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The photophysical and photochemical characteristics of nano-scaled particles obtained via solvent
displacement from coumarin-modified dextrans were studied by means of absorption- and fluorescence-
spectroscopy. The environment-dependent fluorescence emission of the pendant 4-methyl-7-alkoxy
coumarin groups was exploited as a probe to gain information about the inner structure of the polysaccha-
ride based nanoparticles. Time-resolved fluorescence measurements showed that the particles had two
domains of different polarity and it could be confirmed that the core of the nano-assemblies contained
water. Moreover, preliminary experiments were carried out demonstrating the possibility to control the
morphology of the nanoparticles by the light induced 27 + 27 cycloaddition of the coumarin substituents.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction and scope

Recently, polymeric nanoparticles based on polysaccharide
derivatives with high degree of substitution (DS) have received
much attention due to their biocompatibility, enormous struc-
tural diversity, and functional versatility (Bachelder, Beaudette,
Broaders, Dashe, & Frechet, 2008; Bachelder et al., 2010; Beaudette
et al., 2009; Broaders, Grandhe, & Frechet, 2011; Cohen et al., 2010,
2011; Cui, Cohen, Broaders, Beaudette, & Frechet, 2011; Hornig
et al, 2008; Hornig & Heinze, 2008; Hornig, Heinze, Hesse, &
Liebert, 2005; Liebert, Hornig, Hesse, & Heinze, 2005; Wondraczek,
Elschner, & Heinze, 2011). However, it is obvious that knowledge
of the structure and of the local microenvironment inside the
polysaccharide particles is of fundamental importance for any of
the desired applications. Therefore, fluorescent probe molecules,
whose fluorescence properties characterize their distinct environ-
ment, have been commonly employed to investigate the structure
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of organized assemblies. In earlier studies on nanoparticles of
hydrophobic polysaccharide derivatives with low DS, pyrene has
been incorporated into gel-particles and it has been concluded
that the particles contain hydrophobic domains in the core and
a hydrophilic shell (Akiyoshi, Deguchi, Moriguchi, Yamaguchi, &
Sunamoto, 1993; Lee, Jo, Kwon, Kim, & Jeong, 1998; Nishikawa,
Akiyoshi, & Sunamoto, 1994; Vieira, Moscardini, Tiera, & Tiera,
2003; Yinsong, Lingrong, Jian, & Zhang, 2007). In the case of polysac-
charide derivatives with a high DS, hydrophobic domains have been
also confirmed in fluorescence probe studies (Hornig & Heinze,
2007). Although fluorophores can be entrapped in nanoparticles,
their covalent attachment to the particle forming polymer would
offer various advantages: the fluorophores are fixed to the parti-
cles, preventing leaching, the polysaccharide matrix can prevent
fluorescence quenching often caused by high concentration of
fluorophores, and the fluorophores are uniformly distributed in
the interior of the macromolecular assembly. Moreover, the inner
structure of the particles will not be affected by the incorporation
of the additional probe itself.

Recently, 4-methyl-7-alkoxy coumarin molecules were used
as hydrophobic modifiers for nanoparticle-forming polysaccharide
derivatives in order to control the particle properties utilizing the
photo-active character of this type of chromophores (Wondraczek
& Heinze, 2008). However, coumarins are also applicable as fluo-
rescent probes since their fluorescence properties are sensitive to
the polarity of their microenvironment (Wagner, 2009). 7-Alkoxy
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coumarins in particular exhibit a higher fluorescent quantum yield
and fluorescence lifetime in a polar environment compared to a
less polar one (Aaron et al., 1995; Heldt, Heldt, Ston, & Dieh, 1995;
Muthuramu & Ramamurthy, 1984). In the present study we focus
on the absorption and fluorescence properties of nanoparticles pre-
pared from coumarin-modified dextran derivatives with different
DS. Fluorescence lifetime measurements were applied to get more
information about the particle structure and morphology.

