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 Introduction 

arly detection is critical for reducing cancer morbidity and
ortality. Optical imaging and spectroscopy can be used to

nterrogate biochemical and architectural changes associated
ith early epithelial neoplasia to identify suspicious lesions.1
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Molecular-specifc optical contrast agents, capable of selec-
tively labeling biomarkers up-regulated during neoplastic pro-
gression, have received much interest for their potential to 
improve early detection. When interrogated optically, these 
contrast agents can provide dynamic, real-time information 
about important molecular hallmarks of neoplasia. Studies of 
small-molecule optical probes with tissue-permeant proper-
ties, such as fuorescent sugar derivatives2–6 and nucleic acid 
dyes,7–10 have highlighted the promise of using optical imag-

1083-3668/2010/15�1�/015003/11/$25.00 © 2010 SPIE 
�1 January/February 2010 Vol. 15�1� 

68.7.222.115. Terms of Use: http://spiedl.org/terms 

http://spiedl.org/terms
http:1083-3668/2010/15�1�/015003/11/$25.00
mailto:kroy@mail.utexas.edu


Ghosn et al.: Efficient mucosal delivery of optical contrast agents using imidazole-modified chitosan… 

i  
c

 
d  
a  
n  
e  
n  
p
p  
d  
e
p  
i
e  
h  
a  
r  
t  
“
p
c
c  
v  
t  
m

t
e
s  
i  
�  
d
t  
a  
f  
p  
�  
w
s
c
l
X  
m  
t
c

 
i  
r
i
c  
r
c  
o  
n
a  
m
i  
l  
a
l  

J

ng to distinguish molecular changes in small populations of
ells. 

In recent years, tremendous progress has been made in
eveloping sophisticated, molecularly targeted contrast
gents, including antibodies, quantum dots, and various metal
anosensors �e.g., gold nanoparticles, nanorods, nanoshells,

11–19tc.�. It has also been demonstrated that targeted gold
anoparticles can provide high contrast between normal and
recancerous epithelial tissues.11,20 However, their clinical ap-
licability as a topically applied diagnostic agent for early
etection of cancer is severely limited, due to our inability to
ffciently deliver these agents across mucosal surfaces. Mor-
hological changes associated with precancer generally begin
n the basal layers of epithelium;21 thus, early-detection strat-
gies require contrast agents to be delivered through several
undred microns of epithelial tissue. It is important that these
gents be delivered effciently and uniformly throughout the
egion of interest, ensuring that they reach and bind to their
argets. In addition, unbound agents should also be easily
washed out” to reduce nonspecifc signaling and false-
ositive detection. The penetration of molecules through mu-
osal tissue depends in part on their size and generally de-
reases exponentially with increasing hydrodynamic
olume.22 Chemical modifcation and encapsulation strategies
o improve tissue penetration have proven useful only for

olecules up to 6 kDa in size.23 

Permeation enhancers �also called penetration or absorp-
ion enhancers� have been investigated to facilitate the deliv-
ry of larger molecules. These are topically applied sub-
tances that disrupt epithelial tissue by various mechanisms to
ncrease paracellular �between cell� and/or transcellular
across cell� transport. Numerous permeation enhancers have
emonstrated effcacy in skin, allowing transdermal penetra-
ion of drugs, macromolecules, and nano- and microparticles
s large as 1 to 5  �m.24–29 However, studies utilizing similar
ormulations in the mucosal epithelium have enhanced the
enetration only of small molecules, including insulin
6 kDa�, calcitonin �3.5 kDa�, and dextrans up to 70 kDa in
eight.23,30,31 The surfactant Triton-X100 has recently demon-

trated reversible mucosal permeation enhancement for eff-
ient delivery of molecules up 150 kDa in size.32,33 Neverthe-
ess, the slow rate of tissue recovery associated with Triton-
100 limits the clinical feasibility of this approach, as
orphological and histochemical analysis of tissues following

reatment with the permeabilizing agent is not highly practi-
al. 

Chitosan and its analogs have been studied extensively for
n vivo delivery of DNA and siRNA via mucosal delivery
outes.34–38 Chitosan is a biocompatible, biodegradable, cat-
onic polysaccharide comprised of repeating units of glu-
osamine and N-acetyl glucosamine. It has been shown to
eversibly disrupt epithelial tight junctions to allow the para-
ellular transport of small molecules.39,40 Topical application
f chitosan has been shown to enhance drug uptake in
asal,41,42 buccal,43,44 and intestinal45,46 epithelia, and its bio-
ctivity is mediated by its cationic properties.46,47 However, a
ajor drawback of chitosan for clinical use has been its lim-

ted solubility at physiological pH and above, which also
eads to loss of charge.48,49 To improve these characteristics
nd enhance its permeation properties, we developed a mo-
ecular analog in which the primary amines are partially
ournal of Biomedical Optics 015003-
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modifed with 4-imidazole acetic acid monohydrochloride 
�henceforth referred to as chitosan-IAA�,50 thereby introduc-
ing secondary and tertiary amines to the polymer structure. 
We have recently reported that such imidazole-modifed chi-
tosan can enhance pDNA expression and siRNA-mediated 
knockdown in cells when compared to nonmodifed 
chitosan.50 

In this paper, we describe the frst use of chitosan-IAA to 
deliver tissue-impermeant optical contrast agents through the 
epithelium of freshly resected mucosal tissues. Topically ap-
plied, untargeted macromolecules and nanoparticles were 
used as probes to assess mucosal permeability following a 
15-min pretreatment with chitosan-IAA. Contrast agent local-
ization within the epithelium was interrogated using confocal 
microscopy to determine the route of transepithelial delivery. 
The dynamic recovery of barrier function after permeation 
treatment was assessed using untargeted probes of different 
sizes. Fluorescently labeled antibodies targeted to epidermal 
growth factor receptor �EGFR� were delivered into biopsies 
collected from patients with oral cancer and pretreated with 
chitosan-IAA to evaluate the clinical potential of this ap-
proach. The results of these studies demonstrate that chitosan-
IAA reversibly enhances mucosal permeability in a rapid, re-
producible manner suffcient to facilitate the transepithelial 
delivery of optical contrast agents up to 44 nm in diameter. 

