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ABSTRACT: As a potent nonviral system for biomolecular
delivery to neurons via their axons, we have studied molecular
characteristics of lysinated fluorescent dextran nanoconjugates with
degrees of conjugation of 0.54−15.2 mol lysine and 0.25−7.27 mol
tetramethyl rhodamine isothiocyanate (TRITC) per mol dextran.
We studied the influence of conjugation with lysine and TRITC on
the size and structure of different molecular weight dextrans and
their mobility within axons. Dynamic light scattering (DLS) and
small-angle neutron scattering (SANS) experiments revealed
significant differences in the size and structure of unmodified and
modified dextrans. Unexpectedly, lower-molecular-weight conju-
gated dextrans exhibited higher molecular volumes, which we
propose is due to fewer intramolecular interactions than in higher-molecular-weight conjugated dextrans. Assessment of retrograde
and anterograde movement of lysine- and TRITC-conjugated dextrans in axons in the lumbar spinal cord of chicken embryos
showed that lower-molecular-weight dextrans translocate more efficiently than higher-molecular-weight dextrans, despite having
larger molecular volumes. This comparative characterization of different molecular weight dextrans will help define optimal features
for intracellular delivery.
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■ INTRODUCTION

Dextran-based polymers have received great interest for
controlled drug release and gene transfection applications.1−7

Targeted and localized delivery systems based on dextran
polymers have several benefits such as high aqueous solubility,
high chemical stability, target site specificity, few deleterious
effects on cellular function, suitability for programmed release
applications, good patient compliance, and high overall
efficiency.8−11 For example, one limitation to the use of
nucleic acids for studies of normal and pathophysiological
processes and for the potential treatment of neurological
disease is the specificity, with which they can be delivered to
selected neuron populations.11,12 This problem can be solved
while simultaneously avoiding the risks inherent in using viral
carriers using a suitable nonviral polymeric nanocarrier.12,13

Selectively localized injection of a suitable polymeric nano-
carrier can restrict intracellular accumulation to neurons that
project to a specific target. For example, motoneurons
innervating a specific muscle can be targeted with exquisite
selectivity, as can cortical neurons projecting to a specific
subcortical target, or thalamic neurons projecting to a specific
cortical region, and so on.14

Dextran is a natural, biodegradable, and biocompatible
nonionic polysaccharide, widely employed for biomedical

applications.15−22 The chemical structure of dextran consists
mainly of α-(1 → 6) glycosidic bonds with branching at
positions α-(1 → 2), α-(1 → 3), and α-(1 → 4).9,13,23 The
degree of branching in dextran polymers is related to the
molecular weight of dextran24 and is usually pronounced for
high molecular weights.
A large number of hydroxyl groups available on the dextran

backbone makes the polymer suitable for conjugation with a
variety of other molecules with specific characteristics.25−31

Different chemical reactions, such as esterification, amidation,
and oxidation can be used to introduce various functional
groups.13 Based on a protocol established by Gimlich,32 we
used lysine to functionalize the dextran backbone with free
amine groups providing (1) further attachment with
tetramethyl rhodamine isothiocyanate (TRITC) and (2)
later fixation in tissues using aldehyde-mediated condensation.
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Lysine is selected because of its biocompatibility and
biodegradability,33 its ease of attachment to the dextran
backbone,32 and its provision of another free amine group for
further reactions. TRITC is the amine-reactive derivative of the
hydrophobic fluorescent dye tetramethyl rhodamine34 and has
been utilized extensively to fluorescently label proteins (such as
antibodies) and to label cells when encapsulated or conjugated
to other molecules.
The most important feature of dextran that makes it

attractive for use in biomolecule delivery in the nervous system
is that conjugated dextran can be taken up by axons or
synapses and moves retrogradely and anterogradely to
neuronal cell bodies and to the synaptic terminals.35−37

Thus, it can be used as a nonviral nanocarrier delivery system
for targeting specific neuron populations.
In this work, we synthesized lysine- and TRITC-conjugated

dextrans of three different molecular weights and investigated
the effect of the degree of conjugation on the size and structure
of the polymer and on the rate and efficiency of movement
within axons. We synthesized lysine-conjugated dextran by
cyanogen bromide activation of dextran and then attached
TRITC to the free amine groups provided by the lysine
moieties.32 Conjugation with TRITC permits the live
monitoring of polymer location and movement using
fluorescence microscopy. We prepared aqueous solutions of
the conjugated dextran polymers and characterized nanostruc-
ture and cellular behavior with the aid of NMR, DLS, SANS,
and fluorescence microscopy.
The aim of this work is to gain insight into factors that can

control the delivery of dextran conjugates to neurons via their
axons. A novel feature of this study is to elucidate how the
molecular weight of dextran and the lysine and TRITC
conjugation affect the mobility of nonvirial carriers. This
information is important to understand how cellular uptake
and intracellular mobility are affected by these chemical
modifications. In this way, we can tailor-make the carriers for
optimal performance.

