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a  b  s  t  r  a  c  t

Fluorescent  labeling  of chitosan  and  its  derivatives  is  widely  used  for  in  vitro  visualization  and  is accom-
plished  by  random  introduction  of  the  fluorophore  to  the polymer  backbone,  conceivably  altering  the
bioactivity  of  the  polymer.  Here,  we report  for  the  first  time  the regioselective  conjugation  of  a  fluorophore
to  the  reducing  end  of  a fully  N,N,N-trimethylated  chitosan  (TMC)  by  oxime  formation.  End-labeled
conjugation  of  5-(2-((aminooxyacetyl)amino)ethylamino)naphthalene-1-sulfonic  acid  (EDANS-O-NH2)

1

eywords:
,N,N-trimethyl chitosan
luorescence
olysaccharide
olecular weight
xime

fluorophore  to  TMC  to form  TMC-oxime-EDANS  (f-TMC)  was confirmed  by H  NMR  and  fluorescence  spec-
troscopy. Average  molecular  weight  calculations  of  f-TMC  with 1H NMR  and  fluorescence  spectroscopy
gave  similar  results  or ∼7.7 kDa.  f-TMC  in  human  bronchial  epithelial  cells  was  both  cell  membrane  bound
as well  as intracellularly  localized.  This  demonstrates  the  proof-of-concept  for selective  oxime  formation
at the  reducing  end  of  a chitosan  derivative,  which  can  be  used  for  tracking  chitosan  in gene and  drug
delivery  purposes  and  gives  rise  to further  modifications  with  other  functional  groups.
. Introduction

Chitosan has been studied as a paracellular permeation
nhancer for hydrophilic molecules (Artursson, Lindmark, Davis,

 Illum, 1994) and macromolecules (Illum, Farraj, & Davis, 1994;
 ̧ enel et al., 2000) by altering tight junction expression (Schipper
t al., 1997; Yeh et al., 2011). Various other applications have
lso been investigated which include stimulation of cell differ-
ntiation and growth (Mathews, Gupta, Bhonde, & Totey, 2011;
uzzarelli, 2009; Muzzarelli, Greco, Busilacchi, Sollazzo, & Gigante,

012) and use as an antimicrobial agent (Rabea, Badawy, Stevens,
magghe, & Steurbaut, 2003). However, practical use of chitosan
s limited due to poor aqueous solubility at physiological pH val-
es. Consequently, quaternized chitosan derivatives, such as fully
,N,N-trimethylated chitosan (TMC) (Benediktsdóttir et al., 2011)
nd trimethylated-6-amino-6-deoxy chitosan (Sadeghi et al., 2008)
ave been synthesized in order to enhance aqueous solubility and

iological activity.

Since early reports of synthesis of fluorescein isothiocyanate
FITC) labeled chitosan (Onishi & Machida, 1999; Qaqish & Amiji,

∗ Corresponding author. Tel.: +354 525 4463; fax: +354 525 4071.
E-mail address: mmasson@hi.is (M.  Másson).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.06.070
© 2012 Elsevier Ltd. All rights reserved.

1999), studies focused on visualizing the FITC-labeled chitosan
in vitro have revealed that chitosan in solution usually adhere to
the cellular membrane and chitosan nanoparticles are taken up
by the cells (Huang, Ma,  Khor, & Lim, 2002; Jia, Chen, Xu, Han,
& Xu, 2009). In addition to FITC, other fluorophores have been
randomly introduced to the amino group of chitosan, such as
lissamine–rhodamine (Schipper et al., 1997) and Cy5.5 conjugated
to glycol modified chitosan (Nam et al., 2010). Reports of structure
characterization of these fluorescently labeled chitosan derivatives
have been scarce. Incorporating these fluorophores randomly into
the chitosan backbone has become a widely used application to
visualize the localization of the polymer in vitro. However, this
introduction could have some effects on the spatial structure of the
polymer thereby possibly altering its biological properties (Fei &
Gu, 2009). The size distribution of fluorescent chitosan nanopar-
ticles formed can also be affected (Huang, Khor, & Lim, 2004).
Furthermore, these random labeling techniques utilize the free
amino group on the polymer backbone and are therefore not appli-
cable to chitosan derivatives, such as TMC, where the amino group
is blocked by methylation. In contrast, the reducing end of TMC  pro-