2 Materials and Methods 
2.1 Chemical Modification of Chitosan 

Chitosan was chemically modifed to improve its solubility 
and tissue permeation capacity. The conjugation of 
4-imidazole acetic acid monohydrochloride �IAA� to the pri-
mary amines of chitosan for production of modifed chitosan-
IAA was performed as previously described.50 Briefy, 86% 
deacetylated chitosan of 130 kDa molecular weight �PCL 
113, Novamatrix, Norway� and IAA �Acros Organics, Morris 
Plains, New Jersey� were dissolved in 0.1 M 
2-�N-morpholino�ethanesulfonic acid �pH 6.5, Sigma-Aldrich, 
St. Louis, Missouri� to a concentration of 1.0% and 2.0% w/v, 
respectively. A theoretical modifcation of 50% was targeted 
for the reaction. IAA and chitosan were combined at a volu-
metric ratio of 1:5 while on ice. 20 M excess �in relation to 
IAA� of 1-ethyl-3-�3-dimethylaminopropyl carbodiimide hy-
drochloride �Pierce Biotechnology, Rockford, Illinois� was 
added and immediately vortexed to promote addition of IAA 
to the chitosan backbone. Reactions were allowed to continue 
overnight with end-over-end mixing. Solutions were dialyzed 
for 2 days against 5 mM  hydrochloric acid �Acros Organics� 
thrice and then deionized water thrice using Snakeskin pleated 
dialysis tubing �10,000 MW cut-off; Pierce Biotechnology, 
Inc.�. Following dialysis, the samples were lyophilized for 
24 h. Degree of substitution was determined with via 1H 
NMR. Chitosan and chitosan-IAA were resuspended at a 
stock concentration of 1% w/v in 0.2 M sodium acetate �pH 
4.5, Sigma Aldrich� immediately prior to dilution for tissue 
application. 

2.2 Synthesis and Validation of Gold Nanoparticles 

Gold nanoparticles were synthesized as untargeted tissue per-
meability probes. Gold spheres of 9.5�0.35 nm and 
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0.7�0.26 nm hydrodynamic diameter were synthesized by
 citrate reduction of tetrachloroauric �III� acid �HAuCl4,
igma-Aldrich, St. Louis, Missouri� under refux, as previ-
usly described.51 Nanoparticle size was confrmed by dy-
amic light scattering �DLS� with a ZetaPlus system
Brookhaven Instruments Corporation, Holtsville, New York�.
ach set of gold nanoparticles were coated with a fuorescent
 kDa polyethylene glycol �PEG� to reduce their aggregation
n media. Briefy, 0.1% w/v fuorescein-PEG-amine �Laysan
io, Arab, Alabama� was reacted with 2 M  excess of
-iminothiolane �Pierce Biotechnology� for 2 h. Upon
ompletion, the solution was fltered at room temperature with
micon Ultra centrifugation flters �3000 MWCO; Millipore,
illerica, Massachusetts� at 3220�g for up to 60 min. Gold
anoparticles, suspended at a concentration of 7
1010 particles /ml �determined by spectral absorbance

nalysis� were allowed to react with 10−4 M fuorescein-PEG-
hiol at a volumetric ratio of 5:1 for 45 min on a shaker for
ach set of nanoparticles. PEG �Sigma-Aldrich� was subse-
uently added to a fnal concentration of 2% w/v. The par-
icles were centrifuged at 1500�g for 30 min and resus-
ended in deionized water. Gold coating of nanoparticles was
onfrmed by monitoring the �494-nm absorbance peak �ab-
orption maxima of fuorescein on our PEG� using a Synergy
T UV-Vis spectrophotometer �Biotek, Winooski, Vermont�.
he fnal hydrodynamic radius of the gold nanoparticles was
easured to be 32.9�1.27 nm and 43.9�0.51 nm using
LS, demonstrating similar size increase following PEGyla-

ion as was previously described.52 

.3 Synthesis and Validation of Fluorescent 
Macromolecules 

luorescent macromolecules were prepared as targeted and
ntargeted tissue permeability probes. These contrast agents
ere selected based on size, shape, and charge to provide

omparison to commonly known and utilized molecular con-
rast agents.53 3 kDa rhodamine-dextran, 40 kDa fuorescein-
extran, and 150 kDa AlexaFluor 647-IgG were purchased
rom Invitrogen �Carlsbad, California� for use as untargeted
robes. For targeted labeling studies, mouse antihuman anti-
odies specifc for epidermal growth factor receptor �EGFR;
lone 108; custom synthesized by the Baylor College of
edicine, Houston, Texas� were reacted with AlexaFluor 647

arboxylic acid succinimidyl esters using commercially avail-
ble labeling kits �Invitrogen�. The purifed conjugates were
uspended in PBS at a concentration of 1.0 mg /ml. Dye-
abeled isotype controls were synthesized at the same concen-
rations. Prior to tissue labeling, the bioactivity and specifcity
f the conjugates was confrmed using live EGFR-positive
483 cells and EGFR-negative MDA-MB-435S cells as de-
cribed in Ref. 54, in both the presence and absence of chito-
an and chitosan-IAA. 

