp (38). Although there are reports of the effect of
molecular structure of synthetic polymers on their passage
across biological (39) and synthetic membranes (40), the ef-
fect of the molecular geometry on the microvascularization of
polymeric drug carriers (41), and numerous reports on the
hindered diffusion of small peptides across Caco-2 and rat
intestinal membrane, there are no reports on the importance
of overall molecular dimensions/geometry on the paracellular
diffusion of extended polypeptides composed of a single
amino acid and which are incapable of forming permanent
tertiary structure. The effect of molecular configuration of
ficoll (a highly branched copolymer adopting a rigid spherical
structure) and dextran (a flexible/deformable randomly
coiled polymer) on their passage across the glomerular cap-
illary wall has been investigated (39). The greater permeation
observed for dextran was attributed to lowered resistance to-
ward diffusive movement due to deformation and flexibility
inherent in its random coil structure (39). Another study
evaluated several molecules used as intestinal probes and
demonstrated a nonlinear trend between molecular weight of
the different probes and their intestinal permeability (14). For

this reason, we sought to determine the relationship between
the overall molecular dimensions of two model polypeptides,
with two conformations, each having a different, but single
predominant secondary structure (�-helix or random coil), on
their hindered diffusion across biological membranes. Be-
cause the polycationic PDL was primarily found in the Caco-2
cell monolayer washings, as well as bound to the surface of
the Caco-2 cells, and no transport was observed across a
Caco-2 monolayer, no further investigation with this polypep-
tide was conducted.

It is generally assumed that molecules with a large mo-
lecular weight are not able to permeate through tight junc-
tions of the intestinal membrane. Current research, along
with an increased understanding of tight junction physiology,
challenges this assumption. The passage of high MW probes,
such as polyethylene glycol (PEG) 4000, inulin (5500 Da), and
dextran 4000 across Caco-2 cell monolayers and rat intestinal
membrane has been reported (42,43). Additionally, the para-
cellular transport of high-molecular-weight proteolytic en-
zymes across Caco-2 cell monolayers is a clear indication that
the intestinal membrane is indeed permeable to large proteins
and polypeptides (44). The current study, which demon-
strated the permeation of the RC− conformation of a 26.6
kDa synthetic homopolypeptide across rat intestinal mem-
brane in situ and a Caco-2 cell monolayer in vitro, without the
aid of any permeation enhancer, is another example. Al-
though no transport for the ��− conformation of FITC-PDGlu
across the Caco-2 monolayer was observed in the present
investigation, nevertheless, its absorption from the leakier rat
intestine was demonstrated.

The most interesting aspect of the current study is the
similar trend uncovered with regard to permeation of PDGlu
in the RC− structure across a Caco-2 monolayer and in situ.
This conformation underwent greater paracellular transport
across both biological membranes evaluated. Studies that as-
sessed the transport of 14C-mannitol and 14C diazepam across
a Caco-2 monolayer when PDGlu was included in the donor
phase solution in either the RC− or the ��− secondary struc-
ture demonstrated no damage to either tight junctions or the
integrity of the membrane due to the pH [consistent with an
earlier report by Hilgers et al. at pH 4.5 (45)] or the polypep-
tide itself.

The current study establishes four lines of evidence for
the paracellular transport of the randomly coiled secondary
structure of PDGlu across a Caco-2 cell monolayer; namely,
i) the value of the Papp increased by 3-fold in the presence of
2.5 mM EGTA (Fig. 2), ii) there was no difference in the rate
or extent of transport in the absence or presence of either
colchicine or NaN3 (Fig. 3), iii) we obtained a value for Papp

that was similar to the Papp obtained for flexible FITC-labeled
dextran having a molecular weight of 19.5 kDa and which is
known to undergo transport by the paracellular pathway (11),
and iv) no PDGlu was detected inside of the Caco-2 cells
(Fig. 4).

Our findings, which evaluated the paracellular transport
of each secondary structure of PDGlu across a Caco-2 cell
monolayer, would tend to suggest that both the overall mo-
lecular geometry or dimensions associated with a permeant
and its inherent degree of structural rigidity, as it relates to
flexibility and deformation of the molecule during restricted
diffusion, are more important than either the polypeptide’s
overall ionic charge, molecular weight, or relatively large hy-

Table III. Transport Parameters for the ��− Secondary Structure of
FITC-PDGlu in the Presence and Absence of an Endocytosis Inhibi-

tor (Colchicine) in Situ

Study (n � 3)
Cmax

(�g/ml)
Flux

(�g cm−2 s−1) × 103
Papp

(cm/s) × 106

FITC-PDGlu (��−) 16.0 ± 1.4a 4.2 ± 1.8 2.6 ± 0.7
FITC-PDGlu (��−)

+ colchicine 16.0 ± 1.4 5.0 ± 0.5 3.4 ± 0.3

a Indicates only an estimation, as the plasma concentration was still
increasing.