2. Experimental
2.1. Materials

N,N-Dimethylacetamide (DMAc) was purchased from
Sigma-Aldrich (purity 99%). Deionized water was obtained
from a Millipore Milli-Q system. Photoactive dextran derivatives
(dextran [(4-methyl-2-ox0-2H-chromen-7-yl)oxy]| acetate) were
synthesized as described elsewhere(Wondraczek & Heinze, 2008).
Nanoparticles were prepared by dialysis. Briefly, the dextran
derivative (20mg) was dissolved in DMAc (5mL) and dialyzed
against deionized water (400 mL) using a regenerated cellulose
dialysis membrane (Spectra/Por, molecular weight cut off of
3500 g/mol). The water was first renewed after at least 12h and
then subsequently four times after at least 3 h.

2.2. Characterization methods

The hydrodynamic diameter of the nanoparticles was deter-
mined by dynamic light scattering using a Malvern zetasizer Nano
ZS instrument (He-Ne laser 633 nm, scattering angle: 173°). The
mean particle size was approximated as the effective (Z-average)
diameter and the width of the distribution as the polydispersity
index (PDI). Both parameters were achieved using the cumulants
method for data analysis, assuming spherical particle shape and
log-normal size distribution. The effective zeta-potential of the
nanoparticles was determined by electrophoretic light scattering
(ELS) using a Malvern zetasizer Nano ZS instrument. It was calcu-
lated using the Smoluchowski equation. The measurements were
repeated three times for each sample. The intrinsic error of the
measured zeta-potential was +5 mV.

Extinction (absorption + scattering) spectra of the aqueous par-
ticle suspensions were measured using a Perkin-Elmer A900
spectrophotometer equipped with an integrating sphere (PELA-
1000). The sample cuvette (optical path 10 mm) was placed at the
beam entrance of the integrating sphere. This setup reduces the
effect from scattering of light by the nanoparticles significantly and
thus the measured spectra are referred to as absorption spectra
(Merzlyak & Naqvi, 2000), even though this is not the absorp-
tion in the physical correct sense. Fluorescence spectra of the
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Table 1

Size, polydispersity index (PDI), and zeta-(¢)-potential of nanoparticles prepared
from dextran [(4-methyl-2-o0x0-2H-chromen-7-yl)oxy] acetate depending on the
degree of substitution (DS).

DS? Diameter [nm] PDI ¢-potential [mV]
0.44 314 0.135 -25
0.94 218 0.145 -31
1.63 182 0.124 -30
2.32 131 0.093 -38

2 Determined by 'H NMR spectroscopy (Wondraczek & Heinze, 2008).

aqueous nanoparticle suspensions were measured using a Perkin-
Elmer LS50B spectrofluorometer. A time-correlated single photon
counting (TCSPC) system consisting of a PicoHarp 300 controller
and a PDL 800-B driver was used for the time resolved fluo-
rescence measurements. The excitation wavelength was 340 nm
from a pulsed diode laser head PLS-8-2-295. The fluorescence
signal was detected with a micro channel plate photomultiplier
(Hamamatsu R2809U). The time resolution of the instrument was
approximately 320ps (full width, half maximum). The fluores-
cence decays were fitted to a multiexponential model, from which
an amplitude-weighted fluorescence lifetime was calculated. The
decay associated spectra were obtained by measuring the decay
curve at each monitoring wavelength with a constant data accu-
mulation time and fitting the decays globally. The amplitudes were
corrected by taking into account the wavelength sensitivity of
the photomultiplier tube. The amplitudes at <390 nm may appear
lower compared to the actual values, because an optical filter with
a sharp change in transmittance at 380 nm was used for excluding
the excitation light from the detector. The stability of the sam-
ples during DAS measurements was monitored by measuring the
absorption spectra before and after the experiments.