.4 Topical Permeation of Fresh Bladder Tissue 

uinea pig bladder mucosa was used as a model tissue to
valuate tissue permeability in the presence and absence of
hitosan-based permeation enhancers because of the folding
ature of the tissue. The guinea pig bladder allows for effec-
ive imaging of both epithelial and stromal layers of the tissue
t once. All animals were cared for in accordance with insti-
ournal of Biomedical Optics 015003-
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tutional guidelines. The protocols were reviewed and ap-
proved by the IACUC at Rice University. This model has 
been previously validated for the study of topical permeation 
enhancement.33 Whole bladders were excised from 
3- to 4-week-old female Hartley guinea pigs �Charles River 
Laboratories, Wilmington, Massachusetts� directly following 
animal sacrifce. The bladders were sectioned into 8 to 10 
pieces of uniform surface area �3�3 mm� using a scalpel and 
washed once in PBS and then immediately used for perme-
ation studies. Two topical permeation enhancers, chitosan and 
chitosan-IAA, diluted to 0.01% w/v in DMEM/F12 medium 
�Invitrogen�, were evaluated for their ability to increase tissue 
permeability. Media alone was used as a negative control. 
100 �L of permeation-enhancing solution was topically ap-
plied to the apical surface of each tissue biopsy for 15 min. 

2.5 Assessment of Transepithelial Macromolecule 
Delivery 

To determine whether chitosan-treated tissues are selectively 
permeable to macromolecules of specifc sizes, fuorescent 
macromolecules ranging from 3 kDa to 150 kDa in size were 
topically applied to the tissue surfaces of bladder biopsies. 
Tissue penetration was then monitored optically. The apical 
surface of the epithelium was topically treated for 15 min 
with prewarmed �37 °C� 0.01% w/v chitosan or chitosan-
IAA, washed once in cold media, and covered with a 1:1:1 
mixture of 3 kDa rhodamine-dextran, 40 kDa fuorescein-
dextran, and 150 kDa AlexaFluor 647-IgG, each diluted to a 
concentration of 1 �M in cold media. Tissues were immersed 
with this solution for 15 min at 4 °C  and then imaged using 
confocal microscopy at three different excitation wavelengths 
�described in the following�. Images were collected in 
2- to 5-�m steps from the surface into the tissue. Following 
imaging, the tissues were washed three times in cold media 
�15 min total� and reimaged to assess the removal of unbound 
macromolecules. Experiments were repeated with chitosan-
IAA treatment at 25 °C or 4 °C  to determine the infuence of 
temperature on tissue permeation. Each labeling condition 
was evaluated in six independent experiments. 

2.6 Assessment of Transepithelial Nanoparticle 
Delivery 

To determine whether chitosan-treated tissues permit the tran-
sepithelial delivery of nanoparticles, nanoparticles of different 
sizes were topically applied to the surface of permeabilized 
bladder biopsies. Nanoparticle delivery was then monitored 
optically. Briefy, the apical surface of the epithelium was 
topically treated for 15 min with prewarmed �37 °C� 0.01% 
w/v chitosan or chitosan-IAA diluted in DMEM/F12 medium, 
washed once in cold media, and covered with fuorescein-
PEG-gold spheres of 33 or 44 nm diameter, each diluted to a 
concentration of 1�106 nanoparticles /ml in cold media. Tis-
sues were immersed with this solution for 15 min at 4 °C  and 
then imaged using confocal microscopy. Images were col-
lected in 2- to 5-�m steps from the surface into the tissue. 
Following imaging, the tissues were washed three times in 
cold media �15 min total� and reimaged to assess the removal 
of unbound nanoparticles. Each labeling condition was evalu-
ated in six independent experiments. 
�3 January/February 2010 Vol. 15�1� 
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.7 Time-Course Analysis of Tissue Recovery 

o monitor the recovery of bladder epithelial barrier function
ollowing the removal of chitosan-IAA, fresh bladder biopsies
ere treated with 0.01% w/v chitosan-IAA or media for
5 min at 37 °C, washed, and probed with nontargeted con-
rast agents at regular time intervals during tissue recovery.
riefy, chitosan-IAA and media-treated samples were washed

hree times with warm or cold media and then allowed to
ecover in media at 37 °C or 4 °C. At 0, 15, 30, 60, 90, or
20 min after chitosan-IAA removal, the samples were placed
n ice and topically labeled with a 1:1:1 mixture of untargeted
uorescent macromolecules �3 kDA dextran, 40 kDa dextran,
nd IgG antibody� or 44-nm gold nanoparticles. Samples
ere allowed to incubate with the macromolecules or nano-
articles for 15 min prior to imaging via confocal micros-
opy. Images were collected 40 �m below the tissue surface
o allow for optical sectioning of both the epithelium and
nderlying stroma. Tissue samples were assessed in duplicate
sing a minimum of three independent experiments. 

.8 Molecular-Specific Labeling of Human Oral 
Biopsies 

o demonstrate the feasibility of delivering molecular-specifc
ptical contrast agents targeted against biomarkers of neopla-
ia, human oral biopsies were co-treated with fuorescent
GFR antibodies and chitosan-IAA. Briefy, paired clinically
ormal and abnormal biopsies of the oral mucosa were ob-
ained from fve consenting patients at the University of Texas

.D. Anderson Cancer Center �MDACC�. Patients gave writ-
en informed consent, and the clinical protocols were ap-
roved by the Institutional Review Boards at MDACC and
ice University. Biopsies were immediately placed and re-
ained in chilled media until they arrived at Rice University.
he biopsies were embedded vertically into 3% w/v ultrapure
garose �Invitrogen� to prevent the infux of permeation en-
ancers and contrast agents at the tissue margins, as previ-
usly described.33 The apical surface of the epithelium was
eft free of agarose to facilitate topical labeling. Based on the
ncreased number of epithelial layers in human oral resec-
ions, tissues were topically treated with 1 �M antiEGFR-647
iluted in 0.01% w/v chitosan-IAA for 60 min at 37 °C,
ashed three times with cold media, and then sliced trans-
ersely into 200-�m-thick slices using a Krumdieck tissue
licer. Tissue slices were counterstained with 0.01% profa-
ine, a nucleic acid dye, and immediately imaged using con-
ocal microscopy. 

