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ABSTRACT: Microspheres (MS) have been proposed for use as oral vaccine delivery
vehicles (VDV); however, due to poor and variable absorption their clinical utility is
limited. The effects of size, z -potential, and surface hydrophobicity on the translocation
(PT ) permeabilities of polystyrene (PS) MS with varying surface functional groups
(amidine, carboxyl, carboxylate-modified [CML], and sulfate) were determined through
gastrointestinal (GI) mucin. PT were determined, under steady-state conditions, using
a modified Ussing-type diffusion chamber and a mucin packet developed for use with
the Transwell-Snapwell system. PT followed the Stokes–Einstein relationship, demon-
strating the limited ability of larger MS (ú0.5 mm) to diffuse through the mucin layer.
PT also varied according to the surface characteristics. Even though the z -potential did
not correlate with the transport of MS through mucin, surface ionization appears to
be important in MS translocation. The PS–amidine MS were significantly less hy-
drophobic and had a higher PT than that of the other MS, suggesting that hydropho-
bicity is also a significant factor in MS transport through mucin. While these results
suggest that mucin may be a significant barrier to the oral absorption of vaccines and
VDVs in vivo, the rate-limiting barrier for the absorption of MS will be the intestinal
mucosa. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 63: 1481–1492, 1997
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INTRODUCTION tential as vaccine delivery vehicles (VDVs).2–6

Ideally, VDVs must protect the immunogen from
GI inactivation, promote transport through bio-The weak immunogenicity, low intestinal per-
logical barriers such as mucin and the intestinalmeability, and high presystemic clearance of
mucosa, augment the immune response, and con-vaccines from the gastrointestinal (GI) tract re-
trol the kinetics of vaccine presentation to antigenquires the use of prohibitively large and repetitive
presenting cells (APCs) thereby promoting an ef-doses to elicit even a modest immune response1

fective immune response.making mass immunization programs economi-
cally unfeasible. Controlled-release polymeric mi- The intestine not only allows for the absorption
crospheres (MS) have exhibited considerable po- of nutrients, electrolytes, and fluid, but also acts

as a barrier to prevent the free mixing of toxic
lumenal contents with the underlying interstitial

Correspondence to: P. J. Sinko and vascular fluids, thus preventing the absorp-Contract grant sponsors: Associated Institutes of Materials
tion of potentially harmful substances. For VDVsScience; Corning-CoStar Corp.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/111481-12 to be absorbed, they must pass through two barri-
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1482 NORRIS AND SINKO

ers that are in series: the mucosa and the mucus
gel layer. The mucosal tissue acts as a barrier
since it restricts the penetration of vaccines, even
though it is an incomplete barrier to macromole-
cules and particulate materials. Vaccine compo-
nents may enter the intestinal mucosa at several
possible sites, including the tips of villi where en-
terocytes are extruded, across or between entero-
cytes, or by specialized epithelial tissue composed
of membraneous (M) cells that cover lymphoid
aggregates known as Peyer’s Patches.7,8

Intestinal mucus, a high molecular weight gly-
coprotein secretion, covers the mucosa with a con-
tinuous adherent blanket. The primary function
of the mucus layer is to protect the gastrointesti-
nal mucosa from potentially harmful bacteria,
pathogens, or chemicals.9–11 Several investigators
have shown that mucin significantly decreases
the diffusion of small and large compounds such
as bovine serum albumin (BSA),12 lysozyme,12

tertiary amines, quaternary ammonium com-
pounds,13 and others.14 The thickness of the mu-
cin gel layer varies regionally throughout the GI
tract with thickness decreasing distally from 50
to 500 mm (Ref. 10) in the stomach to 16–150
mm (Refs. 15–17) in the colon. The primary gel-
forming component of the mucus layer is mucin,
a highly heterogeneous glycoprotein, composed of
a protein backbone to which carbohydrate side
chains of various lengths are O-linked to serine Figure 1 Modifications to Snapwell ring and sche-
or threonine amino acid residues11 which form a matic of Transwell-Snapwell diffusion chambers. The