■ EXPERIMENTAL SECTION
Materials. Dextrans with different weight-average molecular

weights (Mw) of 3500 Da (Dex3) and 10 000 Da (Dex10) were
purchased from Pharmacosmos (Denmark) and dextran with a Mw of
40 000 Da (Dex40) was obtained from AppliChem (GmbH,
Germany). Cyanogen bromide, TRITC, and all other chemicals
were obtained from Sigma-Aldrich.
Preparation of Conjugated Dextrans. The dextrans (Dex3,

Dex10, and Dex40) were conjugated with different amounts of lysine
by cyanogen bromide activation. TRITC was then covalently attached
to the lysine moieties in the dextran backbone. Six samples with
different degrees of lysine conjugation (Dex3-L1, Dex3-L2, Dex10-L1,
Dex10-L2, Dex40-L1, and Dex40-L2) were prepared by the method
of Gimlich.32 The degree of lysine conjugation was tuned by the
amount of cyanogen bromide and lysine in the solution (Table 1).
Briefly, the reaction was carried out by dissolving 100 mg of

dextran samples (Dex3, Dex10, and Dex40) in 20 mL of distilled
water, followed by dropwise addition of 1 N NaOH until the pH
reached a value of 10.8. Cyanogen bromide (25 mg) was then added
to the solution to produce highly reactive cyanate ester and slightly
reactive imidocarbonate intermediates. By adding small volumes of 1
N sodium hydroxide, the pH of the solution was kept constant until
the reaction was complete. Cyanate ester reacts readily with primary
amine groups of lysine, of which 170 mg was added to the solution
along with 370 mg of sodium bicarbonate. The pH was adjusted to
8.4 by adding a few drops of 0.1 N HCl to favor the activity of the α-
amino group, which has a pKa of 8.95, rather than the ε-amino group,

which has a pKa of 10.5. The reaction mixture was then gently stirred
for 16 h at 4 °C in a shaking incubator. The solution was thereafter
dialyzed against distilled water for 7 days and finally lyophilized
(samples labeled as “L1”). This procedure was performed a second
time with a twofold increase in the amount of cyanogen bromide and
lysine. This led to a near doubling of the degree of conjugation of
lysine (samples labeled as “L2”).

To attach the TRITC, 60 mg of each lysine-conjugated sample was
dissolved in 2 mL of carbonate buffer (pH 9). TRITC (10 mg) was
dissolved in 0.5 mL of DMF, followed by the addition of 1 mL of
carbonate buffer (pH 9). TRITC solutions were mixed with lysine-
conjugated dextran solutions while stirring. The reaction mixture was
stirred for 2 h at 40 °C and then dialyzed against carbonate buffer
(pH 9) for 2 days, followed by dialyzing against distilled water for 12
days. The resultant samples (Dex3-L1-R, Dex3-L2-R, Dex10-L1-R,
Dex10-L2-R, Dex40-L1-R, and Dex40-L2-R) were finally lyophilized
and stored at −20 °C until further analysis. Scheme 1 shows the
schematic illustration of the synthesis.

For the characterization of dextrans and the conjugates with
different experimental techniques, the dry samples were dissolved in
D2O and the solutions were homogenized by magnetic stirring for a
day prior to measurements.

1H NMR Spectroscopy. The chemical composition of conjugated
dextran was confirmed by proton nuclear magnetic resonance (1H
NMR) spectroscopy using a 400 MHz (Bruker AVIII400) instrument
at the Department of Chemistry, University of Oslo. Solutions were
prepared by dissolving 10 mg of the dry samples in 0.5 mL of D2O,
and the deuterium peak of D2O at 4.6 ppm was used as a reference
peak.

Asymmetric Flow Field-Flow Fractionation (AFFFF). To
determine average molecular weights and the molecular weight
distribution of dextran samples, we employed an AF2000 FOCUS
system, (Postnova Analytics, Landsberg, Germany) equipped with a
refractive index (RI) detector (PN3140, Postnova) and a multiangle
(seven detectors in the range 35−145°) light scattering detector
(PN3070, λ = 635 nm, Postnova). The samples (0.5 wt % in 0.01 M
NaCl) were measured using a 500 μm spacer, a regenerated cellulose
membrane with a cutoff of 1000 DA (Z-MEM-AQU-425N, Postnova)
for dextran samples Dex3 and Dex10, a cutoff of 10 000 for dextran
sample Dex40, and an injection volume of 20 μL. Constant detector
flow rates of 0.3, 0.6, and 1 mL/min were used for dextran samples
Dex3, Dex10, and Dex40, respectively. The focusing time was 2 min
at a cross flow of 1 mL/min for Dex3 and 3 min at a cross flow of 1.1
mL/min for Dex10 and Dex40. During the elution step, the cross flow
was linearly reduced to zero in 5 min for Dex3 and Dex10 but was
constant for 15 min for Dex40.