3. Results and discussion

Coumarin-modified dextran was prepared by the reaction of the
biopolymer with [(4-methyl-2-0x0-2H-chromen-7-yl)oxy]acetic
acid activated by N,N'-carbonyldiimidazole. It was transferred to
nanoparticles by an exchange of the organic solvent DMAc against
the non-solvent water (Fig. 1) (Wondraczek & Heinze, 2008). The
diameter of the coumarin-modified dextran nanoparticles was in
the range from 131 to 314nm and it decreases with increasing
DS (Table 1). All particles obtained possess a negative zeta-({)-
potential and thus the stability of the suspension can be attributed
to electrostatic repulsion.

The suspensions of the particles obtained by dialysis (estimated
concentration of particles 1 mg/mL) were adjusted to contain
approximately equal amounts of polysaccharide derivative by
diluting them to 2% (v/v), thus making it possible to compare the

Fig. 1. Synthesis of 4-methyl-7-alkoxy coumarin functionalized dextran (MC-Dex) and SEM picture of nanoparticles obtained via solvent exchange (scale bar is 1 pwm): (i)
[(4-methyl-2-0x0-2H-chromen-7-yl)oxy]acetic acid, N,N-carbonyldiimidazole, DMSO, 16 h, 80°C.
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Fig. 2. (a) Absorption spectra of nanoparticle suspensions in water: degree of substitution (DS) 0.44 (solid line), DS 0.94 (dash), DS 1.63 (dot-dash) and DS 2.32 (dot).
The suspensions obtained from dialysis were diluted to 2 vol%. (b) Fluorescence emission- (A.x=320 nm, dashed line) and excitation spectra (Aem=320nm, solid line) of

nanoparticles with DS of 2.32.

absorbance values between different samples. The absorption spec-
tra of the particles show the typical 7 — 7" !B transition below
250nm, the w— 7L, transition as a shoulder at 290 nm, and
7 — 7 'L, transition with a maximum at 320 nm (Fig. 2a) (Song
& Gordon, 1970). The absorbance increases with increasing DS,
which is reasonable since there are more coumarin moieties for the
same amount of polymer. The wavelength of maximum absorption
is the same (~320nm) for particles of low DS values and slightly
blue-shifted (317 nm) for particles with the highest DS of 2.32. The
fluorescence emission spectrum of the particles with a DS of 2.32 is
shown in Fig. 2b. The spectra of particles of different DS are qualita-
tively similar possessing a maximum at 397-400 nm. A comparison
of the fluorescence intensities of different particle samples was not
considered reliable because of scattering. The fluorescence excita-
tion spectra of particles with a DS of 0.44 and 2.32 have a maximum
at 320 and 317 nm, respectively. The comparison of the absorption-
and fluorescence-excitation spectra indicates that the setup with

the integrating sphere produces precise results in the case of the
smallest particles, but as the particle size increases the scattering
causes minor differences between the absorption and fluorescence
excitation spectra.

As pointed out, the fluorescence spectra of the different particle
suspensions could not give a reliable comparison of fluorescence
efficiencies of the particles with varying DS because of their differ-
ent scattering properties. Therefore, the fluorescence decays were
measured and as can be noticed from the direct comparison of the
particles prepared from the dextran derivatives with a DS of 0.44
and 2.32, respectively (Fig. 3a), the decay becomes faster as the DS
increases. An optimal fit (minimized x?2) of the decays according to
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Fig. 3. (a) Fluorescence decay curves and their 3-exponential fits of particles obtained via dialysis from dextran 2-[(4-methyl-2-ox0-2H-chromen-7-yl)oxy]| acetates with a
DS of 0.44 (triangles, dashed line) and DS 2.32 (squares, solid line), instrumental response shown as dots; (b) amplitude-weighted fluorescence lifetime as function of the of
particle diameter and (c) the degree of substitution (DS).
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Fig. 4. Decay associated fluorescence spectra of particles obtained via dialysis from dextran 2-[(4-methyl-2-oxo0-2H-chromen-7-yl)oxy] acetate with a DS 2.32: data analysis
via (a) two-exponential fit, (b) three-exponential fit, and (c) two-exponential fit, where the shorter component is fitted with a stretched exponential; (d) weighted mean

square deviation of the fits presented in (a-c).

requires a 3-exponential model and the amplitude-weighted fluo-
rescence lifetime ((r)) that was calculated according to:

3
2T

3

> i1 i

As shown in Fig. 3b and c, the amplitude-weighted fluorescence
lifetime decreases moderately from 2.5 to 1.5 ns with increasing
DS (0.44-2.32) or decreasing particle size (314-131 nm).