.9 Confocal Image Acquisition 

ll images were obtained using a Carl Zeiss LSM 510 con-
ocal microscope �Thornwood, New York� equipped with
88-nm �30-mW�, 543-nm �1-mW�, and 633-nm �5-mW�
asers. Images were collected using photo multiplier tube
PMT� detectors and Zeiss LSM 5 image examiner software.
amples were sequentially excited with each laser line with
ower settings held constant for each laser. Fluorescence
mission was collected using 500- to 530-nm �40 kDa
uorescein-dextran�, 565- to 615- nm �3 kDa rhodamine-
extran�, and 650- to 710-nm �150 kDa Alexa647-IgG�
andpass flters. Tissue refectance at 633 nm was collected
sing a 635-nm dichroic beamsplitter. Images were acquired
ournal of Biomedical Optics 015003-
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at 0.5 frames per second using a 20� objective with a pin-
hole of 2.56 Airy units. For the untargeted macromolecule and 
nanoparticle permeation studies, the gain was held constant 
with excitation at 488, 543, and 633 nm. At the gains utilized, 
the fuorescence of solutions outside the tissue was oversatu-
rated, but the fuorescence of solutions within the tissue was 
not. In the EGFR targeting studies, the gain was held constant 
for antiEGFR-647 imaging �633-nm excitation� and profa-
vine imaging �488-nm excitation�. 

2.10 Image Analysis 

To quantify the fuorescence intensity of the stroma as a func-
tion of recovery time and temperature, representative confocal 
fuorescence images were analyzed using Image J v1.38 �NIH, 
Bethesda, Maryland�. The mean fuorescence intensity per 
unit area was determined by selecting regions of interest 
�ROIs� within each image and then dividing the measured 
fuorescence intensity by the area of the ROI. The ROI mar-
gins were drawn just inside the stroma border as determined 
from refectance overlay images. The entire stroma was in-
cluded for each image. When images contained more than one 
region of discontinuous stroma, the mean intensity for the 
regions was averaged and treated as a single value. Back-
ground noise was determined at each time-point from samples 
pretreated with media in place of chitosan-IAA. The normal-
ized mean fuorescence intensity of the stroma was calculated 
by subtracting the measured background and normalizing for 
the fuorescence intensity of the stroma at time of chitosan-
IAA removal. The normalized mean fuorescence intensity of 
the stroma was assessed for each macromolecule using fve 
representative images from three independent experiments �15 
images total per macromolecule per time-point and tempera-
ture�. 

The mean refectance intensity per unit area of the stroma 
in nanoparticle labeling studies was quantifed in the same 
manner as described for the fuorescence studies, using fve 
representative images from fve independent experiments �25 
images total per labeling condition�. 

To quantify the fuorescence intensity of EGFR labeling in 
transverse images in human oral biopsies, representative con-
focal fuorescence images were analyzed. In normal samples, 
ROIs were bounded by the apical and basal surfaces of the 
epithelium, thereby including any labeling throughout the epi-
thelium. In neoplastic samples, ROIs were drawn to include 
all squamous cells from the surface of the tissue to the lower 
margin of EGFR labeling. Regions of fbroblasts, as identifed 
morphologically by profavine counterstaining, were excluded 
from the analyses. The mean fuorescence intensity per unit 
area was assessed using 15 images per biopsy, consisting of 
three representative images from fve separate tissue slices. 
No background corrections were made because the measured 
background was �1% of the measured mean EGFR labeling 
intensity for all images evaluated. Differences in mean label-
ing intensity between normal and neoplastic samples were 
assessed on a patient-to-patient basis using a two-tailed, un-
paired Student’s t-test, with p-values of �0.01 being consid-
ered statistically signifcant. The relative contrast ratio was 
determined by dividing the mean fuorescence intensity of 
each cancer biopsy by that of the contralateral normal. 
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Fig. 1 Chemical schematic for the synthes

 Results 
.1 Synthesis and Characterization of Imidazole-

Modified Chitosan 

 schematic for the synthesis of chitosan-IAA is shown in
ig. 1. We successfully introduced imidazole acetic acid to the
rimary amines of chitosan via a carbodiimide-mediated reac-
ion. Following synthesis, 1H NME characterization of the
urifed polymer provided on average a degree of substitution
f about 3.0% of the primary amines modifed for each chi-
osan molecule. Chitosan-IAA polysaccharide prepared
hrough this type of reaction has been previously shown to
rovide enhanced polymer solubility and buffering capacity.50

.2 Transepithelial Macromolecule Delivery through 
Fresh Bladder Mucosa 

igure 2 shows representative confocal fuorescence images
f bladder tissue treated topically with 0.01% w/v chitosan-

ig. 2 Stromal accumulation of fluorescent macromolecules following
opical permeation treatment. Freshly excised bladder tissue was
reated for 15 min with 0.01% w/v chitosan-IAA, chitosan, or media
nd then probed with a 1:1:1 mixture of 3 kDa rhodamine-dextran,
0 kDa fluorescein-dextran, and Alexa 647-IgG. The yellow/white
ines indicate the boundary between the epithelium and stroma. In
eflectance images, the epithelium was distinguished from the stroma
y its darker appearance. Following permeation treatment, the fluo-
escent macromolecules accumulated in the stroma. Stromal accumu-
ation was brighter following treatment with imidazole-modified chi-
osan than with nonmodified chitosan. In media-treated controls,
acromolecule penetration was limited to a few cells in the superfi-

ial epithelium. The scale bar represents 100 �m. The epithelium �E�
nd stroma �S� are labeled in the first image. �Color online only.� 
ournal of Biomedical Optics 015003-
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idazole-modified chitosan �chitosan-IAA�. 

