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a  b  s  t  r  a  c  t

To  improve  visualization  of  nanoparticles  within  the  cells’  compartments,  we  synthesized  a coumarin
based  fluorescent  derivative,  tetradecyl  diethylamino  coumarin  amid,  14-DACA.  In  this  compound  the
coumarin  chromophore  is  linked  with  a tetradecyl  alkyl  chain  that  contributes  to  lipophilicity  and  slightly
amphiphilic  character  of  this  probe.  14-DACA  exhibits  good  biocompatibility,  its  solubility  and  emission
spectrum  are  not  sensitive  to  changes  in  pH value.  Solid  lipid  nanoparticles  (SLN)  labeled  with  14-DACA
(SLN-D)  and  frequently  used  6-coumarin  (SLN-C)  were  utilized  to  evaluate  probes’  properties  in  the
trafficking  and intracellular  localization  of  nanoparticles.  SLN-D  were  seen  as  distinct  blue  dots  in the
cellular  environment  in  contrast  to SLN-C  which  were  hardly  to  recognize  due  to the  self-quenching  of
anoparticles’ trafficking
ellular uptake

ntracellular location
rug delivery

6-coumarin,  its  leakage  and  distribution  in  intracellular  compartments.  Spectra  of  14-DACA  indicated
the  possibility  of  spectral  resolution  from  both  green  and  red fluorophores  allowing  clear  multicolor
imaging  of  organelles  in  both  fixed  and  living  cells.  The  results  showed  valuableness  of  new  probe  for
trafficking  of  the  drug  nanocarriers  intracellularly  in a  kinetic  and  sensitive  manner.  Such studies  are  of
great importance  in  investigations  aimed  to clarify  subcellular  targeted  drug  delivery,  controlled  release
and  even  to  identify  toxicological  changes.
. Introduction

Nanoparticles (NPs) are a rapidly growing class of colloidal
arrier systems, particularly interesting in terms of their phar-
aceutical applications. They demonstrate numerous advantages,

uch as the possibility of controlled drug targeting and release, high
rug payload, increased stability of loaded drug, incorporation of

ipophilic and hydrophilic drugs, low to non-existent biotoxicity of
he carrier, etc. (Müller et al., 2000). Various physical methods can
e used to characterize NPs, but evidently, techniques for imag-

ng and monitoring, especially in biological systems, are of primary
mportance.

Fluorescence spectroscopy is a relatively simple technique for
xamining NPs in biological systems (White and Errington, 2005).
he rapid development of fluorescent dyes and probes enables
ew opportunities for applying fluorescence spectroscopy in all

ranches of biomedical sciences, from visualizing cellular compo-
ents and machinery up to the trafficking of nanoparticulate drug
elivery systems in the cellular environment (Watson et al., 2005).

∗ Corresponding author. Tel.: +386 1 4769500; fax: +386 1 4258031.
E-mail address: julijana.kristl@ffa.uni-lj.si (J. Kristl).
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Currently available fluorescent probe for staining particular cellular
components are very well adjusted for specific and selective stain-
ing. In contrast, there is a lack of corresponding fluorescent probes
for selective labeling of nanosized drug delivery systems (Wu et al.,
2008), and is strongly dependent on adequate fluorescent probes
(Torchilin, 2005). Cell structures and nanosized particles can be
distinguished by their labeling with different fluorescent probes
that have distinct excitation and emission wavelengths. To study
structural and dynamic relation of NPs to other cellular organelles,
multicolor fluorescence imaging is a standard approach. Selected
fluorescent probes have to provide bright fluorescence profiles and
should be sufficiently photostable (Sharma et al., 2006). Fluores-
cent probes also have to provide good visualization of NPs within
cells in which particular cell structures are already labeled. Finally,
to monitor solid lipid nanoparticles (SLN), such probes should be
permanently attached to the NPs during the time of experiment,
and its exchange with other cellular structure should be negligible.