Two factors are known from literature that can cause a
severe decline in the fluorescence quantum yield or lifetime of
7-alkoxy coumarins: aggregation in solid state and less polar envi-
ronment compared to water (Aaron et al., 1995; Fery-Forgues,
Cantuel, & Fournier-Noel, 2010; Heldt et al,, 1995; Muthuramu
& Ramamurthy, 1984). Since dextran is a hydrophilic polysaccha-
ride, possessing three hydroxyl groups per repeating unit, some
relatively polar domains might be provided by the polymer back-
bone, especially in the particles prepared from derivatives with low
DS. The modification of the hydroxyl groups with the hydrophobic
chromophores decreases the hydrophilicity of the resulting deriva-
tive and increases the concentration of coumarin moieties. Thus, a
decrease of 7-alkoxy coumarin fluorescence lifetime with increas-
ing DS of the dextran derivative seems reasonable. However, it is
important to note that a high increase of the coumarin DS, from
0.44 to 2.32 does not decrease the amplitude-weighted fluores-
cence lifetime excessively. This indicates that a high amount of
coumarins can be incorporated in the particles without the loss
of fluorescent properties. Moreover, it needs to be emphasized
that the amplitude-weighted fluorescence lifetimes determined
in case of the dextran 2-[(4-methyl-2-0x0-2H-chromen-7-yl)oxy]
acetate nanoparticles are in the range of the lifetime of the

(1) =

low molecular weight model compound 7-methoxy-4-methyl-2H-
chromen-2-one in water (7~ 1.8 ns).

The 3-exponential model used for the fit of the fluorescence
decays is useful in obtaining the amplitude-weighted fluorescence
lifetime. However, assigning three discrete fluorescence lifetimes
in a physically significant way is difficult. Thus, decay associated
spectra from the particle suspensions were established by measur-
ing the intensity decay across the whole emission spectra, in order
to get more information on the nature of the emitting coumarin
species. The results obtained from the measurements of the par-
ticle suspension obtained from the dextran derivative with a DS
of 2.32 will be discussed as a representative example. It turned out
clearly that the fluorescence decays I(A, t) are not monoexponential.
Therefore, different fits according to

n

I t) = Zai( A)el-t/m)

i

were tested with respect to two criteria: fit quality in terms of
weighted mean square deviation (x2) and the meaningfulness of
the fit. The values of 2 should be as close as possible to one and here
values <1.2 were considered to be acceptable. The two-exponential
fit results in two components with fluorescence lifetimes of 1.4
and 4.4 ns (Fig. 4a), but this fit is of poor quality (Fig. 4d). The fit
quality is improved by adding a third exponential, and a further
increase in the number of exponentials did not improve the fit
quality significantly. In the case of the three-exponential fit, the
spectra of the components with shorter lifetimes (<0.32 and 1.6 ns)
have very similar shapes. In addition, though the polymer and par-
ticle environment is expected to alter the fluorescence lifetime of
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Fig. 5. Fluorescence lifetime distribution of particles obtained via dialysis from
dextran 2-[(4-methyl-2-0xo-2H-chromen-7-yl)oxy] acetate with a DS 2.32 calcu-
lated on basis of two-exponential fit, where the shorter component is fitted with a
stretched exponential (t=1.1ns, $=0.77) and the longer component is illustrated
with a Gaussian (full width, half maximum 0.1 ns). The relative areas of the shorter
and longer components were set as 0.84 and 0.16, respectively.