IAA, chitosan, or media for 15 min at 37 °C followed by 
topical application of a 1:1:1 mixture of 3 kDa rhodamine-
dextran, 40 kDa fuorescein-dextran, and 150 kDa Alexa647-
IgG. The tissue refectance images are shown on the left, and 
the corresponding fuorescence images are shown to the right. 
The yellow/white lines indicate the boundary between the 
stroma and the epithelium. Due to the three-dimensional 
�3-D� folding of the resected bladder, it was possible to image 
the epithelium in cross section using confocal microscopy at a 
depth of 40 �m. In the refectance images, the epithelium was 
distinguished from the stroma by its darker appearance. Both 
chitosan and chitosan-IAA were found to facilitate the tran-
sepithelial delivery of macromolecules. Macromolecules of 
all three sizes accumulated in the stroma of permeation-
enhanced tissues, causing the stroma to appear brighter than 
the epithelium in the fuorescence images. Chitosan-IAA treat-
ment facilitated more intense stromal accumulation than non-
modifed chitosan for all sizes of macromolecules evaluated. 
The macromolecules could be removed with several brief 
washes in media �data not shown�, demonstrating that macro-
molecule accumulation is reversible. Experiments were inde-
pendently repeated by labeling tissues with one macromol-
ecule at a time �data not shown� to exclude macromolecule 
interactions. In media-treated controls, the macromolecule 
penetration was limited to the superfcial epithelium. No sig-
nifcant macromolecule penetration was observed following 
chitosan-IAA or chitosan treatment at 25 °C or 4 °C  �data 
not shown�. 

3.3 Transepithelial Nanoparticle Delivery through 
Fresh Bladder Mucosa 

Figure 3 shows representative confocal fuorescence images 
of bladder tissue treated topically with 0.01% w/v chitosan-
IAA, chitosan, or media for 15 min 37 °C and then probed 
with fuorescein-PEG-gold spheres of 44 or 33 nm diameter. 
Both chitosan and chitosan-IAA were found to facilitate the 
transepithelial delivery of nanoparticles. Following nanopar-
ticle application, fuorescence was primarily observed in the 
stroma of permeable tissues. Stromal labeling was generally 
less uniform than observed with macromolecules. Pretreat-
ment with chitosan-IAA resulted in more intense stromal ac-
cumulation than nonmodifed chitosan. This difference was 
more obvious following application of larger nanoparticles. 
The stromal refectance was visibly enhanced in samples dem-
onstrating nanoparticle uptake. Tissues exposed to nanopar-
ticles showed a stromal refectance enhancement of 1.5 to 1.7 
�44 nm gold� and 1.7 to 2.1 �33 nm gold� compared to tissues 
treated with media in place of chitosan following quantifca-
is of im
�5 January/February 2010 Vol. 15�1� 
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ig. 3 Stromal accumulation of gold nanoparticles following topical
ermeation treatment. Freshly excised bladder tissue was treated for
5 min with 0.01% w/v chitosan-IAA, chitosan, or media, and then
uorescein-PEG-gold spheres of 44- and 33-nm diameter were ap-
lied topically. Transepithelial delivery of both sizes of nanoparticles
as observed by monitoring for the localization of nanoparticle-
ssociated fluorescence. The stromal reflectance was visibly en-
anced in samples showing accumulation of nanoparticles. No sig-
ificant change in stromal fluorescence or reflectance was observed
n media-treated controls. The scale bar represents 100 �m. 

ion of refectance at a fxed gain and regions of the stroma.
inimal to no nanoparticle accumulation was observed in
edia-treated controls. 

.4 Route of Contrast Agent Delivery Following 
Chitosan-IAA Treatment 

he route of contrast agent delivery through the epithelium
as optically interrogated in fresh bladder tissues pretreated
ith chitosan-IAA. Confocal fuorescence images were col-

ected in 2-�m steps from the surface of the tissue following
he topical application of 3 kDa rhodamine-dextran or 44 nm
uorescein-PEG-gold. Representative videos are available on-

ine as Video 1 �3 kDa dextran� and Video 2 �44 nm gold�.
he videos start at 2 �m below the surface and advance at

ate of 2 �m /s. The stills shown for Video 1 and Video 2
epresent frames collected at 10 �m below the tissue surface.
 kDa rhodamine-dextran labeling, shown in Video 1, was
haracterized by ringlike fuorescence surrounding each cell
n the feld of view. The labeling appeared extracellular, sug-
esting a paracellular route of dextran delivery. These rings
ecame progressively smaller in diameter with increasing
epth in the epithelium, correlating well with known bladder
pithelium morphology. In contrast, the delivery of larger par-
icles, shown in Video 2, appeared to follow both paracellular
nd transcellular routes. Fluorescein-PEG-gold delivered in a
aracellular manner appeared as ringlike labeling that became
rogressively smaller with increasing depth. Fluorescence as-
ociated with nanoparticles was also observed in the cyto-
lasm of cells across the full thickness of the epithelium, sug-
estive of transcellular transport. Individual nuclei appeared
s a black spot within each cell, suggesting that the transcel-
ular movement of nanoparticles was limited to the cytoplas-