vides a unique chemical functionality for appending a fluorophore
with high regioselectivity, provided that reagents and conditions
can be developed for reactions at this masked aldehyde moiety.
The aminooxy group is highly reactive towards carbonyl groups,

dx.doi.org/10.1016/j.carbpol.2012.06.070
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mmasson@hi.is
dx.doi.org/10.1016/j.carbpol.2012.06.070
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Fig. 1. 1H NMR  spectra: (A) EDANS-O-NH2. (B) f-TMC (TMC-ox

uch as aldehydes and ketones (Langenhan & Thorson, 2005) and
ould therefore be used for oxime conjugation between the reduc-
ng end of TMC  and an aminooxy linked fluorophore. Since such
onjugation is highly selective, it could be used to determine the
esulting molecular weight of the fluorescent polymer by 1H NMR
nd fluorescent spectroscopy along with visualizing the location of
MC  in vitro. To date, fluorescent labeling of TMC  or other deriva-
ives where the amino groups are completely blocked has not been
eported.

. Experimental

.1. Materials

Chitosan HCl (G020102-1) with an average molecular weight
MW)  of 8.1 kDa, as determined by end-reducing assay (Miller,
959) and 8.5 kDa, as determined by viscometric methods (Ottoy,
arum, & Smidsrod, 1996) was provided by Genis EHF, Iceland.
egree of acetylation (DA) was estimated 0.03 according to
H NMR. All other chemicals and reagents were commercially
vailable, of reagent grade or higher and used as received
Sigma–Aldrich, St. Louis, USA). Dialysis membrane (Spectra/Por,

W cutoff 3500 Da) and Float-A-Lyzer (Spectra/Por, MW cutoff
.5–5.0 kDa, 5 ml  sample volume) were purchased from Spectrum
aboratories Inc. (Rancho Dominguez, USA). LHC-9 cell culture
edium was supplemented with penicillin and streptomycin

Gibco, Life Technologies, NY, USA). Fetal bovine serum (FBS) was
btained from Gibco (Life Technologies, NY, USA). Chambered cul-
ure slides and other cell culture plastics were purchased from BD
alcon (Bedford, MA,  USA). Hanks Balanced Salt solution (HBSS)
ontaining NaCl (146.94 mM),  KCl (5.37 mM),  Na2HPO4 (0.34 mM),
H2PO4 (0.44 mM),  CaCl2·2H2O (1.80 mM),  MgSO4 (0.81 mM),
aHCO3 (25 mM),  d-glucose (5.55 mM)  and HEPES (25 mM)  was
uffered at pH 7.4. Mouse monoclonal E-cadherin (IgG2a) was  pur-

hased from BD Bioscience (NJ, USA) and Alexa Fluor 526 goat
nti-mouse IgG2a, was purchased from Invitrogen (Life Sciences,
Y, USA). Fluoromount-G antifade solution was purchased from
outhernBiotech (Birmingham, USA).
DANS) with EDANS conjugation marked with circle. (C) TMC.

2.2. Synthesis

2.2.1. N,N,N-trimethyl chitosan (TMC, 1)
TMC  homopolymer was  synthesized according to our previ-

ous publication (Benediktsdóttir et al., 2011). In brief, chitosan
HCl was stirred in methanesulfonic acid yielding chitosan mesy-
late salt. Introduction of the di-tert-butyldimethylsilyl protection
groups was  done by dissolving the mesylate salt in DMSO fol-
lowed by addition of tert-butyldimethylsilyl chloride, forming
di-TBDMS chitosan. Then, di-TBDMS chitosan was trimethylated
with methyl iodide, deprotected with tetrabutylammonium fluo-
ride and ion exchanged in NaCl solution yielding the final materal,
N,N,N-trimethyl chitosan chloride (TMC). 1H NMR (300 MHz, D2O,
Fig. 1C): ı ppm 2.08 (s, ∼0.03H), 3.35 (s, 9H), 3.75 (s, 1H), 3.83–3.99
(m,  2H), 4.36 (t, 1H), 4.47 (t, 1H), 5.49 (s, 1H).