0.4 mm filter supplied with Snapwell rings is removedmucin subunit. Several subunits joined by disul-
and mucin is placed between two polycarbonate filtersfide bonds form mucin molecules as large as 2
of appropriate size (see text). Snapwell fits within the1 106 D. The concentration of mucin in the mucus
diffusion chamber and is sealed in place with rubbergel layer also varies regionally. The concentration
O-rings.of mucin is reported to be Ç 50, Ç 40, Ç 30, and

Ç 20 mg/mL in the stomach, duodenum, jejunum-
ileum, and colon, respectively.11,17,18

0.01, 0.1, 0.2, 0.5, 1.0, and 2.0 mm yellow-green/In this report, an Ussing-type diffusion cham-
carboxylate-modified [CML], and 0.5 mm yellow-ber system was developed to investigate the bar-
green/sulfate surface) were purchased fromrier properties of mucin using model VDVs com-
Molecular Probes (Eugene, OR). Nucleopore poly-posed of polystyrene (PS). The permeability of PS
carbonate filters were purchased from Corning-MS of varying size and surface properties were
Costar Corp. (Cambridge, MA). All other materi-determined and correlations were established
als were purchased from either Sigma Chemicaldemonstrating that the mucus layer may be a sig-
(St. Louis, MO) or Fisher Scientific (Springfield,nificant barrier to the intestinal absorption of
NJ) and used as received.VDVs.

Modifications to Ussing-type Diffusion ChambersEXPERIMENTAL
Ussing-type diffusion chambers (Corning-Costar

Materials Corp.) were used with modified Snapwell rings to
maintain a vertical layer of mucin (Fig. 1). ThePS MS of various sizes (0.5 mm yellow-green/

amidine surface, 1.0 mm red/carboxyl surface, original filters were removed with a scalpel and
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TRANSLOCATION OF POLYSTYRENE MICROSPHERES 1483

Table I Polystyrene Microspherereplaced with Nucleopore polycarbonate filters of
Concentrations in Donor Chambervarying pore sizes using a cyanoacrylate adhesive.

A polystyrene plastic ring approximately 0.38 mm
Particle Donorthick was then glued onto the Snapwell ring. The

Microsphere Diameter Concentrationmodified Snapwell was filled with 50 mL of recon-
Surfacea (mm) (particles/mL)stituted mucin (20, 30, or 50 mg/mL) and then

sealed with a second filter. Sulfate 1.0 5.0 1 107

Mucin was prepared by reconstituting gastric Amidine 0.5 1.0 1 108

mucin (porcine, crude type II, Sigma Chemical Carboxyl 1.0 5.0 1 107

Co.) . Mucin was mixed with sodium phosphate/ CML 0.01 1.0 1 1013

CML 0.1 2.25 1 1010sodium carbonate buffer (pH 6.5) in a mortar and
CML 0.2 1.8 1 109triturated until completely wetted. The gel was
CML 0.5 6.5 1 108then diluted to the appropriate concentration
CML 1.0 5.0 1 107

(20–50 mg/mL) and mixed well. Mucins from all
CML 2.0 2.5 1 106

mammalian species, including human and por-
cine mucins, share considerable structural simi- a Amidine Å amide group; CML Å carboxylate-modified.
larities.9–11 Included in these shared properties
are the molecular weight and rheological proper-
ties for native and reconstituted, purified mucins The Ability of the Mucin Packet to Maintain an
from gastric and small intestinal regions.19–21

Ionic (pH) Gradient

The donor chamber was filled with buffer at pH
6.5 and the receptor chamber with buffer at pH

Diffusion Chamber System Validation 7.4 with the mucin layer mounted between the
two half-chambers. The pH was then measured

The barrier properties of the mucin packet were on both sides of the diffusion chamber for 90 min
validated prior to the initiation of the uptake and using a Ag/AgCl electrode.
translocation experiments in order to confirm the
integrity of the system during the time course of Molecular Weight Distribution of Mucin
the experiment. Three studies were performed:
the loss of mucin from the packet during the ex- Size-exclusion chromatography was used to char-

acterize the molecular weight distribution of re-periment, the ability of the mucin packet to main-
tain an ionic (pH) gradient, and the binding of constituted mucin. A low-pressure glass chroma-

tography column (1.5 cm i.d.) was filled to a heightthe MS to the chamber components.
of 50 cm with Sepharose 2B size exclusion media.
One milliliter of mucin (1 mg/mL) was added to