Measurement of the Degree of Conjugation. The degree of
lysine conjugation was measured by a trinitrobenzenesulfonic acid
(TNBS) assay38 and UV−vis spectroscopy. Briefly, 1 mL solutions of
all six samples (Dex3-L1, Dex3-L2, Dex10-L1, Dex10-L2, Dex40-L1,
and Dex40-L2) at a concentration of 0.1 wt % in water were prepared.
To each, 1 mL of 4% (w/v) sodium bicarbonate (pH 8.5) was added,
followed by the addition of 0.05% (w/v) trinitrobenzenesulfonic acid.
The samples were covered with aluminum foil to protect them from
light exposure, and the solutions were mixed at 40 °C in an incubator
shaker for 3 h. A solution of 10% w/v sodium dodecyl sulfate (SDS)
in water (1 mL) was then added, followed by slow addition of 0.5 mL
of 1 M HCl. The absorbance of the samples was measured at a

Table 1. Preparation of Lysine-Conjugated Dextran with
Different Feed Ratios of Lysine and Cyanogen Bromide

sample Dex (Mw) Dex (mg) lysine (mg) cyanogen bromide (mg)

Dex3-L1 3500 100 370 25
Dex3-L2 3500 100 740 50
Dex10-L1 10 000 100 370 25
Dex10-L2 10 000 100 740 50
Dex40-L1 40 000 100 370 25
Dex40-L2 40 000 100 740 50
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wavelength of 345 nm. To obtain a standard curve, 6-aminocaproic
acid was used as an analogue for lysine. Five standard solutions of the
6-aminocaproic acid with concentrations in the range of 0.01−0.09%
w/v were prepared, and the absorbance was measured at 345 nm
using water as the blank sample. A linear absorbance curve at the
given concentrations was obtained to calculate the molar absorbance
coefficient (ε) (Figure S1). The values of unknown concentrations
were calculated using the Beer−Lambert law for a quartz cuvette with
a 1 cm path length.
To calculate the molar ratio of TRITC to dextran, we measured the

absorbance of the samples at a wavelength of 552 nm and a polymer
concentration of 0.1 wt % and the samples were dissolved in DMSO.
A standard curve was obtained for five concentrations of TRITC,
spanning from 0.01 to 0.05% w/v in DMSO. The value of ε was
calculated in DMSO medium (Figure S2).
Dynamic Light Scattering Measurements. DLS experiments

were carried out using an ALV/CGS-8F and an LS spectrometer
goniometer system with a He−Ne laser operating at a wavelength of
632.8 nm and a diode-pumped solid-state laser operating at a
wavelength of 660 nm. Six scattering angles in the range 39−124°
were monitored simultaneously to measure the intensity autocorre-
lation function. The laser beam was focused on the sample cell (10
mm NMR tubes, Wilmad Glass Co., of the highest quality) through a
controllable sample chamber filled with a refractive index matching
liquid (cis-decalin) at 25 °C. The samples were dissolved in D2O and
filtered in an atmosphere of dust-free air through 0.45 μm filters
directly into precleaned and dust-free 10 mm NMR tubes. From DLS,
the intensity autocorrelation function g2(q,t) is linked to the
theoretically amenable first-order electric field autocorrelation
function g1(q,t) through the Siegert relationship39 g2(q,t) = 1 + B|
g1(q,t)|2. Here, B (≤1) is an instrumental parameter and the quantity
q = (4πn/λ) sin(θ/2) is the wave-vector, with λ, θ, and n being the
wavelength of the incident light in vacuum, scattering angle, and
refractive index of the medium, respectively.
In dilute solutions of lysine-conjugated dextran molecules, the

entities have a tendency to form intermolecular complexes. This leads
to a situation where single molecules (fast relaxation) coexist with
association complexes (slow relaxation), and in this case, the decay of
the correlation function can be described by the sum of two stretched
exponentials

g t A t A t( ) exp ( / ) exp ( / )1
f fe s seτ τ= [− ] + [− ]γ β (1)

with Af + As = 1. Parameters Af and As are the amplitudes for the fast
and the slow relaxation times, respectively. Variables τfe and τse are the
relaxation times characterizing the fast and the slow relaxation
processes, respectively.

Parameters τfe and τse in eq 1 are effective relaxation times, and β (0
< β ≤ 1) and γ (0 < γ ≤ 1) are measures of the widths of the
distributions of relaxation times. The mean relaxation times for the
fast and slow modes can be expressed as

( / ) (1/ )f feτ τ γ γ= Γ (2a)

( / ) (1/ )s seτ τ β β= Γ (2b)

where Γ(x) is the γ function.
For dilute solutions of dextran conjugated with both lysine and

TRITC, a single stretched exponential provides the decay of the
correlation function

g q t
t

( , ) exp1

seτ
= −
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Bimodal relaxation processes have previously been reported40−42 from
DLS studies on associating polymer systems of various types. In the
analysis of the correlation functions by means of eqs 1 and 3,
nonlinear fitting algorithms were employed to obtain best-fit values of
parameters Af, τfe, τse, γ, and β in eqs 1, 2a, and 2b and of parameter β
in eq 3.