Table IV. NMR-Determined RH of the Two Model Polypeptides

Polypeptide RH
a (Å)

PDL (pH 7.4) 23 ± 3
PDGlu (pH 7.4) 36 ± 1
PDGlu (pH 4.7) 30 ± 1

a Indicates that all three mean values of RH were significantly (p <
0.05) different from one another following a one-way ANOVA.
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drodynamic radius (RH). The observation of greater plasma
concentrations following intestinal absorption of the 26.6 kDa
random coil secondary structure of PDGlu [RH of 36 ± 1 Å,
with ∼99% of the COOH groups on the side chains carrying
a negative charge as the carboxylate anion (COO−), deter-
mined by potentiometric titrations and the Henderson-
Hasselbalch equation] relative to the �-helix secondary struc-
ture [RH of 30 ± 1 Å, with ∼33% of the COOH groups on the
side chains carrying a negative charge as the carboxylate an-
ion (COO−)] would tend to support this premise, as it is well
documented that an �-helix secondary structure is more rigid
compared to a randomly coiled structure (46). Perhaps the
ability of PDGlu in the random coil secondary structure to
undergo random variation in its overall molecular geometry
(shape) allowed its paracellular transport, despite the fact
that virtually all of the COOH groups on the side chains were
negatively charged and, presumably, should have been elec-
trostatically repelled by the negatively charged (cation-
selective) tight junctional complexes (16). In fact, using a se-
ries of small hydrophilic peptides and a Caco-2 cell monolayer
system, Pauletti et al. suggested that the contribution of a
polypeptide’s net ionic charge to its overall diffusional trans-
port was virtually negligible at the level of a hexapeptide (5).
Finally, maybe the ��− secondary structure experienced steric
hindrance during its passage through the tight junctions, caus-
ing it to be partially trapped in the paracellular pores. Even
the expansion of tight junctions in the Caco-2 cell monolayer
using EGTA was not sufficient for the �-helix secondary
structure to overcome any potential steric hindrance while in
the pores, in contrast to the random coil secondary structure,
in which EGTA resulted in a 3-fold increase in paracellular
transport. As another possibility, we suggest that the amount
of the ��− secondary structure of PDGlu that underwent
transport was too low to be detected by our methods.

Although we observed the same trend in paracellular
transport of the random coil structure of PDGlu across a
Caco-2 cell monolayer as we did in situ, we did not demon-
strate close agreement in the extent of paracellular transport
of the �-helix secondary structure between the Caco-2 cell
monolayer and the in situ experiments. Using a series of small
peptides, other investigators have reported a positive corre-
lation in permeability between the in situ perfused ileum
model and the in vitro Caco-2 model (47). Additionally, using
Caco-2 cell monolayers, some investigators have demon-
strated a positive correlation between in vitro and in vivo
experimental results (48–50), whereas others have reported
less than optimal agreement (51–53). Several factors may play
a role in the poor correlation between Caco-2 cell monolayer
and in vivo studies reported by various investigators. These
may include, but are not limited to, the fact that absorption
studies employing the whole animal are characterized by a)
an intact intestine that secretes a layer of mucus and which is
fully innervated, b) active blood/tissue gas exchange, c) sig-
nificantly greater absorptive surface area, d) a thicker diffu-
sion barrier, e) physiologically active tight junctional com-
plexes (tight junctions opening and closing over time), and f)
a smaller unstirred layer adjacent to the microvilli (54). In
addition, it must be noted that the intestinal enterocyte tight
junctions of rat duodenum are classified as “leaky” (TEER
values ranging from 30 to 100 � cm2). In contrast, Caco-2 cell
monolayer tight junctions are categorized as “intermediate to
tight” (TEER values ranging from 230 to 1000 � cm2) (7).

Using hydrophilic molecules, Artursson et al. demon-
strated that intestinal permeability was not necessarily in-
versely related to the molecular weight of the permeant (55).
In other words, a molecule with a higher MW (PEG 194–502
g/mol) demonstrated a 6- to 28-fold greater permeability com-
pared to a compound such as mannitol (182 g/mol). These
authors suggested that flexibility associated with the random
molecular structure of PEG could have played a role in this
finding (55). The current study demonstrated greater perme-
ability of the 26.6 kDa random coil structure of PDGlu from
the rat duodenum than across a Caco-2 cell monolayer. With
the ��− secondary structure of PDGlu, the effect was even
more pronounced; demonstrating no transport across the
Caco-2 cell monolayer, but appreciable absorption from the
rat duodenum. This would tend to support the findings that
rat duodenum is much leakier than tight junctions in a Caco-2
cell monolayer.