Loss of Mucin from the Packet During the the column and eluted with a mobile phase con-
Experiment sisting of 0.2% NaCl and 0.02% sodium azide as

a preservative. The mobile phase was pumped at
The modified Snapwell rings were placed within a flow rate of 0.2 mL/min using a peristaltic pump
diffusion chambers and both sides (donor and and 2 mL fractions were collected and assayed for
receptor ) of the chamber were filled with 7 mL mucin. Chromatograms were generated to deter-
0.01M sodium phosphate /sodium carbonate mine the molecular weight distributions for two
buffer at pH 6.5. The chambers were placed in mucin concentrations (50 and 30 mg/mL) at pH
prewarmed heating blocks and the gas lift sys- 6.5 and 2.5.
tem connected. The gas lift system continuously
bubbles 95% O2 : 5% CO2 into each half-chamber The Binding of MS to the Chamber Components
to provide mixing during the experiment. After
90 min at 377C, the concentration of mucin The binding of MS to the acrylic chamber was

determined by filling both sides of the diffusionwithin the packet was determined using an es-
tablished method based on a periodic acid /Schiff chambers with the MS suspension. The concen-

trations used are given in Table I. Smaller MS arebase reaction.22 The loss of mucin was evaluated
using the filters with pore sizes of 1, 2, 3, 5, 8, less fluorescent than are larger MS and therefore

require higher concentrations to produce detect-and 10 mm and physiologically relevant mucin
concentrations 20, 30, and 50 mg/mL.17 able levels during analysis. Samples were re-
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1484 NORRIS AND SINKO

moved at 0, 5, 10, 15, 30, and 60 min and assayed phosphate/sodium carbonate buffer (pH 6.5) and
measuring the particle size for 90 min at 377C.using a Shimadzu RF-5000 spectroflourophoto-

meter. Yellow/green fluorescent MS were assayed No agglomeration, as indicated by an increase in
effective particle size with time, was observed forat excitation lÅ 490 nm and emission lÅ 510 nm.

Red fluorescent MS were assayed at excitation l any MS during the experiment.
Å 585 nm and emission at l Å 610 nm.

To correct for MS binding to the receptor cham- Hydrophobic Interaction Chromatography (HIC)
ber, an empirical correction factor was deter-

The relative hydrophobicity of PS MS was deter-mined. MS of known concentration, equal to the
mined using hydrophobic interaction chromatog-expected amount transported, were added to the
raphy based on a previously described method.23receptor chamber every 2 min. Samples were col-
Briefly, columns were prepared using Pasteur pi-lected from the receptor chamber and assayed at
pettes (5 3

4 in. L 1 1
4 in. i.d.) containing a small30, 60, 90, and 120 min. These concentrations

were then compared to the amount of MS added amount of glass wool with ethyl, pentyl, hexyl, or
to the chamber. The empirical correction factor octyl agarose beads by gravity feed to a column
was calculated by the following general equation: height of 3 cm (1.2 mL of agarose suspension).

The columns were then washed with at least 10
mL of 0.6M NaCl buffered to pH 7.4 with 0.001M

ECF (MS , time ) Å Ctheoretical

Cexperimental
(1) sodium phosphate to remove the residual sus-

pending solvents. One hundred microliters of mi-
crosphere suspension (0.02% solids) were addedwhere ECF is the empirical correction factor
to the top of the column and eluted by gravity flowwhich is a function of both the MS and the sample
with 5 mL 0.6M NaCl followed immediately by 5time, Ctheoretical is the concentration of MS added to
mL of 0.1% Triton X-100. The eluate was collectedthe chamber, and Cexperimental is the experimentally
and assayed for MS. HIC was performed eightdetermined MS concentration at each time point.
times for each surface.The ECF was multiplied by the experimentally

determined transport concentrations to deter-
Contact Anglemine the actual amount of MS which transported

within each time point.
Two milligrams of MS, suspended in water, were
cast onto a microscope slide and evaporated to
dryness. The MS were scraped off the slide, col-Microsphere Surface Characterization
lected, and dissolved in 1 mL of xylenes (mixture