the coumarin molecules, three distinct lifetimes (or environments)
are difficult to define. A more reasonable assumption is that the
two components with shorter lifetimes obtained from the three-
exponential fit are actually presenting the same fluorescent species,
which are located in an environment of varying polarity. Therefore,

a stretched exponential, e-/7 | was used to describe a lifetime
distribution (Berberan-Santos, Bodunov, & Valeur, 2005). In this
model the stretching parameter 8 estimates homogeneity of the
environment of the fluorophores. The model returns to exponential
when =1, and with decreasing values of 8 the lifetime distribution
becomes broader. Fitting the data only with stretched exponential
results in a very poor fit quality, but a combination of a stretched
exponential decay for the shorter lifetime and an exponential decay
for the longer lifetime according to

() = ay - e/ 4 g, . el-t/72)

yields almost the same fit quality as in case of the 3-exponential
model (Fig. 4d). Attempts to include a distribution in the longer
lifetime did not result in significant improvements of the fit and
thus were omitted. The resulting decay associated spectra (Fig. 4c)
reveal two components with lifetimes of 1.1 ns (8=0.77) and 4.7 ns.
Since the spectra of the two components have different shapes,
two different fluorescent species are confirmed in the particles,
or in other words, the 2-[(4-methyl-2-o0x0-2H-chromen-7-yl)oxy]
acetate chromophores are located in two different microenviron-
ments. One of these microenvironments has a very well defined
polarity and the other one has varying polarity.

For a numerical analysis, the distribution of the lifetime was
calculated from the rate probability density function and its
asymptotic form obtained by the saddle-point method (Zatryb,
Podhorodecki, Misiewicz, Cardin, & Gourbilleau, 2011):

at 1 —a . B
D(k) = (ko) TV =T with o = P
) 27k (ko) 1-8
— To
p1 - pY1/e)

After the rate distribution is obtained, it can be converted to the
lifetime distribution by taking the inverse of the rate. The life-
time distribution calculated using the values 7o = 1.1 nsand 8=0.77
is shown in Fig. 5. The distribution of the 4.7 ns lifetime is illus-
trated by approximating the very narrow distribution of a lifetime

obtained from mono-exponential decay with a Gaussian (full width,
half maximum 0.1 ns).

Keeping in mind the lifetime of the low molecular weight model
compound 7-methoxy-4-methyl-2H-chromen-2-one (7=~1.8ns
in water and t=~0.3ns in DMSO), it can be concluded that that
the fluorophores accounting for the 1.1 ns component face a lower
polarity compared to water, but yet a highly polar environment.
Actually, with the distribution taken into account, the 1.1 ns compo-
nent presents coumarins in a range of environments, varying from
waterlike to relatively less polar. This indicates that the core of the
nanoassemblies contains water, which might be included during
the particle formation. The spectrum of the component with the
longer lifetime (4.7 ns) is slightly red-shifted compared to that of
the 1.1 ns component. As known from studies of the model com-
pound (results not shown), an increase in polarity of the solvent
yields a red-shift of the fluorescence. Another possible reason for
red-shifted fluorescence would be excimer emission, which has
been reported for coumarin derivatives linked to polymers and in
cellulose based host-guest systems(Arici, Greiner, Hou, Reuning, &
Wendorff, 2000; Chen & Hong, 1997). However, a broad excimer
emission band would be expected to appear at wavelengths longer
than 420 nm. Both the longer lifetime and the red-shift of the spec-
trum thus indicate that the 4.7 ns component belongs to coumarins
in an environment of higher polarity compared to the ones with
1.1ns lifetime. Unexpectedly, the lifetime of 4.7 ns exceeds the
value measured for the model compound in water and thus needs to
be assigned to chromophores located in an environment possessing
charged groups. Since the negative {-potential (Table 1) suggests
a negative surface charge, these chromophores can be assigned to
the particle surface.