ic compartment. In both samples, the transition from epithe-
ournal of Biomedical Optics 015003-
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Video 1 Optical sectioning of bladder epithelium and stroma follow-
ing the topical application of 3 kDa rhodamine-dextran. The mucosal 
surface was pretreated with chitosan-IAA30 for 15 min at 37 °C. Con-
focal fluorescence images were acquired parallel to the tissue surface 
in 2-�m steps with constant laser power and gain. Rhodamine-
dextran permeation through the epithelium of the tissue appears to 
follows a paracellular route, appearing as bright rings around cells 
and minimal labeling within the cells. As the imaging progresses 
deeper, shown in the video, the stroma appears, clearly defined by a 
selective accumulation of contrast agents. Representative images, 
taken at a depth of 10 �m, are shown here. The scale bar represents 
100 �m �QuickTime, 3.4 MG�. 
�URL: http://dx.doi.org/10.1117/1.3309739.1�. 
Video 2 Optical sectioning of bladder epithelium and stroma follow-
ing the topical application of 44 nm fluorescein-PEG-gold. The mu-
cosal surface was pretreated with chitosan-IAA30 for 15 min at 37 °C. 
Confocal fluorescence images were acquired parallel to the tissue sur-
face in 2-�m steps with constant laser power and gain. Representative 
images, taken at a depth of 10 �m, are shown here. Nanoparticle 
transport in the epithelium appears to follow both paracellular and 
transcellular routes, appearing as bright rings around cells and diffuse 
labeling within cells. Individual nuclei appear as a black spot within 
each cell. Deeper imaging within the tissue samples, seen in the 
video, demonstrates clear nanoparticle uptake throughout the stromal 
regions. The scale bar represents 100 �m �QuickTime, 3.3 MG�. 
�URL: http://dx.doi.org/10.1117/1.3309739.2�. 
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ig. 4 Fluorescence intensity as a function of time and temperature.
issues pretreated with chitosan-IAA were washed and allowed to
ecover at 37 °C �left� or 4 °C �right�. The recovery of barrier function
as probed at regular time intervals using fluorescent macromol-

cules and nanoparticles. Tissues held at 37 °C rapidly recovered bar-
ier function, while tissues held at 4 ° C displayed continued perme-
bility as evidenced by stromal fluorescence. The ability of the
ecovering epithelium to block contrast agents was size dependent,
ith larger molecules excluded more rapidly than smaller molecules.

ium to stroma �frst visible at 14 to 20 �m� was
haracterized by a relative increase in fuorescence. Dextran
nd nanoparticle accumulation in the stroma was generally
niform. Few morphological features were defned in stroma,
ther than blood vessels of horizontal and vertical orientation
see Video 1�. These vessels were characterized by low-
ontrast agent accumulation, appearing as dark stripes and
ircles/ovals, respectively. Similar routes of transport for
hese two contrast agent sizes were seen following pretreat-

ent of tissues with nonmodifed chitosan �data not shown�. 

.5 Epithelial Recovery Following Chitosan-IAA 
Treatment 

igure 4 shows tissue permeability as a function of time and
emperature following the removal of chitosan-IAA. Tissue
ecovery at 37 °C is illustrated on the left, and tissue recovery
t 4 °C  is illustrated on the right. Samples were pretreated
ith 0.01% chitosan-IAA for 15 min and washed in warm or

old media, and then macromolecules or nanoparticles were
pplied topically at different time-points. The mean fuores-
ence intensity of the stroma was measured at each time-point
o assess epithelial permeability. At 37 °C, the barrier func-
ion of the epithelium was found to be recovered quickly, on
he order of minutes to hours depending on the size of the
ermeability probe. The transepithelial delivery of 44-nm
anoparticles was reduced by over 90% within 15 min of
hitosan-IAA removal. By 90 min, the epithelium remained
ermeable ��22% of initial� only to molecules of 3 kDa in
ize. With 2 h  of recovery time, the transepithelial delivery of
 kDa molecules was reduced by 95%. Little tissue recovery
as observed for samples held at 4 °C. Macromolecules and
anoparticles of all sizes continued to accumulate in the
troma at all time-points evaluated. The ability of the macro-
olecules and nanoparticles to reach the stroma was reduced

y only 10% over the course of 2 h. No signifcant differences
ere observed between macromolecules or nanoparticles of
ifferent sizes at 4 °C. Pretreated tissue that was not washed
nd that was kept at 37 °C still retained macromolecule per-
eation for all sizes for up to 2 h  �data not shown�. 
ournal of Biomedical Optics 015003-
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Fig. 5 Representative confocal images of antiEGFR-647 labeling in 
fresh human oral biopsies co-treated with chitosan-IAA, collected at 
the same gain. Biopsies were topically treated with antiEGFR-647 di-
luted in 0.01% w/v chitosan-IAA for 1 h at 37 °C, washed three times, 
sliced transversely, and imaged. In normal tissues �top�, EGFR labeling 
is limited to the basal layer of epithelial cells, appearing as a faint 
region of labeling at the base of the epithelium. Nonspecific labeling 
is observed at the apical surface of keratinized tissues such as the 
retromolar trigone tissue shown below. EGFR labeling in squamous 
cell carcinoma �bottom� is characterized by bright, ring-like extracel-
lular labeling extending downward from the tissue surface. The scale 
bar represents 100 �m. 

3.6 Delivery of Targeted Contrast Agents for Cancer 
Detection 

To demonstrate the clinical potential of chitosan-IAA to aid in 
delivery of targeted optical contrast agents for the early de-
tection of cancer biomarkers, paired human oral biopsies were 
topically labeled with fuorescent EGFR-specifc antibodies 
diluted in 0.01% w/v chitosan-IAA. We have previously dem-
onstrated that antibodies targeted to EGFR lack the ability to 
penetrate normal oral mucosa and squamous carcinomas.33 

Figure 5 shows representative transverse sections of normal 
�top� and cancerous �bottom� gingiva tissue labeled for EGFR 
and counterstained with the nucleic acid dye profavine. La-
beling with antiEGFR-647 is displayed in red and profavine 
in green. Differential EGFR labeling was observed between 
normal and cancer samples from all fve patients evaluated. 
EGFR labeling in normal epithelium was limited to cells in 
the basal layer. This labeling was observed in all normal 
samples evaluated, and was generally less intense and more 
diffuse than labeling in cancer samples. Nonspecifc antibody 
labeling was observed in keratinized tissues, appearing as a 
bright stripe above the epithelium. EGFR labeling in squa-
mous cell carcinoma tissue was characterized by intense, ring-
like labeling extending downward from the tissue surface. 
This labeling appeared highly uniform, labeling all squamous 
cells within the treatment zone. Regions of fbroblasts, which 
were identifed by the presence of small, widely spaced nuclei 
using profavine staining, did not show signifcant EGFR la-
beling. With 1 h  of chitosan-IAA treatment, antibody labeling 
reached a depth of approximately 150 to 250 �m in cancer 
tissue and �400 �m in normal epithelium. 