Since both the fast and the slow relaxation modes are diffusive (1/τf
= Dq2) for the functionalized dextrans, the apparent hydrodynamic
radii (Rh,f and Rh,s) of the species can be determined via the Stokes−
Einstein relation Rh = KBT/6πη0D, where KB is the Boltzmann
constant, T is the absolute temperature, η0 is the solvent viscosity, and
D is the mutual diffusion coefficient of single molecules or
intermolecular complexes. The relaxation mode described by eq 3 is
also diffusive.

Small-Angle Neutron Scattering Measurements. Neutron
scattering measurements were performed using a SANS instrument
with a JEEP II reactor at the Institute for Energy and Technology
(IFE) at Kjeller (Norway). A velocity selector (Dornier) was used
with a wavelength spread of Δλ/λ = 10%. Two different sample
detector distances (1.0 and 3.4 m) and two different neutron
wavelengths (5.1 and 10.2 Å) were used to obtain a total scattering
range (q-range) from 0.008 to 0.32 Å−1, corresponding to an
observable particle size range of approximately 2−80 nm. The

Scheme 1. Synthesis Procedure for Lysine- and TRITC-Conjugated Dextran
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neutron detector was a circular 3He-filled RISØ type placed inside a
shielded detector chamber with vacuum to reduce air scattering. All
samples were dissolved in D2O to reduce incoherent scattering and to
maximize the scattering contrast. The samples were introduced into 5
mm quartz cuvettes and placed in a temperature-controlled sample
chamber. All measurements were performed at 25 °C. The
transmission was measured separately, and the scattering was
normalized to absolute units (cm−1) by taking into account data
from an empty cell, beam without cell, and blocked-beam background
scattering for data reduction.
Axonal Tracing, Tissue Clearing, and Laser Scanning

Confocal Microscopy. Lumbar spinal cords of chicken embryos at
10−11 days of incubation were dissected out in the ice-cold chicken
Ringer solution (containing, in mM, NaCl 137, KCl 5, CaCl2 2,
MgCl2 1, NaPO4 1, HEPES 5, and D-glucose 11, pH 7.4) bubbled
with 100% O2. They were then labeled with the Dex3-L2-R, Dex10-
L2-R, and Dex40-L2-R samples using the technique of Glover et al.36

Briefly, a small amount of each conjugated dextran sample was
dissolved in a 0.5 μL drop of distilled water until the solution reached
a viscosity high enough to facilitate the collection of small globules of
tracer onto the tips of fine, sharpened stainless steel needles, where
they dried to form solid crystals. A transverse cut was made
unilaterally across the dorsal surface of the lumbar spinal cord to sever
axons in the dorsal columns, and several conjugated dextran crystals
were inserted into the cut sequentially, each being allowed to dissolve
and remain for about 30 s before applying the next. This was
continued for 3−4 min to allow uptake of the conjugated dextrans
into the cut axons.
To directly compare the efficiency of labeling, two different

conjugated dextran samples were applied on the left and right sides of
each spinal cord, respectively. Spinal cords labeled with Dex3-L2-R
versus Dex10-L2-R were incubated for either 3 or 7 h, whereas spinal
cords labeled with Dex10-L2-R versus Dex40-L2-R were incubated for
7 h in continuously oxygenated chicken Ringer at ambient
temperature (24 °C).
Following incubation, the labeled spinal cords were briefly

inspected under a fluorescence microscope and then fixed with 4%
paraformaldehyde in phosphate-buffered saline (pH 7.4). The tissue
was then cleared using the uDISCO procedure.43

To visualize fine details of the retrograde and anterograde labeling,
Z-stacks of confocal images of all cleared spinal cords were obtained
using a Zeiss LSM700 microscope with a 10× objective (NA = 0.25).
For presentation here, each Z-stack was flattened into a composite Z-
axis projection using the SUM Slide command in ImageJ.