2.2.2. 5-(2-((Aminooxyacetyl)amino)ethylamino)naphthalene-1-
sulfonic acid (EDANS-O-NH2, 2)

Synthesis of EDANS-O-NH2 was carried out according to
a previously published procedure (Takaoka, Tsutsumi, Kasagi,
Nakata, & Hamachi, 2006) but with several modifications.
1,5-EDANS (266 mg,  1 mmol) was  added to a solution of N-Boc-
aminooxyacetic acid (291 mg,  1 mmol), O-benzotriazole-N,N,N′,N′-
tetramethyluronium hexafluorophosphate (379 mg,  1 mmol), 1-
hydroxy-benzotriazole hydrate (135 mg,  1 mmol) and N,N′-
diisopropylethylamine (342 �L, 2 mmol) in dimethylformamide.
The reaction was stirred at room temperature for 16 h. The prod-
uct was purified using HPLC on a C18 column with a gradient
from 5% to 30% acetonitrile in H2O. The freeze-dried product was
then dissolved in trifluoroacetic acid (TFA)/CH2Cl2 (1:1) and stirred
for 2 h at room temperature to remove the Boc group. TFA and
CH2Cl2 were removed by N2. The resulting solid was  then redis-
solved in water/acetonitrile (1:1) then freeze-dried to provide the
title compound (276 mg,  81% for the two  steps) as a white solid.
1H NMR  (300 MHz, D2O, Fig. 1A): ı ppm 3.52 (t, JH = 5.8 Hz, 2H),

3.65 (t, JH = 5.7 Hz, 2H), 4.13 (s, 2H), 6.95 (d, JH = 7.8 Hz, 1H), 7.56
(t, JH = 7.5 Hz, overlapped, 1H), 7.59 (t, JH = 7.8 Hz, overlapped, 1H),
8.06 (d, JH = 8.6 Hz, 1H), 8.14 (dd, JH3 = 7.3 Hz, JH4 = 0.9 Hz, 1H), 8.20
(d, JH = 8.7 Hz, 1H).
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Scheme 1. Synthesis of N,N,N-trimethyl chitosan (TMC, 1), EDANS-O-NH2 (2), TMC-imine-EDANS (3) and TMC-oxime-EDANS (f-TMC, 4)a. Note: aReagents and conditions:
(A)  According to previous published procedure (Benediktsdóttir et al., 2011). (B) (a) O-benzotriazole-N,N,N′ ,N′-tetramethyluronium, 1-hydroxy-benzotriazole hydrate and
N a) was
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,N′-diisopropylethylamine in dimethylformamide at rt for 16 h. (b) Product from (
00  mM aniline in 100 mM acetate buffer at pH 4.5, 50 ◦C. (b) EDANS-O-NH2, 100 m

.2.3. TMC-imine-EDANS (3)
TMC (36 mg)  and 1,5-EDANS (7 mg)  were stirred in 3 ml  of

cetate buffer (100 mM,  pH 4.5) in the presence of aniline (100 mM),
n a closed reaction vial, protected from light, at 50 ◦C for 72 h. The
olution was then dialyzed in the dark against water for 24 h, then
gainst 5% aq. NaCl solution for 24 h and finally against water for
n additional 48 h (yield: 33 mg  (92%)).