Zeta Potential of o-, m-, and p -xylene). The polymer solution was
then cast onto a coverslip and the solvent evapo-The z -potential was determined at pH values
rated to dryness to obtain a smooth film. The con-ranging between 2.0 and 10.0 using a BI-Zeta Plus
tact angle was then determined using distilled(Brookhaven Instrument Corp.) . MS were diluted
water and a Rame-Hart NRL Model 100 goniome-to a concentration of 0.002% solids in 0.001M so-
ter. Ten measurements were made on each castdium phosphate/sodium carbonate buffer; the pH
film.was adjusted using 0.01N HCl or 0.01N sodium

hydroxide.
Microsphere Transport

Confirmation of Particle Size
Snapwell rings were prepared as described to con-
tain mucin at 30 mg/mL. The Snapwell rings wereThe particle-size range was confirmed using a BI-

Zeta Plus instrument. MS suspensions (2% sol- inserted into the diffusion chambers which were
then placed in heating blocks prewarmed to 377C.ids) were diluted 2 mL to 3 mL in 0.01M sodium

phosphate/sodium carbonate buffer (pH 6.5). The MS suspensions were added to the donor side and
blank buffer was added to the receptor side. Theparticle size was measured for 2 min, five times

for each MS. All cuvettes and solutions were donor concentrations used are shown in Table I.
Diffusion chambers were removed serially everyrinsed and/or filtered to remove dust prior to mea-

surement. The agglomeration of MS was deter- 30 min for 2 h. The mucin layer was completely
removed and diluted to 3 mL in sodium phosphatemined by diluting MS suspensions (2% solids) to

the concentrations shown in Table I using sodium buffer. Since mucin did not fluoresce at the wave-
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TRANSLOCATION OF POLYSTYRENE MICROSPHERES 1485

Statistical Methods

Statistical analyses were performed using BMDP
New System (BMDP Statistical Software, Los
Angeles, CA). All values are reported as mean
{ SEM. Differences are considered to be signifi-
cant at a Å 0.05. A least significant difference test
was performed to determine specific differences
between means on any ANOVA with a õ 0.05.

RESULTS

Diffusion Chamber System Validation

The results of the validation studies are shown in
Figures 2–4. The three concentrations of mucin
evaluated in these studies (20, 30, and 50 mg/mL)
correspond to the physiological concentrations of
mucin found in the colon, jejunum-ileum, and
stomach, respectively.11,17,18 Filters with poreFigure 2 The percent mucin remaining within the
sizes less than 5 mm retained at least 85% of thepackets after 90 min, 377C, pH 6.5. Mucin packets were
mucin for 90 min for all three initial mucin con-prepared containing (m ) 50 mg/mL mucin, (. ) 30 mg/
centrations (Fig. 2). When the pore size of themL mucin, and (l ) 20 mg/mL mucin placed between
filter was greater than 5 mm, a significant amountpolycarbonate filters of varying pore size.

lengths used, corrections for background fluores-
cence were not necessary. The donor chamber was
removed and refilled with a fresh MS suspension
to maintain a constant donor chamber concentra-
tion every 30 min. The samples were assayed as
previously described.

The translocation permeability, PT , was calcu-
lated using the equation

PT Å
VR

AC0

dCR

dt
(2)

where dCR /dt is the slope of the regression line
of the receptor concentration vs. time plot; A , the
surface area of the mucin layer (1.03 cm2); C0 , the
donor concentration of MS; and VR , the volume of
the receptor chamber (7 mL).

Figure 3 Maintenance of a barrier to pH by mucin
packet. pH remains constant beginning at 30 min when

Nonlinear Regression Methods H/ diffusion between donor and receptor chambers is
prohibited by a physical barrier: (m ) line A donor side,Scientist for Windows (MicroMath Scientific Soft-
line F receptor side). pH changes significantly whenware, Salt Lake City, UT) was used to fit the ex- donor and receptor chambers are separated by a packet

perimental data to the Stokes–Einstein equation containing buffer: (. ) line C donor side, line D receptor
by nonlinear regression. PT values were weighted side. pH remains constant when donor and receptor
by 1/SEM. The point at which the second deriva- chambers are separated by a mucin packet: (l ) line B
tive of the fitted curve approached zero was used donor side, line E receptor side). (*) indicates slope is

significantly different from 0 between 30 and 90 min.as the size cutoff for MS transport through mucin.
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1486 NORRIS AND SINKO

of mucin diffused out of the packet (Fig. 2). Based
on these results, all subsequent experiments were
conducted with filters possessing pore sizes less
than or equal to 5 mm. A mucin concentration of
30 mg/mL was utilized in order to simulate intes-
tinal mucin concentrations.