■ RESULTS AND DISCUSSION
1H NMR Spectroscopy. Six samples with different degrees

of lysine conjugation were prepared. The degree of lysine
conjugation was tuned by the amount of cyanogen bromide
and lysine in the solution. 1H NMR (Bruker 400 MHz, D2O, δ,
ppm) spectra of lysine-conjugated dextran in D2O exhibited
the characteristic signal of protons from lysine (Figure 1). We
attribute the peaks in the range 3.4−5 ppm to the anomeric
and ring protons of dextran: δ = 4.99 (1H, d, J = 3.1 Hz, H-1),
4.00 (1H, d, J = 7.5 Hz, H-6a or H-6b), 3.91 (1H, d, J = 9.0
Hz, H-5), 3.76 (1H, d, J = 10.5 Hz, H-6a or H-6b), 3.72 (1H,
app.t, J = 9.3 Hz, H-3), 3.60 (1H, dd, J = 6.3, 3.4 Hz, H-2),
3.53 (1H, t, J = 9.3 Hz, H-4). However, the low-signal-intensity
peaks in the range 1.4−3.3 ppm represent lysine monomers
conjugated to the dextran backbone. The chemical shift values
of the signals in 1H NMR spectra of the dextran and lysine
moiety of this product were in accordance with literature
values.44−46 The degree of substitution (DS) of lysine per each
glucose unit was calculated by dividing the integral of the peak
at 3.01 ppm, corresponding to 1 proton of lysine, with that of
the peak at 4.99 ppm, corresponding to 1 proton from a single
unit of glucose. DS ranged between 0.05 and 0.06 for the
samples labeled as L1 and from 0.08 to 0.14 for the samples
labeled as L2. In terms of percentage, it was calculated to be
1.7−2 and 2.7−4.6% for the samples labeled as L1 and L2,
respectively.
The hydroxyl groups of dextran combine with cyanogen

bromide to give the reactive cyclic imidocarbonate. The
activated dextran then reacts with the α-amino group of lysine
under mild basic conditions, thus generating an iso-urea

Figure 1. Typical 1H NMR spectrum of lysine-conjugated dextran (sample Dex3-L2, Table 1).
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linkage. Adjusting pH to 8.4 favors the activity of the α-amino
group, rather than ε-amines, and this provides enough free
amine groups on the backbone for further reactions with
TRITC.
Degree of Conjugation of Lysine and TRITC. To

calculate the mol ratio of lysine and TRITC using the TNBS
assay, we needed the number average molecular weights (Mn)
of the dextran samples with weight-average molecular weights
(Mw) of 3500 and 10 000. Measurements were performed
using an AFFFF instrument and processed with Postnova
software (AF2000 Control, version 1.1.011) using a Zimm-
type fit. As an example, the molecular weight and dispersity
index (Mw/Mn) of the Dex3 sample are shown in Figure 2.

Measuring the free amine groups by the TNBS assay
revealed that increasing the feed ratio of lysine and cyanogen
bromide by a factor of 2 resulted in a substantial (1.6−2.2
fold) increase in the amount of lysine conjugated to dextran
(compare L2 to L1 samples in Table 2). To assess the degree

of TRITC conjugation, we assessed absorbance at 552 nm, the
maximum absorbance wavelength for the dye in DMSO.
Figure 3 shows the UV−vis spectrum of the Dex3-L2-R sample
with the absorbance peak of trinitrophenyl (TNP)-labeled
amino groups of lysine at 352 nm and the absorbance peak of
TRITC at 557 nm in distilled water.

TRITC has an isothiocyanate reactive group (−NCS),
which is an amine-reactive group and reacts with the primary
amine groups on lysine. Keeping the value of pH around 8.4
during the lysine−dextran synthesis favors the reactivity of the
α-amino groups of lysine; this leaves the ε amine groups on the
backbone of lysine free to react with TRITC. As an amine-
reactive derivative of rhodamine, TRITC will react with
available amine groups provided by the lysine moieties, and as
expected, its degree of conjugation paralleled that of lysine
(Table 2).

Dynamic Light Scattering. The correlation function data
at the indicated scattering angles for 0.1 wt % solutions of the
lysine- and TRITC-conjugated dextrans in D2O at 25 °C is
shown in Figure 4. DLS results showed that the normalized
correlation functions for the lysine-conjugated samples (with-
out TRITC) can be described by two stretched exponential
relaxation modes. The fast relaxation mode yielded values of
hydrodynamic radius (Rh,f) of 1.73 ± 0.07, 3.0 ± 0.1, and 5.1 ±
0.2 nm for Dex3, Dex10, and Dex40 samples, respectively. We
ascribe these values to molecularly dispersed unconjugated
dextran entities (Figure 5a, red bars), as they are in accordance
with previous findings of unconjugated dextrans of the same
molecular weights.47−49 We measured the hydrodynamic radii
of unreacted dextrans as 1.9, 3.3, and 5.6 nm for weight-
average molecular weights (Mw) of 3500, 10 000, and 40 000,
respectively.
We ascribe the larger species (Figure 5a, blue bars) to lysine-

conjugated dextrans (without TRITC conjugation), which
have likely formed intra- and intermolecular hydrogen bonds
between the amine groups of lysine and hydroxyl groups in
dextran.24,50,51 The fact that the hydrodynamic radius is as
large as 100 nm suggests the formation of intermolecular
association complexes. We note that the sizes of the individual
molecules of the dextrans (as given above) are much smaller
than the corresponding association complexes, suggesting that
these aggregates all contain a large number of molecules.
Under these conditions, the size of a complex is not expected
to be directly related to the size of an individual molecule but
instead to the manner in which these molecules interact, and
consequently, to how many molecules accumulate into one
complex. The balance between enthalpic and entropic
contributions, along with steric hindrances, governs this
situation. We do not have information to determine this
“aggregation number” independently. However, it is highly
likely that the branching present in Dex40 strongly affects this

Figure 2. Typical illustration of the molecular weight distribution of
Dex3 in 0.5 wt % in 0.01 M NaCl, obtained with the AFFFF
instrument.