.2.4. TMC-oxime-EDANS (f-TMC, 4)
TMC (36 mg)  and EDANS-O-NH2 (7 mg)  were dissolved in 3 ml

cetate buffer (100 mM,  pH 4.5) in the presence of aniline (100 mM)
nd stirred in a closed reaction vial, protected from light, at 50 ◦C for
2 h. The solution was dialyzed in the dark against water for 24 h,
hen against 5% aq. NaCl solution for 24 h and finally against water
or additional 48 h (yield: 35 mg  (98%)). 1H NMR  (400 MHz, D2O,
ig. 1B): ı ppm 2.09 (s, ∼0.03H), 3.35 (s, 9H), 3.53 (br m,  ∼0.06H),

.65 (br m,  ∼0.06H), 3.76 (s, 1H), 3.88–3.92 (m,  1H), 3.99 (m,  1H),
.12 (m,  ∼0.02H), 4.37 (t, 1H), 4.48 (t, 1H), 5.50 (s, 1H), 6.92 (br s,
0.03H), 7.59–7.63 (br s, ∼0.08H), 8.03–8.07 (m,  ∼0.03H), 8.16 (m,
0.03H), 8.21 (m,  ∼0.03H).
 stirred in trifluoroacetic acid for 2 h at rt to produce EDANS-O-NH2. (C) (a) EDANS,
line in 100 mM acetate buffer at pH 4.5, 50 ◦C.

2.3. Characterization

2.3.1. NMR
1H NMR  spectra were recorded with a Bruker Avance 300 MHz

instrument and 1H–1H COSY and 13C–1H HSQC NMR spectra were
recorded with a Bruker 500 MHz  instrument with an Observe cry-
oprobe. Spectra were run without water suppression and D2O
was used as NMR  solvent with sample concentrations ranging
from 10 to 15 mg/ml. The spectra were calibrated to previously
reported value for the trimethyl peak (3.35 ppm) (Benediktsdóttir
et al., 2011). Measurements were obtained without water suppres-
sion. The number average molecular weight (Mn) was determined
from the 1H NMR  data by end-group analysis. First, the ratio of
EDANS-O-NH2 protons on the end-group in TMC-oxime-EDANS
(DEDANS-O-NH2) was determined from 1H NMR  spectra (Fig. 1B) using
the following equation:

DEDANS-O-NH2 =
(∫

H-g∫
H-1

× Theoretical number of protons in H-1
Theoretical number of protons in H-g

)

=
(∫

H-g∫
H-1

× 1
1

)
(1)
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Fig. 3. Fluorescence emission spectra of EDANS and EDANS-O-NH2 conjugated to
TMC  (f-TMC) in H2O after excitation at 335 nm:  (A) EDANS (blue) and f-TMC (red).
ig. 2. MALDI-TOF of TMC  determined in different matrixes: (A) Determined
ith �-cyano-4-hydroxycinnamic acid as the matrix. (B) Determined with 2,5-
ihydroxybenzoic acid as the matrix.

here numbering of protons H-g (from EDANS-O-NH2) and H-1
from TMC) is according to Fig. 1B. Ratio of TMC  units in TMC-
xime-EDANS (DTMC) was  then determined with the following
quation:

TMC = 1 − DEDANS-O-NH2
(2)

Mn of TMC-oxime-EDANS was determined using the following
quations:

umber of TMC  repeating units = DTMC

DEDANS-O-NH2

(3)

WTMC-oxime-EDANS

= (Number of TMC  repeating units × MWone TMC unit) (4)

.3.2. Fluorescence spectrometry
Fluorescence intensity was measured using a Spex FluoroMax

t 22 ◦C with excitation wavelength of 335 nm.  Each spectrum
s the average of three accumulations. Equal amount of samples

mg/ml) in water was measured to enable direct comparison of
uorescence intensity. Calibration curve of EDANS fluorescence
0.18–195 × 10−6 M)  was measured using fluorescence plate reader
Tecan GENios microplate reader, Männedorf, Switzerland) with
(B) f-TMC (red), compound isolated after reaction between TMC  and EDANS (green)
and  TMC (blue). (For interpretation of the references to color in this figure legend,
the  reader is referred to the web version of the article.)

excitation filter of 360 nm and emission filter of 535 nm. The cal-
ibration curve was  used to calculate DEDANS-O-NH2 and then Eqs.
(2)–(4) were used to calculate the average MW of TMC-oxime-
EDANS.