The ability of the mucin layer to maintain an
ionic gradient is shown in Figure 3. The mucin
layer maintained a pH gradient between pH 6.5
and 7.4 better than the control (buffer placed be-
tween the filters) during the time course of the
experiment.

To characterize potential structural changes in
mucin during the time course of the experiment,
size exclusion chromatography (SEC) was per-
formed. Analysis of mucin composition was per-
formed prior to and after completing the experi-
ment. Typical chromatograms are shown in Fig-
ure 4. At pH 6.5, the amount of mucin (initial
Å 20, 30, and 50 mg/mL) retained in the 5 mm
filter insert was approximately 85% (only 50 mg/
mL data shown). The molecular size range of the
retained mucin after the experiment [Fig. 4(b)]
was found to be similar to control chromatograms
[Fig. 4(a)] , indicating that mucin loss was not
attributable to a particular molecular weight frac-
tion. The total mucin lost is consistent with that
reported in Figure 2.

The binding of MS to the diffusion chambers
[Fig. 5(a)] was dependent upon size. Over 90
min, 40–70% of the MS remained suspended in
the diffusion chambers. To properly determine the
steady-state translocation permeability using
Fick’s Law, it was necessary to maintain a con-
stant donor MS concentration. To overcome this
problem, 4 mL were removed from the donor
chamber and replaced with 4 mL of fresh MS sus-
pension. As shown in Figure 5(b), using this
method, the concentration of MS in the donor

Figure 4 Size exclusion chromatograms for mucin re-chamber at 90 min was constant and not signifi-
constituted at 50 mg/mL: (a) mucin before diffusioncantly different from the initial concentrations.
experiment; (b) mucin retained within packet after a
diffusion experiment. One milligram of mucin was
added to a 50 cm Sepharose 2B column and eluted withMicrosphere Surface Characterization 0.2% NaCl/0.02% sodium azide at a flow rate of 0.2
mL/min. Two milliliter fractions were collected and an-Zeta (z ) -Potential
alyzed by periodic acid/Schiff base assay.

The zeta (z ) -potential is the potential difference
between the charge on a surface and the bulk of
the solution in which it is submerged. The values boxyl, CML, and sulfate) studied and are shown

in Figure 6. The positively charged surface, amid-obtained for z -potential are dependent upon the
ionic strength and pH of the buffer as well as upon ine, had less negative z -potential values com-

pared to the other MS surfaces. The carboxylate-the temperature at which the measurement is
taken. The pH– z -potential profiles were charac- modified surface exhibited a moderately charged

surface at pH values ú 6 when compared to theterized for the four MS surfaces (amidine, car-
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Figure 6 z -Potential of unmodified PS MS (0.002%
solids) diluted in 0.001M sodium chloride/sodium car-
bonate buffer (ionic strength Å 0.007) determined by
laser light scattering using a BI-ZetaPlus instrument.
Electrical field applied and reversed five times: (m ) PS–
sulfate; (l ) PS–amidine; (j ) PS–carboxyl; (. ) PS–
CML.

modified surface appeared to have a much lower
pKa (Ç 2.5). A pKa of 6.0 was estimated for the
amidine surface.

Contact Angle

The distilled water contact angle gives an indica-
tion of the hydrophobicity of the cast film. The
results of the contact angle measurements are
shown in Table II and Figure 7. Using this
method, differences in contact angles could not be
discerned. It is hypothesized that, by dissolving
the MS in mixed xylenes before casting the films,

Figure 5 (a) The binding of MS to diffusion chambers Table II Contact Angles and Hydrophobic
over time, pH 6.5, 377C: (m ) 0.01 mm; (. ) 0.1 mm; (l ) Interaction Chromatography Results
0.2 mm; (j ) 0.5 mm; (l ) 1.0 mm. (b) Donor chamber
concentrations using donor suspension replacement: Polystyrene Contact HIC %
(white) percent of initial concentration at t Å 0 min, Microsphere Angle Retained,
(black) percent of initial concentration at t Å 90 min, Surfacea (7) Pentyl Agarose
pH 6.5, 377C.