Our desire to estimate the average pore radius of the rat
duodenum with relation to our test permeant stems from the
fact that there exists a wide range of tight junction pore radii
in the intestine. It has been reported that with increasing size
of intestinal probe molecules, the average of the pore radius
also increases (42). For instance, using small intestinal probes
such as mannitol, PEG 400, and PEG 900, the radius of the
tight junctional pores in rat intestine has been estimated to be
9.20 ± 3.70 Å, whereas these same estimations have increased
to 12.06 ± 5.27 Å when probes with a larger molecular weight
such as inulin (5500 Da) and PEG 4000 were used (42). Other
estimations of the tight junction pore radius in anesthetized
rats has been reported to be up to 50 Å when inulin and PEG
4000 were used as the probes in the presence of glucose (32).

Clearly, a relationship based on comparable radii exists
between the overall molecular dimensions of the permeant
and a specific population of tight junctions. As suggested by
Madara et al. (56), the heterogeneous nature of tight junction
pore radii may be a reflection of a dynamic process in which,
we suggest, the probe randomly diffuses through a specific
population of pore radii during the time-dependent opening
and closing of the pores. Using both secondary structures of
PDGlu, as well as the RC conformation of PDL as test
probes, our estimate of the average pore radius of the rat
intestine was 15–19 Å. This is remarkably close to previous
estimates by others, considering our unconventional ap-
proach to estimating the average pore radius.

In conclusion, we have evaluated two model polypep-
tides, with two conformations, for their potential transport
across a Caco-2 cell monolayer. Except for several in vivo
pilot studies, polycationic PDL was not further investigated
for potential intestinal absorption because of its strong affin-
ity for the negatively charged surface of mammalian cells. In
contrast, it was demonstrated that each secondary structure of
PDGlu was absorbed from the rat intestine, but only the ran-
dom coil secondary structure of PDGlu was transported
across a Caco-2 cell monolayer. Paracellular transport of the
random coil structure of PDGlu across a Caco-2 cell mono-
layer occurred despite the fact that approximately 99% of its
carboxylic acid functional groups existed as the negatively
charged carboxylate anion (COO−) at pH 7.4, compared to
the �-helix structure at pH 4.7 in which ∼33% of the COOH
groups have yielded their proton to the medium and conse-
quently exist as COO−. This fact could potentially suggest
that either the charge density of the tight junction may not be
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great enough to repel the RC− conformation of FITC-PDGlu
or the charge to mass ratio of this species is too small to
produce a significant repulsion. Based on several lines of evi-
dence advanced in the current study, we conclude that the
transport of the random coil secondary structure of PDGlu
across a Caco-2 monolayer, as well as absorption into the
systemic circulation following placement in the rat intestine,
was by the paracellular pathway. We further suggest that pref-
erence for the random coil secondary structure of PDGlu by
the tight junction may have occurred due to possible defor-
mation and/or alterations in its overall molecular dimensions
or geometry during the diffusion process. This would presum-
ably contribute to both lowering its resistance to diffusion in
solution, as well as modifying any potential steric hindrance
that such a macromolecule might experience during its diffu-
sive movement through a restricted/hindered aqueous chan-
nel. Thus, we conclude that the flexibility associated with the
random coil conformation of PDGlu did play a significant
role in the extent to which this model polypeptide was trans-
ported across a Caco-2 cell monolayer and absorbed from the
rat intestine. Although the relevance of these model polypep-
tides to therapeutic peptides and proteins may be question-
able, one should not forget that they provide an excellent
opportunity to use a relatively simple model to investigate the
concepts that may govern more complex systems. The con-
cept tested in our study might be applicable to the diffusion of
larger polypeptides. As stated by Pauletti et al., “for peptide
drugs possessing a high degree of conformational flexibility, it
might be possible that even larger molecules can permeate
the tight junctions” (57). It remains to be seen whether one
specific secondary structure of a therapeutic polypeptide ca-
pable of residing in different secondary structures is always
preferentially absorbed by the paracellular route. This will
necessitate further studies with clinically useful polypeptide
drugs and opens up the possibility of enhancing their para-
cellular absorption by intentionally converting an existing sec-
ondary structure into one having optimal overall dimensions/
geometry and internal molecular flexibility.
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