Table 2. Degree of Lysine and TRITC Conjugationa

sample

mol lysine
per mol
dextran sample

mol TRITC
per mol
dextran

percentage of
amino groups used

by TRITC

Dex3-L1 0.54 Dex3-L1-R 0.25 0.46
Dex3-L2 1.18 Dex3-L2-R 0.50 0.42
Dex10-
L1

2.87 Dex10-L1-R 1.30 0.45

Dex10-
L2

4.75 Dex10-L2-R 1.97 0.41

Dex40-
L1

9.73 Dex40-L1-R 4.40 0.45

Dex40-
L2

15.12 Dex40-L2-R 7.27 0.48

aThe errors in the values given in the table are less than 5%.

Figure 3. Vis−UV spectrum of Dex3-L2-R (0.1 wt %) demonstrating
the conjugation of lysine and TRITC with the absorbance peaks of
352 and 557 nm in distilled water.
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balance, resulting in smaller complexes due to fewer associating
molecules, tighter bonding, or a combination of these effects. It
is evident from Figure 5a that we have the smallest values of
the hydrodynamic radius for the Dex40−lysine complexes.
From light scattering studies47 on dextrans of various
molecular weights, it was concluded that short dextran chains
do not contain branching points, whereas dextrans with
molecular weights of 40 000 and above are branched and
exhibit a hyperbranched structure. The conjecture is that in
this case, we obtain compact entities with fewer associating

units. It has been reported that Dex40 contains about 4%
branching,52 which corresponds to approximately four
branching points per chain.53 It has been argued that for
molecular weights of 10 000 and lower, no branching points
are detected in dextrans.54

A general feature seen in Figure 5a for the dextran−lysine
complexes is that Rh values are lower when the degree of lysine
conjugation is increased. This is a systematic trend observed
for all molecular weight samples, and this finding may be
rationalized in the following way. When the degree of lysine

Figure 4. First-order electric field autocorrelation functions versus time and their corresponding fitted curves for sample Dex3-L1-R at the indicated
scattering angles (a) and for the indicated dextran samples of Mw = 3500 (b), Mw = 10 000 (c), and Mw = 40 000 (d) at a scattering angle of 73°.

Figure 5. Hydrodynamic radii for (a) lysine-conjugated and (b) lysine- and TRITC-conjugated dextran samples. The polymer concentration is 0.1
wt % for all samples. The red bars represent the hydrodynamic radii determined from the fast relaxation mode. The blue bars represent the
hydrodynamic radii calculated from the slow relaxation mode, and on the top, the error bars are indicated.
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conjugation increases, the dextran entities are equipped with
more lysine groups; this increases the charge density of the
dextran moieties and makes the dextran molecules more
hydrophilic. As a result, the conjugated dextran molecules are
less disposed to form aggregates and this explains the smaller
size of the conjugates. Interactions through hydrogen bonds
may also come into play and affect the size of the conjugates. It
is known that hydrogen bonds can play a fundamental role for
interactions in aqueous dextran solutions, even be a dominant
actor in the crystallization process in concentrated aqueous
solutions of low-molecular-weight dextrans.53

By contrast to lysine-conjugated samples (without TRITC),
where we observed two relaxation modes, the normalized
correlation functions for the lysine- and TRITC-conjugated
samples could be described well by a single stretched
exponential (Figure 5b). The hydrophobic feature of the
TRITC component (cf. Scheme 1) portends additional
hydrophobic interactions, and this may lead to enhanced
aggregation. The general trend is the same as in Figure 5a, but
Figure 5b shows that the values of the hydrodynamic radii for
the dextran−lysine−TRITC conjugates are significantly larger
than the corresponding values for the dextran−lysine samples.
In this case, we surmise that additional intermolecular

hydrophobic interactions provided by TRITC lead to the
formation of larger species (Figure 5b) and that most of the
single dextran entities are assimilated in this process, so the fast
relaxation mode disappears.
We present a plausible scheme for hydrogen-bonding and

hydrophobic interactions within and between conjugated
dextran chains in Scheme 2. Two different illustrations of
lower molecular weight and higher molecular weight of dextran
are shown in Scheme 2a,b, respectively. We elucidate a dextran
of a molecular weight of 40 000 with a branched structure
(Scheme 2b) and Dex3 and Dex10 with linear structures
(Scheme 2a). To explain the intra- and intermolecular
interactions after lysine and TRITC conjugation, we
demonstrate the addition of different amounts of lysine to
Dex40 as an example (Scheme 2c,d). Hydrogen bonds can
form between the amine groups of lysine and the hydroxyl
groups of dextran after conjugation of lysine to the dextran
backbone (Scheme 2c). Increasing the lysine conjugation by a
factor of 2 (Dex40-L2) makes the conjugate species more
hydrophilic and provides them with a higher charge density,
this reduces the tendency of the moieties to form aggregates,
and we expect conjugates of smaller sizes (Scheme 2d).
Hydrogen bonds are probably important for the interactions.