Sulfate 71.3 { 0.61 85.91 { 6.19
Amidine 70.6 { 1.95 70.42 { 9.17b

Carboxyl 73.7 { 0.75 93.66 { 0.34other surfaces. Using these pH profiles, it was
CML 73.5 { 5.02 91.93 { 2.33possible to estimate the approximate pKa value

for each surface. The carboxyl and sulfate sur- a Amidine Å amide group; CML Å carboxylate-modified.faces demonstrated a reduction in z -potential at b Indicates statistical significance, P value õ.05 after AN-
OVA followed by least significant difference analysis.3.5 and 5.0, respectively, while the carboxylate-
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1488 NORRIS AND SINKO

sulfate (85%), carboxyl (93%), and CML MSs
(91%). The HIC results are shown in Figure 7.

Microsphere Translocation

The calculated translocation permeabilities, PT ,
for MS of different surfaces with similar size are
shown in Table III and Figure 8. Significant differ-
ences in the calculated PT of the MS were ob-
served. The PT of the PS–amidine MS was an
order of magnitude greater than was the PT for
the other surfaces (5.36 1 1004 vs. Ç 3 1 1005

cm/min). The PT for the PS–CML MS was 2.63
1 1005 cm/min. The PT for the PS–sulfate and
PS–carboxyl MS were, respectively, 30 and 110%
higher than the PT for the PS–CML MS but were
not significantly different due to the variability inFigure 7 Percent MS retained on pentyl-agarose hy-
the measurements.drophobic interaction chromatography columns (5 3

4
The diffusion of particles through mucin should1 1

4 in.) eluted with 0.6M NaCl followed by 0.1% Triton
follow the Stokes–Einstein equation:X-100. Distilled water contact angle on cast films of MS

dissolved in xylenes, 10 measurements, five on left side
of sessile drops, five on right side. (Black) PS–sulfate;

D Å kT
6hpr

(3)(white) PS–amidine; (gray) PS–carboxyl; (white-
striped) PS–CML; (gray-striped) unformulated PS. (*)
Percent PS–amidine on HIC only significant difference

where k is the Boltzmann constant; T , absoluteafter ANOVA and least significant difference analysis.
temperature; h, the viscosity of the medium; and

the surface character of the MS was apparently
abolished since only the surface groups of the MS
were functionalized. Therefore, by dissolving the
MS and casting a film, a significantly higher frac-
tion of unfunctionalized PS was exposed on the
surface of the film. As seen in Figure 7, the cast
films’ hydrophobicities are not significantly differ-
ent than the control (nonfunctionalized PS) sup-
porting this hypothesis.

Hydrophobic Interaction Chromatography (HIC)

Hydrophobic interaction chromatography allows
the hydrophobicity of the MS to be evaluated
without physically modifying the MS. Greater MS
hydrophobicity will increase the percent of MS
retained on the column. Preliminary experiments
determined that the pentyl agarose media was the
most efficient for detecting hydrophobic differ-
ences between the MS (data not shown). The HIC
results run on pentyl agarose media are shown in Figure 8 Translocation permeabilities for PS MS.
Table II. Significant differences in the percent MS Translocation permeabilities calculated by eq. (2) (see
retained were found between the surfaces. The text). Permeabilities were determined through mucin
least retained MS were the amidine (70%). The packets containing mucin at 30 mg/mL and polycarbo-
percent of amidine MS retained was also signifi- nate filters with 5 mm pores, pH 6.5 donor and 7.4 recep-

tor, 377C.cantly different from the percents retained for the
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Table III Translocation Permeabilities

Polystyrene Reported Diameter Actual Diameter
Microsphere Surfacea (mm) (mm) PT (cm/min)