Summing up the fluorescence measurements described, it is
possible to draw a tentative picture of the nanoparticles prepared
via dialysis from dextran 2-[(4-methyl-2-0x0-2H-chromen-7-
yloxy] acetates. It can be concluded from the decay associated
spectra that the particles possess two domains with a medium
(distributed) and a very high polarity. From the comparison of the
lifetimes of the fluorescent species located in these domains with a
low molecular weight model, it turned out that the chromophores
at the surface face a polarity, which is higher than water. The shorter
lifetime possess a distribution indicating that the corresponding
chromophores are located in environment of a polarity varying
form relatively unpolar to waterlike. Therefore, the simple model
of a hydrophilic shell and a hydrophobic core suggested by pre-
vious studies needs to be reconsidered (Hornig & Heinze, 2007).
Moreover, the combination of ¢-potential- and the fluorescence
lifetime measurements indicates the presence of charged groups
at the surface. On the basis of the current knowledge, the origin
of these charges can not be explained by the molecular structure
of the particle forming polymer. Therefore, a detailed study on the
surface chemistry of the particles will be carried out and reported
elsewhere.

Beside the investigation of the particle morphology, prelim-
inary experiments regarding the crosslinking of polymer chains
in the particles via photoinduced 27 +2m cycloaddition of the
pendant 2-((4-methyl-2-0x0-2H-chromen-7-yl)oxy) acetate moi-
eties were carried out. Fig. 6 shows the fluorescence spectra of
particles obtained via dialysis from dextran 2-[(4-methyl-2-ox0-
2H-chromen-7-yl)oxy] acetate with a DS of 2.32 before (solid line)
and after 300 s of illumination at 333 nm (dashed line). The decrease
of the fluorescence intensity proves the reaction of the fluores-
cent coumarin moieties to the non-fluorescent dimers Kehrloesser,
Baumann, Kim, and Hampp (2011). Moreover, a blue-shift of 13 nm
of the fluorescence band is observed. This indicates that the species
emitting at longer wavelengths have lost their fluorescence inten-
sity. Taking into account the decay associated spectra measured and
the related structural model proposed, the coumarin moieties in
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Fig. 6. Fluorescence spectra (Aex =320 nm) of particles obtained via dialysis from
dextran 2-[(4-methyl-2-0x0-2H-chromen-7-yl)oxy] acetate with a DS of 2.32 before
(solid line) and after 300 s of illumination at 333 nm (dashed line).

the polar domains at the surface are preferably crosslinked, which
is seen as a blue-shift in fluorescence spectrum. This means, it
is possible to control the chemical nature of the particles at the
nanoscale. Interestingly, the particle properties, which are acces-
sible by dynamic light scattering (size and ¢-potential) remain
constant during the irradiation.

4. Conclusions

Fluorescence studies of coumarin-containing polysaccharide
nanoparticles indicate that the absorption spectra of the light-
scattering particle suspensions measured using an integrating
sphere correspond well to the fluorescence excitation spectra.
The absorption spectra show the typical coumarin bands and the
absorbance is higher for the particles prepared from dextran deriva-
tives with a higher DS of coumarin moieties. The shape of the
fluorescence spectrum was not much affected by the DS. The fluo-
rescence lifetime measurements indicate that higher nanoparticle
absorption can be achieved by increasing the DS of coumarins
from 0.4 up to 2.3 without a major loss of fluorescence intensity
(amplitude-weighted fluorescence lifetime decreased from 2.5 ns
to 1.5 ns). The results of fluorescence lifetime measurements allow
to draw a tentative picture of the particle morphology. The decay-
associated fluorescence spectra of the particles can be described by
a two-exponential model, where the coumarin fluorescence life-
time attributed to the core has a distribution indicating that its
polarity varies form non-polar to waterlike. The second longer flu-
orescence lifetime can be assigned to the highly polar surface of
the particles. Since the findings reported in this work indicate,
that the core of the particles contains water, the simple model
of a hydrophilic shell and a hydrophobic core suggested by pre-
vious studies needs to be reconsidered. However, further studies
are required in order to fully confirm the nanoparticle structure
suggested and in particular the surface chemistry of the particles
needs to be researched in detail.
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