Scheme 2. Suggested Scheme for Intermolecular Hydrogen-Bonding and Hydrophobic Interactions in Conjugated Dextran
Chainsa

aa) Illustration of low-molecular-weight dextran with a linear structure and (b) high-molecular-weight dextran chain with a branched structure. (c)
Lysine-conjugated dextrans (Dex40-L1). Inter- and intramolecular hydrogen bonds form between the amine groups of lysine and the hydroxyl
groups of dextran. (d) Increasing the lysine conjugation by a factor of 2 (Dex40-L2) hampers the process of forming aggregates, causing smaller-
sized conjugates. (e) Lysine- and TRITC-conjugated dextrans. (f) Intramolecular hydrophobic interactions are greater when the TRITC
conjugation is doubled as a result of the doubling of lysine conjugation (Dex40-L2-R), causing greater contraction and smaller size compared to
Dex40-L1-R, in which intermolecular hydrophobic interactions are more dominant.
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Attaching TRITC to lysine-conjugated dextran introduces
intra- and intermolecular hydrophobic interactions (Scheme
2e). Effects of hydrophobic interactions from TRITC on the
Dex40 conjugates are illustrated in Scheme 2f.
Small-Angle Neutron Scattering. SANS is a powerful

technique to probe structures on a mesoscopic scale. SANS in
1 wt % solutions of unconjugated dextran of different
molecular weights is displayed in Figure 6a. The scattering
was very weak, and there were no significant differences in the
scattering pattern between the three different molecular
weights. This suggests the presence of highly hydrated, low-
density structures with little local contrast to the surroundings.
However, for the highest molecular weight (Mw = 40 000), it
was possible to discern the typical profile of a coil in the
solution; the scattering data could be fitted with the aid of a
Gaussian coil model for this sample (see the inset in Figure
6a). If we assume a dispersity index (Mw/Mn) of 1.5, this yields
a radius of gyration Rg = 6.2 nm. From DLS, we determined a
value of Rh = 5.1 ± 0.2 nm, which is very close to a previously
reported value49 of 4.9 nm for the same molecular weight
dextran. The structure-sensitive dimensionless ratio55 ρ = Rg/
Rh then yields a value of ρ = 1.2, which is close to the 1.225
value that was theoretically predicted56 for hyperbranched
structures on the basis of the Kirkwood−Riseman preaverage
approximation.57 This result therefore indicates a highly
branched structure for Mw = 40 000 dextran.52

Figure 6b shows SANS scattering results for lysine-
conjugated dextrans of different molecular weights. The

scattering intensity is now generally stronger, indicating
densification of the scattering entities, in line with the
illustration in Scheme 2. Close inspection reveals a weak
correlation peak, located at approximately q = 0.03 Å−1, which
corresponds to entities with an interaction distance of about d
= 21 nm (d = 2π/0.03 Å−1). This correlation peak appears to
be strengthened for the 40 000 Mw dextran, and an increase in
the degree of lysine conjugation (Dex40-L2) appears to further
promote the effect. This suggests that the correlation peak may
reflect electrostatic interactions.58 The scattering intensity does
not show any signs of a plateau in the low-q region
characteristic for small-sized particles, but instead a steady
rise for low q values (left part of the graph). This divulges the
existence of large clusters (outside the window accessible with
SANS), as we reported from the slow mode in DLS. Figure 6c
shows SANS scattering results for lysine- and TRITC-
conjugated dextrans of different molecular weights. In this
case, the scattering is even stronger (note the different vertical
scales), which is a clear sign that the entities have become
more compact, with a corresponding enhanced scattering
contrast. The increase in the scattering intensity for low q
values is also present here, demonstrating the presence of
structures above the size limit of SANS (here ca. 50 nm). Note,
however, that for high-molecular-weight sample Dex40-L2R a
plateau has developed, demonstrating the small size of the
structures formed in this case, in good accordance with the
results from DLS (cf. Figure 5).