Sulfate 1.0 1.08 3.46 1 1005 { 1.15 1 1005

Amidine 0.5 0.88 5.36 1 1004 { 1.15 1 1005

Carboxyl 1.0 1.12 5.54 1 1005 { 3.83 1 1005

CML 0.01 0.07 2.54 1 1004 { 3.83 1 1005

CML 0.1 0.14 1.11 1 1004 { 6.47 1 1005

CML 0.2 0.27 4.57 1 1005 { 1.62 1 1005

CML 0.5 0.49 7.85 1 1006 { 6.93 1 1006

CML 0.5 0.58 1.06 1 1005 { 3.60 1 1006

CML 1.0 1.07 2.63 1 1005 { 8.31 1 1006

a Amidine Å amide group; CML Å carboxylate-modified.

r , the radius of the diffusing particle. Since P (per- meability coefficient, P , is directly proportional to
D , by the equation P Å D /h , and the diffusingmeability) is equal to D /h , where D is the aqueous

diffusion coefficient (cm2/s) and h is the length of particles are spherical, the translocation perme-
ability should also follow the Stokes–Einsteinthe diffusion pathway, the Stokes–Einstein equa-

tion can be rewritten as equation. The translocation permeabilities were
fitted to the Stokes–Einstein equation. This is
shown in Figure 9 and demonstrated the limitedP Å kT

6hprh
(4)

ability of MS larger than 0.5 mm to diffuse through
the mucin layer. These results indicate a sharp

The translocation permeabilities (PT ) for five decrease in PT as the MS diameter increases to
different sizes of CML MS were determined. For approximately 0.3 mm. A gradual decrease is then
these studies, all MS had CML surface functional observed as the diameter is increased to 0.5 mm
groups and the size was varied from 0.1 to 1 mm. where no further significant decrease in PT is ob-
The results are shown in Figure 9. Since the per- served as the diameter increases. At MS diame-

ters greater than 0.5 mm, the second derivative of
the fitted curve approaches zero, which suggests
a size range cutoff for MS larger than 0.5 mm.
Figure 10 shows PT plotted as a function of the
hydrophobicity of the MS. The amidine MS, which
have the highest PT , also have the lowest hydro-
phobicity. The sulfate, CML, and carboxyl MS,
which were retained equally on the pentyl agarose
column, also show similar PT .

As shown in Figure 11, the z -potential atÇ pH
7.0 vs. PT shows that the z -potential may be a
valuable indicator in determining the PT . The
highest PT was associated with the MS that had
the most positive z -potential (PS–amidine). For
the other MS, the PT gradually decreased as the
z -potential became more positive.

Figure 9 Translocation permeability of PS MS as a DISCUSSION
function of particle size. Translocation permeabilities
calculated by eq. (2). Permeabilities were determined

It is well established that the major component ofthrough mucin packets containing mucin at 30 mg/mL
the mucus gel layer coating the intestinal mem-and polycarbonate filters with 5 mm pores, pH 6.5 donor
branes is mucin, a highly heterogeneous glycopro-and 7.4 receptor, 377C. Curve was fitted to eq. (4),

weighted by 1/SEM. tein of molecular weight 1–2 1 106 D.10,11 The
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indicate that the PT for PEG-4000 through the
intestinal mucosa is 8.58 1 1005 cm/min.30 Based
on the work of Donovan et al., the PT for the larger
PS MS should be no greater than the permeability
for PEG-4000. Therefore, the PS MS would have,
at best, a PT of 8.5 1 1005 cm/min through intesti-
nal tissue. The PS–CML MS PT through mucin
were fitted to eq. (4) and the PT calculated for a
molecule approximately the size of PEG-4000.
The PT was estimated to be 7.94 1 1004 cm/min,
which is 10 times greater than the PT observed
for PEG-4000 through intestinal tissue. This sug-
gests that GI mucus may not be the rate-limiting
barrier to the intestinal uptake of microparticles
and that the target size of orally administered
VDVs should be less than 1 mm.