Figure 6 shows the mean fuorescence intensity of paired 
oral biopsies collected from fve patients. The biopsy pairs 
were labeled and imaged as described earlier. The mean fuo-
rescence intensity of EGFR labeling in normal biopsies was 
generally low and showed little variation from patient to pa-
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ig. 6 Measured mean fluorescence intensity of paired oral biopsies
ollected from patients with cancer of the buccal �1�, retromolar
rigon �2�, maxilla �3, 4�, and tongue �5� regions. Biopsies were col-
ected from clinically abnormal and contralateral normal regions. The
iopsy pairs were topically labeled for EGFR in the presence of
hitosan-IAA and imaged transversely. Statistically significant differ-
nces �P�0.01� were observed in mean fluorescence between biopsy
airs. 

ient, despite four different anatomic sites. The intensity of
GFR labeling in squamous cell carcinoma biopsies showed a
tatistically signifcant �p�0.01� difference when compared
o their respective contralateral controls. The relative contrast
atio of cancer-to-normal tissue was found to be 8.1, 10.4,
4.0, 13.3, and 9.5 for patients 1 to 5, respectively. 

 Discussion 
ptical interrogation of macromolecule and nanoparticle de-

ivery in freshly resected tissues is a promising approach to
tudy the time-course, route, and effcacy of permeation en-
ancement. We used confocal microscopy to visualize the lo-
alization of targeted and untargeted optical contrast agents
ollowing permeation treatment, allowing us to evaluate the
otential use of chitosan-IAA to enhance tissue permeability
or transepithelial contrast agent delivery. We evaluated mo-
ecular contrast agents of various sizes �3.5 kDa, 40 kDa,
50 kDa, 33 nm, and 44 nm�, providing a range representa-
ive of potential optical contrast agents with tissue-
mpermeant properties that are commonly in use.32,33,53 

The ability of chitosan to enhance the permeation of tissue
s highly infuenced by the pH of the environment.46,47 Chito-
an is insoluble at neutral pH but is soluble and positively
harged at acidic pH.48,49 We modifed chitosan with
-imidazole acetic acid monohydrochloride, hypothesizing
hat the increased solubility and buffering capacity of this

olecule would improve transepithelial contrast agent deliv-
ry. Results in freshly resected guinea pig bladders show that
hitosan-IAA facilitates rapid transepithelial delivery of both
acromolecules and nanoparticles. The stromal accumulation

f these agents was higher for all sizes evaluated following
hitosan-IAA treatment. Effcient delivery was observed fol-
owing both chitosan-IAA pretreatment and co-treatment, sug-
esting that complexation with chitosan-IAA is not necessary
or enhanced penetration. 
ournal of Biomedical Optics 015003-
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The mechanism by which chitosan and its analogs increase 
tissue permeability remains poorly understood. Experiments 
using human intestinal Caco-2 cell monolayers have sug-
gested that the mechanism of action, which appears to be 
mediated by positive charges on the chitosan,46,47 includes 
interactions with tight junction proteins, the redistribution of 
F-actin, and a destabilization of the cell membrane.55–57 Our 
studies support the observation that this is an active, energy-
dependent process,58 since no transepithelial contrast agent 
delivery was observed following permeation treatment at 
25 °C or 4 °C. Similarly, the recovery of barrier function 
appears to be an active process, requiring incubation at 37 °C 
after washing of the tissue. Permeation of bladder mucosa is 
rapid, with a 15-min treatment suffcient to facilitate contrast 
agent transport through several layers of epithelial cells. 

The temperature-dependent nature of chitosan-IAA treat-
ment provides a unique opportunity for the study of this pro-
cess, since the gain and loss of tissue permeability can be 
halted simply by placing the tissue on ice. Using this ap-
proach, we were able to measure size-dependent differences 
in agent exclusion. Tissues chilled at various time-points dur-
ing the recovery process preferentially excluded larger con-
trast agents more rapidly than smaller contrast agents. The 
ability of the treated tissues to block transepithelial agent de-
livery increased progressively. Interestingly, in cell monolay-
ers, chitosan concentrations of �0.01% have been shown to 
irreversibly block tight junction recovery. In contrast, three-
dimensional �3-D� tissues washed after treatment with 
chitosan-IAA show evidence of recovery of the epithelial bar-
rier function. This washing step is important for the rapid 
reversal of epithelial permeability; however, we have yet to 
determine whether washing physically removes chitosan-IAA 
or introduces new divalent cations to compete with chitosan-
IAA binding sites. 

The rapid reversibility of chitosan-IAA mediated perme-
ation supports the clinical potential of this approach. There 
are concerns that topical permeation enhancers, which by na-
ture interfere with the barrier function of the epithelium, could 
potentially permit the entry of toxins and/or allergens. Based 
on our results, we would expect the penetration of these 
agents to be blocked rapidly. Compared to the topical perme-
ation enhancer Triton-X100 studied in the same tissue model, 
which has also shown promise for the mucosal delivery of 
macromolecular optical contrast agents,33 tissue recovery fol-
lowing chitosan-IAA treatment is much more rapid. Optimi-
zation of the treatment concentration, duration, and removal 
may be used to further improve the rate of tissue recovery. 