2.3.3. MALDI-TOF MS
Mass spectra were obtained using Microflex time-of-flight

mass spectrometer (Bruker, Bremen, Germany). Spectra were col-
lected in positive ion mode with 100 laser shots summed to
produce the final spectrum. Measurements were done without
baseline correction. Either 2,5-dihydroxybenzoic acid or �-cyano-
4-hydroxycinnamic acid was  used as the matrix (10 mg/ml). 1 �l of
the matrix was mixed on a steel target plate with 1 �l of the TMC
(1 mg/ml) and allowed to air-dry at room temperature.

2.4. In vitro studies

2.4.1. Culture of VA10 cells and visualization of f-TMC (4) in the
epithelium

The bronchial cell line VA10 (Halldorsson et al., 2007) was used
to study the location of f-TMC (4) in the epithelium with unmodified
EDANS and the hypothetical TMC-imine-EDANS (3) as controls. The
cells were cultured in LHC-9 medium and used between passages
17–21 and maintained at 37 ◦C in a humidified atmosphere of 95%
air and 5% CO2. Cells were seeded at a density of 7 × 105 cells/cm2 on

chambered culture slides and cultured until confluent. The mono-
layers were treated with either 0.5 mg/ml  of f-TMC, 0.5 mg/ml of
the hypothetical TMC-imine-EDANS or 0.0026 mg/ml of EDANS
(similar amount of fluorescent units per ml buffer as in f-TMC)
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Fig. 4. Fluorescent microscopy images of VA10 cells in monolayer after incubation
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1963) compared to the oxime bond that has been reported to be
ith f-TMC. (A) Incubation for 20 min  at 37 ◦C. (B) Incubation for 2 h at 37 ◦C (40×
agnification) and (C) (100× magnification); bar = 10 �m.

n HBSS buffer for 2 h. Subsequently, the monolayers were rinsed
hree times with prewarmed HBSS, fixed with 3.7% formalde-
yde in PBS (pH 7.4) for 10 min  and fluoromount-G added before
isualization. For co-staining with E-cadherin, the monolayer was
ermeabilized after fixation with 0.1% Triton X-100/PBS for 7 min
nd blocked in 10% FBS in PBS for 10 min  at room temperature. Sub-

equently, the monolayer was incubated with primary antibody
gainst E-cadherin (1:125) for 30 min  at room temperature fol-
owed by incubation with Alexa Fluor secondary antibody (1:1000)
e Polymers 90 (2012) 1273– 1280 1277

for 30 min  and fluoromount-G added. All images were obtained
with an epi-fluorescent microscope with matching filters (Nicon
Eclipse-800) and photographed with Nikon DXM1200F digital cam-
era.

2.4.2. Uptake studies in VA10 epithelial cells
VA10 cells, between passages 19–20, were seeded at a density

of 2.1 × 104 cells/cm2 on 12 well cell culture plates and cultured
in LHC-9 until confluent. The cell monolayers were treated with
either 0.0026 mg/ml  EDANS in HBSS or 0.5 mg/ml  f-TMC (4) in HBSS
for 2 h. The uptake was  terminated by washing the monolayers
three times with ice-cold HBSS. Fluorescence of the cell lysate,
obtained by applying 300 �l of 2% SDS solution (pH 8) to each
well, was  measured using fluorescence plate reader (Tecan GENios
microplate reader, Männedorf, Switzerland) with excitation filter of
360 nm and emission filter of 535 nm.  Protein concentration of the
cell lysate was determined using the Bradford assay. Uptake was
expressed as the quantity of f-TMC or EDANS (�g) present in 1 mg
of protein (Mean ± SD, n = 3–4). The uptake results were compared
with unpaired, two  tailed Student’s t-test (GraphPad Prism, Graph-
Pad Software Inc., CA, USA) with p < 0.05 considered as statistical
significant.