The second factor investigated was surface
charge. For these studies, the size of the MS were
fixed at 1.0 mm or, for the PS–amidine surface,Figure 10 Correlation of translocation permeabilities
which was not commercially available at 1.0in Figure 8 to percent MS retained on pentylagarose

media (Fig. 7): (l ) PS–amidine; (j ) PS–sulfate; (m ) mm, 0.5 mm particles were selected. Based on
PS–CML; (. ) PS–carboxyl. the Stokes–Einstein relationship, which demon-

strated that the PT for particles above 0.5 mm was
relatively independent of size, the difference in
size would not bias the results. The PS–carboxyl,viscoelastic and gel-forming properties of purified

mucin are comparable to native mucus gels.17,18 –CML, and –sulfate surfaces are negatively
charged MS, while the PS–amidine MS is posi-Intestinal mucus functions as a barrier main-

taining a pH difference between the GI lumen and tively charged. The oligosaccharides surrounding
the mucin protein core contain high levels of fivethe mucosal surface.19–21 The role of mucus in

drug and vaccine absorption from the GI tract has monosaccharides: fucose, galactose, N-acetylga-
not been extensively studied. It was the objective
of this investigation to determine the importance
of mucus as a barrier to vaccine and microparticle
absorption. Three fundamental parameters were
studied: microparticle size, surface charge, and
surface hydrophobicity using commercially avail-
able PS MS.

MS with diameters as large as 10 mm are re-
ported to be taken up into M-cells3 ; however, only
MS less than 5 mm are reported to be transported
out of the M-cell. VDVs between 1 and 10 mm are
readily phagocytosed by APCs such as macro-
phages24–28 with an optimal size less than 5 mm.
As shown in Figure 9, the PS–CML MS PT’s fol-
lowed the Stokes–Einstein relationship demon-
strating the limited ability of MS larger than 0.5
mm to diffuse through the mucin layer. A similar
phenomenon was demonstrated for the gastroin-
testinal absorption of various poly(ethylene gly-
col)s (PEGs) by Donovan et al. who showed that
the percent absorption of PEG decreased to less Figure 11 Correlation of translocation permeabilities
than 2% as the molecular weight was increased to in Figure 8 to z -potential (Fig. 6) at pH 7: (l ) PS–
1500 and remained constant for larger size PEG amidine; (j ) PS–sulfate; (m ) PS–CML; (. ) PS–car-

boxyl.molecules.29 Preliminary data in this laboratory
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lactosamine, N-acetylglucosamine, and sialic fusion of MS through mucin since MS that were
retained more than 85% on HIC were also lessacid.11 These are neutral or negatively charged

sugars which impart an overall negative charge permeable.
The current results suggest that particle size,to the mucin molecule. The MS can be ranked

according to the PT (PS–CML õ PS–sulfate surface ionization, and surface hydrophobicity
play an important role in the diffusion of modelõ PS–carboxyl ! PS–amidine). For the purpose

of this discussion, the MS are placed into two vaccine microparticles through GI mucus. Using
a physiologically relevant mucin diffusion system,groups: MS with relatively low PT (PS–CML, PS–

sulfate, and PS–carboxyl) and MS with relatively this investigation also demonstrated that mucin
is expected to be a significant barrier in the oralhigh PT (PS–amidine). The pKa values deter-

mined from Figure 6 indicate that the surface absorption of vaccine microparticles; the mucin
barrier, however, will only represent 10% or lessfunctional groups on PS–CML, PS–sulfate, and

PS–carboxyl MS (low PT ) are almost completely of the total resistance to MS uptake.
ionized (ú99%), while the surface of the PS–
amidine MS (high PT ) is only 9% ionized. While An American Foundation for Pharmaceutical Educa-
it appears that there is a relationship between tion Fellowship and New Jersey Center for Biomateri-
the surface ionization and PT , further study is als and Medical Devices Summer Fellowship (D.A.N.),
required to quantify these effects. The results the Hoechst Celanese Innovative Research Award

(P.J.S.) , the Associated Institutes of Materials Science,shown in Figure 11 indicate that z -potential may
and Corning-CoStar Corp. are acknowledged for sup-not be a significant factor in determining the PT
porting these studies. The following are also gratefullyof PS MS. On the one hand, since PS MS are
acknowledged: Prof. Joachim Kohn (Department ofsignificantly more hydrophobic than are other
Chemistry, Rutgers University) for the use of the goni-MS,28 hydrophobic factors may have overwhelmed
ometer used for contact angle measurements and Dr.the effects of surface charge in the current study. Glen Leesman (Ribi ImmunoChem Research, Inc.) for

On the other hand, Saitoh, et al.13 showed that performing the particle agglomeration studies.
the charge of the species does not affect the diffu-
sion of quaternary and tertiary amine compounds
through mucin.
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