In general, labeling of pharmaceutical colloidal carriers (e.g.
liposomes, polymeric NPs, SLN, polymeric micelles) is related

to the usage of commercially available fluorescent probes, such
as are simple derivatives of coumarin (�ex/�em ∼ 370/450 nm),
cyanine (�ex/�em ∼ 550/570 nm or higher), fluorescein (�ex/�em ∼
490/520 nm)  and rhodamine (�ex/�em ∼ 540/570 nm)  (Sharma

dx.doi.org/10.1016/j.ijpharm.2011.06.046
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:julijana.kristl@ffa.uni-lj.si
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m/z calcd for C28H45N2O3 457.3430 (M + H)+, found 457.3441.
Microanalysis calculated for C28H44N2O3·0.25 C6H14 (%): C 74.09,
H 10.01, N 5.86; found C 74.11, H 10.38, N 6.14.
K.T. Plajnšek et al. / International Jou

t al., 2006). In particular, the 3-carboxylic acid derivative
f 7-diethylaminocoumarin and AMCA (7-amino-4-methyl
oumarin-3-acetic acid), possess carboxylic groups which are
uitable for making various coumarin derivatives or for coupling to
roteins and other molecules. Those derivatives have pronounced
tability to photobleaching, retaining their complete fluorescence
ver 3 times longer than fluorescein-based probes. Moreover, they
ossess intense fluorescence properties depending on attached
roup and next, they are mostly sensitive to the environmental
hanges influencing on alterations in solubility and emission
pectrum intensity (Maier et al., 2002). For instance, the main
isadvantage of labeling with rhodamine is its pH-dependent sol-
bility (Panyam et al., 2003). When NPs, loaded with rhodamine,
ere endocytosed into the endo-lysosomes, the red dye was

eleased, which could lead to an inaccurate intracellular pattern.
n the other hand, 6-coumarin-loaded NPs are useful for short

erm in vivo pharmacokinetics and tissue distribution studies (Cu
nd Saltzman, 2009; Hironaka et al., 2009) but the usefulness of
-coumarin in long term studies has not been determined yet
Gonç alves, 2009; Panyam et al., 2003).

In a series of recent studies, liposomes and SLN, both loaded with
he chemopreventive resveratrol, were stained with 6-coumarin to
isualize their cellular uptake and intracellular fate. Those nano-
ized delivery particles showed rapid internalization, however,
he obtained results were unclear due to the rapid release of
-coumarin from SLN in the cell interior (Caddeo et al., 2008;
ristl et al., 2009; Teskac and Kristl, 2010). Moreover, numerous
esearches were unable to ascertain precise intracellular localiza-
ion of nanosized drug delivery systems, such as SLN (Miglietta
t al., 2000), cyclodextrins (Cavalli et al., 2009), polymeric NPs
Cu and Saltzman, 2009; Harush-Frenkel et al., 2007; Panyam and
abhasetwar, 2003; Trapani et al., 2009) in cell cultures using 6-
oumarin, because of its fast distribution with the surrounding
nvironment and structures.

Despite many fluorescent derivatives used for imaging purposes
lso a set of structurally diverse fluorescent conjugates, mostly with
hodamine, were synthesized to study a wide range of biologi-
al events in vitro and in vivo (Hearnden et al., 2009; Gillmeister
t al., 2011; Biswas et al., 2011). To clarify some of the issues
egarding translocation of carriers from the endosomal compart-
ent into the cellular cytosol even dual fluorescent labeling was

sed (Gillmeister et al., 2011).
To overcome these obstacles and complicated procedures we

ave designed and synthesized a new coumarin-based fluores-
ent probe, tetradecyl diethylamino coumarin amid, 14-DACA, for
ightly anchoring to SLN, with minimal overlaying of fluorescent
pectra of stained NPs and cell compartments. Thus, the main goal
as to evaluate safeness and labeling properties of a synthesized
uorescent probe, 14-DACA throught in situ cell monitoring using
uorescent microscopy. Other complementary techniques provide
dditional results regarding physicochemical properties in order
o get clear impression of main advantages of utilized agent among
ommercially available probes. In fact, we present new fluorescent
robe enabling the possibility of spectral resolution from green and
ed fluorescence and multicolor imaging in both fixed and living
ells, what to our knowledge, have so far been out of reach.

. Experimental

.1. Materials

Glyceryl behenate (Compritol® 888 ATO) was  obtained from

attefosse (France), hydrogenated soya bean lecithin (Phospho-

ipon 90H) from Natterman (Germany) and a block copolymer
f polyethylene and polypropylene glycol, Lutrol F68 (Polox-
mer 188) from BASF AG (Ludwigshaften, Germany). 6-Coumarin
 Pharmaceutics 416 (2011) 384– 393 385

was  obtained from Sigma (Germany). Water was  purified by
reverse osmosis. Cell culture reagents were obtained from
Sigma (Germany), unless otherwise indicated. All other chemicals
(Sigma–Aldrich and Acros) were of analytical grade and were used
without further purification.