The factors that determine the route of contrast agent pen-
etration need to be further clarifed. Chitosan solutions have 
been shown to increase both the paracellular and transcellular 
permeability of Caco-2 cell monolayers in a reversible, dose-
dependent manner.59 We observed contrast agent uptake in 
tissues via both these routes. Contrast agents up to 150 kDa in 
size appeared to follow primarily a paracellular route, while 
nanoparticles followed both paracellular and transcellular 
routes. The observed paracellular transport likely resulted 
from an opening of the tight junctions. The observed transcel-
lular transport was likely a consequence of cell membrane 
destabilization. Both of these mechanisms have been de-
scribed in Caco-2 monolayers following chitosan 
treatment.55–58 All contrast agents evaluated here were essen-
�8 January/February 2010 Vol. 15�1� 
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ially neutral in charge �data not shown�, suggesting that the
hift toward a transcellular route may be determined by probe
ize. The formulation of chitosan into nanoparticle-drug com-
lexes has been demonstrated to enhance the internalization
f chitosan in cells60 and tissues,61 presenting a second poten-
ial approach for driving transcellular delivery. At this time, it
s not yet clear whether using chitosan and its analogs as a
anoparticle or nanoparticle coating will be more effcient
han chitosan free in solution. From the point of contrast agent
elivery, the ability to selectively control the delivery route
ould be useful for distinguishing between true intracellular

abeling and endocytic uptake. 
Controlled, uniform delivery of molecular-specifc contrast

gents across the full thickness of the epithelium remains an
mportant goal for design of early detection strategies. One-
ime topical application of 0.01% chitosan-IAA facilitates the
ermeation enhancement in a variety of tissues, including the
ransitional epithelium of the bladder, squamous epithelium of
he oral cavity, and squamous cell carcinoma. Delivery of
uorescent EGFR-specifc antibodies was observed across the
ull thickness of the epithelium �150 to 400 �m� in all nor-
al oral biopsies. Differential labeling was observed between

ormal and cancer specimens, suggesting that the specifcity
f the antibody and the structure of the target are conserved in
he presence of chitosan-IAA. This is in agreement with stud-
es of EGFR labeling in live-cell monolayers in the presence
nd absence of 0.01% w/v chitosan-IAA �data not shown�,
here minimal loss of antibody labeling was seen at the

quivalent of a 0.01% w/v treatment. The observed differen-
ial contrast ratio varies from patient to patient, but EGFR
abeling in cancer samples is on average 11 times greater than
n normal samples. Experiments to determine the margins of
hitosan-IAA treatment will be important for understanding
nd controlling the 3-D spread of tissue permeation. These
argins will need to be distinguished from the labeling mar-

ins in order to determine how to further improve the depth of
abeling in cancer tissue. The selection of an appropriate ani-

al model will be critical for optimizing the effcacy of
hitosan-IAA treatment at doses that can be scaled for clinical
se. 

The successful translation of chitosan-IAA for in vivo
ork will require characterizing the safety, toxicity, biological

ctivity, and reversibility of chitosan-IAA mediated perme-
tion at clinically relevant doses. Potential in vivo application
ould include topical application of chitosan-IAA and con-

rast agents via gauze pad or similar devices or use of a spray
atheter for endoscopically accessible tissues �e.g., gas-
rointestinal tract and cervix�. Chitosan is currently FDA ap-
roved as a generally regarded as safe, or GRAS, compound
or use as a hemostatic bandage. Drug delivery studies utiliz-
ng chitosan derivatives in animal models have demonstrated

inimal cytotoxic effects.42,43,62–65 Similar studies will be
eeded to monitor the safety of chitosan-IAA both locally and
ystemically at regular time intervals following topical treat-
ent. Given the size of the macromolecules and nanoparticles

hat have been shown to penetrate the tissue following chito-
an or chitosan-IAA treatment, study of the potential entry of
mall viruses should also be analyzed as a potential drawback
or in vivo use of the permeation enhancers. Carcinogen-
reated or orthotopic transplant models will be useful for es-
ablishing the sensitivity and specifcity of contrast agents de-
ournal of Biomedical Optics 015003-
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livered with clinically relevant chitosan-IAA doses. 
Furthermore, studies for understanding the actual mechanism 
by which chitosan and chitosan-IAA enhance macromolecular 
transport are needed. Additional studies are also needed to 
determine the limitations of chitosan-IAA as a function of 
concentration, pH, and treatment duration. 

5 Conclusions 
In conclusion, this paper demonstrates that chitosan-IAA is a 
promising topical permeation enhancer for the mucosal deliv-
ery of tissue-impermeant optical contrast agents. Compared to 
other mucosal permeation enhancers, chitosan and chitosan-
IAA can facilitate delivery of a broader size range of mol-
ecules. No chemical modifcation of optical contrast agents is 
needed. Nanoparticles as large as 44 nm can be delivered fol-
lowing a one-time permeation treatment. Chitosan-IAA, with 
its improved solubility, appears to be the more effective per-
meation enhancer, particularly for larger contrast agents. Im-
portantly, permeation of the epithelium can be reversed by 
washing, leading to a progressive reduction in macromolecule 
penetration. Recognition that this is an active process pro-
vides new avenues for elucidating the mechanism of chitosan 
and its analogs, since the gain and loss of permeability can be 
halted simply by placing the treated tissue on ice. The co-
administration of chitosan-IAA with molecular-specifc con-
trast agents facilitates differential labeling between normal 
and cancerous tissues, supporting the clinical potential of this 
approach. Further work is needed to establish the safety of 
chitosan-IAA for in vivo use. 
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