Figure 6. (a) SANS data for 1 wt % samples of unconjugated dextrans of different molecular weights (Dex3, Dex10, and Dex40). The inset shows
fitting of Dex40 results with a Gaussian coil model, (b) SANS data for 1 wt % lysine-conjugated dextran samples, (c) SANS data for 1 wt % lysine-
and TRITC-conjugated dextran samples, (d) comparison plot to highlight differences between 40 000 molecular weight dextrans with and without
conjugation.
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Figure 6d highlights the differences in SANS between
unconjugated and conjugated 40 000 molecular weight
dextrans. The addition of TRITC clearly changes the scattering
pattern. The intensity becomes stronger at low q values, and
this additional scattering obscures the correlation peak. We
attribute the extra scattering to hydrophobic interactions and
corresponding densification mediated by the TRITC groups
(cf. Scheme 2). The addition of TRITC was also accompanied
by an increase of scattering at high q values, which represents
the incoherent scattering mainly due to hydrogen atoms in
TRITC.
Intra-axonal Mobility. To test intra-axonal mobility, we

applied lysine- and TRITC-conjugated dextrans of different
molecular weights to unilateral cuts in the dorsal columns of
the lumbar spinal cord, which carry sensory axons ascending to
the brain, of day 10−11 chicken embryos. This leads to
retrograde and anterograde labeling of the cut axons.35,36 To
compare mobilities directly, different molecular weight dextran
conjugates were applied to opposite sides of each spinal cord.
The fluorescence signal intensity and distance from the
application site followed the order Dex3-L2-R > Dex10-L2-R
≫ Dex40-L2-R (Figure 7). Dex3-L2-R and Dex10-L2-R both
labeled many hundreds of axons as well as collateral branches
extending laterally from the main axons (Figure 7A−C),
whereas Dex40-L2-R labeled only a handful of axons and to
much shorter distances, even with longer incubation times
(Figure 7C). The maximum labeling distance was consistently
shorter, and the labeling intensity at any given distance was
consistently lower for axons labeled with Dex10-L2-R
compared to Dex3-L2-R.
We and others have reported previously that 3 kD

conjugated dextrans are more efficient for retrograde and
anterograde axonal tracing than 10 kD conjugated dextrans,
traveling both faster and farther.35,37,59 The mechanism of
intra-axonal mobility is not known; however, Fritzsch59

showed that intra-axonal mobility of conjugated dextrans is
not affected by disruption of microtubules, indicating that it is
independent of microtubule-based active axonal transport.
Given that the volume of conjugated dextran particles
decreases with the molecular weight, the greater mobility of
Dex3-L2-R seems to conflict with a pure diffusion mechanism
since it does not accord with the inverse relationship between
diffusion rate and particle size. However, the intra-axonal
mobility of conjugated dextrans may be affected by several
factors, such as the concentration of the conjugates in the
tissue, interactions between the conjugated dextrans and the
intra-axonal molecular milieu, possible confinements and shear
forces in the transport process, and the size and structure of
the conjugates. We suggest therefore that the differences in
mobilities of 3 and 10 kD conjugated dextran can be attributed
to these factors.

■ CONCLUSIONS
We prepared different molecular weight dextrans with different
degrees of conjugation with lysine and TRITC. DLS and SANS
analyses showed that lysine-conjugated dextrans form associ-
ation complexes, probably through intermolecular hydrogen-
bonding interactions, and that the volume of association
complexes decreases with an increasing degree of conjugation.
We propose that the more the lysine conjugated to the dextran
backbone, the more the intramolecular interactions out-
compete intermolecular interactions and the smaller the
volume. All three molecular weight dextrans exhibited this

pattern, but the effect also increased with increasing molecular
weight, probably because of the higher degree of branching at
higher molecular weights, providing greater opportunity for
intramolecular interactions. The volume of association
complexes increased with the addition of TRITC, probably
due to hydrophobic interactions. However, increasing the
degree of TRITC conjugation increased compaction again,
probably due to an increase in intramolecular hydrophobic
interactions.
Intra-axonal mobility is inversely proportional to molecular

weight as previously reported, but this unexpectedly means
that the larger the molecular volume, the higher the mobility.
Intra-axonal mobility of the conjugated dextran association
complexes is not due to simple diffusion. Since earlier studies
rule out a microtubule-mediated axonal transport mechanism,
the mobility must involve other molecular interactions within
the intracellular milieu.
These data provide information that is important for

developing dextran nanoparticles as intra-axonal biomolecule
carrier systems for research and clinical applications.

Figure 7. Intra-axonal mobility of lysine- and TRITC-conjugated
dextrans of different molecular weights. Each panel is a projection of a
confocal Z-stack. Right panels are taken just rostral to the dextran
application sites (which are visible at the right edge of the panel), left
panels are centered about 5 spinal segments more rostral. The black
bars to the right indicate the midline, on either side of which the
indicated molecular weight dextrans were applied to the dorsal
columns, thus anterogradely labeling sensory axons ascending toward
the brain (these axons were also retrogradely labeled back to the
sensory neuron somata, not shown). Incubation times are as indicated
in the left panels. The 3 and 10 kD dextrans consistently labeled large
numbers (many hundreds) of axons, including collateral branches
extending laterally from the main axon tract (carats in A, B, and C),
whereas 40 kD dextran labeled only a handful of axons (small arrow in
C). The vertical arrow in (A) shows the rostral limit of labeling by 10
kD dextran at 3 h. The labeling distance attained by 10 kD dextran
increased after an additional 4 h of incubation (B), but the labeling
intensity at any given distance was substantially lower than that for 3
kD dextran. The scale bar is 100 μm.
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