3. Results and discussion

3.1. Synthesis of fluorescently end-labeled N,N,N-trimethyl
chitosan (f-TMC)

The reducing end of the TMC  homopolymer (1, Scheme 1A)
was conjugated with an aminooxy functionalized 5-((2-
aminoethyl)amino)naphthalene-1-sulfonic acid (2, EDANS-O-NH2,
Scheme 1B) fluorophore forming TMC-oxime-EDANS (4, f-TMC,
Scheme 1C). This can be seen by signals in the aromatic region of
the 1H NMR  spectra assigned to the naphthalene moiety of the
fluorophore (Fig. 1B). Conjugation of EDANS-O-NH2 to TMC  was
estimated to result in an upfield shift of the methylene aminooxy
protons (H-m), thereby localizing them under the H-5 and H-6
peaks of TMC. The amino ethylene protons in the fluorophore (H-k
and H-l) were located in the same region as the TMC  protons,
making their existence barely detectable. However, the 1H–1H
COSY revealed a correlation confirming their existence at 3.65
and 3.53 ppm (Fig. A.1A). Ring-chain tautomerism of oxime glycan
conjugates (Finch & Merchant, 1975) such as the end-labeled
TMC-oxime reduces the chance of observing the H-1′ peak in
the 1H NMR  spectra. The major (E)-oxime tautomer form of H-1′

should appear at approx. 7.6 ppm (Jiménez-Castells, de la Torre,
Andreu, & Gutiérrez-Gallego, 2008; Novoa-Carballal & Muller,
2012; Thygesen, Sauer, & Jensen, 2009), at the same place as
aromatic protons from EDANS-O-NH2. Due to the low intensity of
the H-1′ peak, the correlation signals, to this peak, in COSY and
HSQC NMR  were weak and near the detection limit. However,
from analysis of the 1H–1H COSY NMR  spectra the H-1′ was  found
to appear at 7.63 ppm, showing a correlation to H-2′ at 4.12 ppm
(Fig. A.1B). In addition, correlation between the H-1′ signal and the
C-1′ signal at 152 ppm was  observed in 13C–1H HSQC NMR  spectra
(Fig. A.1D), further supporting the oxime conjugation.

The attempted reaction between TMC  and the amino group of
EDANS did not provide a conjugate (the hypothetical imine 3) since
1H NMR  data was consistent with the unmodified TMC  (1, data
not shown), thereby indicating very low efficiency in end-labeling.
This is likely due to relative instability of the imine bond (Layer,
relatively hydrolytically stable in aqueous solutions (Kalia & Raines,
2008). Consequently, the aminooxy group presents a more suitable
approach for covalent linkage at the reducing end of TMC, compared
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ig. 5. Fluorescent microscopy images of VA10 cells in monolayer. (A) After incuba
-cadherin (526 nm)  of the same section as shown in A. (C) Co-localization of f-TMC 

ells;  bar = 10 �m.

o an amino group, under current reaction conditions. The covalent
inkage is shown by the peak-broadening of the fluorophore in the
H NMR  spectra of f-TMC (Fig. 1B) and it is further supported by
he observation from NMR  that the dialysis procedure provides an f-
MC  conjugate with approx. 1:1 molar ration between the polymer
nd the fluorophore.

The water soluble EDANS was chosen as a proof-of-concept
uorophore. It has a relatively long fluorescence lifetime and
as effectively been used as a fluorescent donor in fluorescence
nergy transfer of EDANS/DABCYL (Matayoshi, Wang, Krafft, &
rickson, 1990). For this application, EDANS has been conjugated,
ia intermediate imine formation, through a glycosylamide linkage
o the reducing end of chitopentaose for analyzing enzyme activity
Cottaz, Brasme, & Driguez, 2000). Chitosan can be functionalized at
he reducing-end with an amino group and this has been utilized to

inimize the degradation of the polymer (Muzzarelli, Terbojevich,
uzzarelli, & Francescangeli, 2002). The fact that the reducing end

f TMC  could be fluorescently labeled reflects the efficiency of the
i-tert-butyldimethylsilyl protection strategy used to protect all
ydroxyl groups of chitosan in the previous trimethylation step
Benediktsdóttir et al., 2011).

Chemoselective oxime formation has been used in glycochem-
stry to conjugate reducing glycans to gold nanoparticles (Thygesen,
auer, et al., 2009; Thygesen, Sorensen, Clo, & Jensen, 2009) and
icroarrays (Cló, Blixt, & Jensen, 2010) and more recently to conju-

ate chitosan to poly(ethylene glycol) through the aminooxy linker
Novoa-Carballal & Muller, 2012). Oxime formation has also been
tilized to conjugate O-benzyl aminooxy groups to the reducing
nd of glucose (Glc) and N-acetyl glucosamine (GlcNAc) (Thygesen
t al., 2010). GlcNAc, the basic unit of chitin, has lower reac-
ivity towards the aminooxy group compared to glucose (Lohse,

artins, Jørgensen, & Hindsgaul, 2006; Thygesen et al., 2010) show-

ng that the substitution on the C-2 carbon affects the reactivity.
he reducing end exists in equilibrium between the ring-closed
emiacetal, the open-chain aldehyde and most likely the hydrate
s well. Since only the open chain aldehyde can react with the
ith 0.5 mg/ml  f-TMC (366 nm)  for 2 h at 37 ◦C. (B) Immunofluorescence staining for
cadherin. (D) Immunofluorescence staining for E-cadherin (526 nm) in non-treated

aminooxy group (Thygesen et al., 2010), the extent of ring opening
affects the reactivity of oxime formation (Haas & Kadunce, 1962).
Aniline (100 mM)  has been reported to catalyze the oxime forma-
tion between O-benzyl aminooxy groups and GlcNAc (Thygesen
et al., 2010) and was, therefore, used to catalyze the reaction of
f-TMC combined with heating to 50 ◦C for 72 h to enable full con-
jugation. Although the presence of aniline (100 mM)  as a catalyst
has previously yielded up to 15% conversion to the N-phenyl-imine
end-labeled glycan (Thygesen et al., 2010) we  did not observe any
peaks correlating to the N-phenyl group by NMR. However, low lev-
els of N-phenyl-imine formation cannot be excluded as this would
not have been detected in the NMR  analysis of the carbohydrate
polymer. The reaction was carried out in acetate buffer at pH 4.5,
since glycan oxime formation proceeds with an optimum of pH 4–5
(Haas & Kadunce, 1962), at the pH where the aminooxy groups are
partially neutral (Langenhan & Thorson, 2005).

3.2. Molecular weight determination of f-TMC

The end-group analysis of EDANS (i.e. ratio between EDANS
and trimethyl glucosamine units) in f-TMC (4), calculated from
1H NMR  data (Fig. 1B and Eq. (1)), was 0.03. This data, assum-
ing that all reducing ends were labeled, was used to calculate the
number average MW (Mn) of f-TMC polymer of 7.75 kDa (Eqs.
(2)–(4)). MALDI-TOF molecular weight measurements were also
collected for the TMC  polymer. Either 2,5-dihydroxybenzoic acid
or �-cyano-4-hydroxycinnamic acid was  used as a matrix and
MALDI-TOF measurements gave peak MW of 4.2 kDa and 5.2 kDa
respectively (Fig. 2). The linear (r2 ≥ 0.99) fluorescence calibration
curve of EDANS was used to calculate the average MW of f-TMC
(from Eq. (2–4)) and was  found to be 7.74 kDa. Calculations from the
NMR  and fluorospectroscopy data give very similar values whereas

MALDI-TOF gives a very crude average MW determination. Accord-
ingly, it can be estimated that the molecular weight of f-TMC is
around 7.7 kDa, which is a lower molecular weight than the starting
chitosan (8.3 kDa).
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ig. A.1. 2D NMR  analysis of f-TMC. (A) 1H–1H COSY NMR  spectra. (B) Enlarged COSY
SQC  spectra showing the correlation of H-1′ to C-1′ .

.3. Fluorescent properties of EDANS and f-TMC

Fluorospectrometric data showed that EDANS had �em 488 nm
hen excited at 335 nm (Fig. 3A). A similar fluorescence maximum,

em 499 nm,  was observed for f-TMC (4) at the same excitation
ith much lower intensity than the fluorophore itself, which is to

e expected for fluorescently end-labeled TMC (Fig. 3A and B). The
ttempted preparation of the hypothetical TMC  imine derivative
3) did not provide a fluorescently labeled TMC  (Fig. 3B) and was
n accordance with the 1H NMR  data that also indicated that the
onjugate did not form to any significant extent.

.4. Visualization and uptake of f-TMC in bronchial epithelial cells

The fluorescent properties of f-TMC (4) were further explored
n the VA10 bronchial epithelial cell line in order to establish the
ocalization of the polymer (Halldorsson et al., 2007). The visu-
lization was carried out using epi-fluorescent microscope since
onfocal scanning microscopy was not equipped to visualize the
DANS fluorophore. f-TMC (4, 0.5 mg/ml) was observed at the cell
embrane as well as intracellularly (Fig. 4B and C) after only
0 min  of incubation (Fig. 4A). No fluorescence was  observed after
ncubation for 2 h with the hypothetical TMC-imine-EDANS (3) or

ith the EDANS fluorophore itself (data not shown) which further
upports the reactivity and selectivity of the aminooxy group in
ra showing the H-1′ to H-2′ correlation. (C) 13C–1H HSQC NMR  spectra. (D) Enlarged

the synthesis of f-TMC. Co-staining of f-TMC and the adherence
junction protein E-cadherin (E-cad) showed intracellular localiza-
tion of f-TMC and co-localization with E-Cad at the membrane
surface (Fig. 5). Numerous articles have reported none or lim-
ited internalization of solubilized chitosan (Huang et al., 2004;
Jia et al., 2009; Schipper et al., 1997). However, internalization
of solubilized polyethylene glycol (PEG)-TMC copolymer has been
described, with localization mainly in the perinuclear region of
the cell when complexed with insulin (Mao  et al., 2005). In addi-
tion, gene delivery studies have shown that TMC–DNA polyplexes
are more efficiently internalized than chitosan–DNA polyplexes
(Germershaus, Mao, Sitterberg, Bakowsky, & Kissel, 2008; Thanou,
Florea, Geldof, Junginger, & Borchard, 2002) and that other cationic
polymers, such as poly-l-lysine, are also effectively internalized
(Ranaldi, Marigliano, Vespignani, Perozzi, & Sambuy, 2002). The
cellular uptake study provided further confirmation of the inter-
nalization of f-TMC in the epithelial monolayer with significantly
higher uptake (p < 0.0001) of f-TMC (32.01 ± 3.60 �g/mg protein)
than EDANS control (0.073 ± 0.038 �g/mg protein). Since fluores-
cent microscopy shows that f-TMC is largely found intracellularly
but also partially membrane bound, the amount detected in the

uptake study contains both membrane bound and intracellularly
localized f-TMC. Furthermore, these results show that the EDANS
moiety of f-TMC does not contribute to the adhesion or internal-
ization of the f-TMC polymer.
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. Conclusions

In this study, we report the first synthesis of a fluorescently
abeled TMC  obtained by highly regioselective oxime formation
t the reducing end. Advantages of this novel approach include
onjugation that should induce minimal structural changes to the
hitosan backbone and fluorescent labeling that enables accurate
olecular weight determination. In addition, this conjugation pro-

ides clear localization of the polymer in vitro, revealing localization
oth at the cell membrane as well as intracellularly. Selective oxime
onjugation to the reducing end of TMC  introduces new opportuni-
ies in chitosan chemistry. Besides allowing selective conjugation
f other fluorophores, that offers numerous potential applications
or gene- and drug delivery studies, this method also introduces the
ossibility of conjugating chitosan polymers to other functionally
ctive moieties.
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