2.2. Synthesis and physicochemical evaluation of 7-
(diethylamino)-2-oxo-N-tetradecyl-2H-chromene-3-carboxamide
(14-DACA)

14-DACA, as a derivative of commercially available 6-cumarin,
was  designed and synthesized according to standard coupling.
Schematic presentation of the last step of 14-DACA synthesis
is presented in Fig. 1. Compound 1 (7-diethylaminocoumarin-3-
carboxylic acid) (1, 400 mg,  1.53 mmol) and N-methylmorpholine
(NMM,  421 �L, 2.5 equiv, 3.82 mmol) were dissolved in dry
dichloromethane (DCM, 5 mL)  and the solution cooled to 0 ◦C on ice
(Pajk and Pečar, 2009; Robert et al., 2008). O-(benzotriazol-1-yl)-
N,N,N′,N′-tetramethyluronium tetrafluoroborate (TBTU, 590 mg,
1.2 equiv., 1.84 mmol) was  added to the reaction mixture, followed
by tetradecyl amine (490 mg,  1.5 equiv., 2.30 mmol) after 20 min.
The reaction mixture was allowed to reach room temperature and
stirring was  continued for 2 h. The solvent was evaporated under
reduced pressure and the residue dissolved in ethyl acetate (40 mL),
washed with 0.1 M HCl (30 mL), saturated aqueous solution of
NaHCO3 (30 mL), brine (30 mL)  and dried with Na2SO4. The sol-
vent was evaporated under reduced pressure and the crude product
purified by flash chromatography (ethyl acetate/hexane, 1:10–2:3)
to give 14-DACA (570 mg,  1.25 mmol, 81%) as a yellow solid.

The obtained compound 14-DACA was analyzed by analytical
TLC on Merck silica gel (60 F254) plates (0.25 mm), visualized with
ultraviolet light and stained with 20% sulfuric acid in ethanol. Flash
chromatography was  performed on an Isolera One  flash purifica-
tion system from Biotage using KP-Sil SNAP cartridges. 1H and
13C NMR  spectra were recorded on a Brucker AVANCE DPX300
spectrometer in CDCl3 solution with TMS  as internal standard.
Microanalysis was performed on a Perkin-Elmer C, H, N analyzer
240 ◦C. Mass spectra were recorded using a VG-Analytical Q-TOF
Premier mass spectrometer. Absorbance and fluorescence spec-
tra of fluorescent probes were scanned by automated plate reader
(Tecan, Mannedorf/Zürich, Switzerland).

Physicochemical characteristics of 14-DACA are: Mp:  79–81 ◦C.
IR (KBr, cm−1): 3448, 3331, 2921, 2850, 2360, 1696, 1618, 1587,
1533, 1417, 1355, 1134, 794. 1H NMR  (CDCl3, 300 MHz): ı (ppm)
8.77 (t, 1H, J = 5.4 Hz, NH), 8.70 (s, 1H, CH–Ar), 7.42 (d, 1H,
J = 9.0 Hz, CH–Ar), 6.63 (dd, 1H, J1 = 9.0 J2 = 2.4 Hz, CH–Ar), 6.49
(d, 1H, J = 2.4 Hz, CH–Ar), 3.48–3.39 (m,  6H, 2 × CH2–N, CH2–NH),
1.65–1.56 (m,  2H, CH2–CH2NH), 1.40–1.15 (m,  28H, 2 × CH3–CH2N,
11 × CH2), 0.87 (t, 3H, J = 6.9 Hz, CH3–(CH2)13). 13C NMR (CDCl3,
75 MHz): ı (ppm) 162.79, 162.58, 157.43, 152.28, 147.73, 130.89,
110.47, 109.74, 108.27, 96.43, 44.92, 39.56, 31.97, 29.56, 29.52,
29.48, 29.46, 29.42, 29.22, 26.96, 22.56, 13.98, 12.31. HRMS  (ESI),
Fig. 1. Synthesis of 14-DACA; reaction conditions (a): tetradecylamine, TBTU, NMM,
DCM,  0 ◦C, 2 h.
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.3. Preparation of SLN and labeling procedure

SLN were prepared by the melt-emulsification process,
escribed elsewhere (Ahlin et al., 1998). The lipid Compritol
88ATO (20 mg;  0.2%, w/w) and Phospholipon 90H (15 mg;  0.15%,
/w) were melted at approximately 10 ◦C above the melting point,

hen half (5 g) of a hot aqueous solution of steric stabilizer Lutrol
88 (10 mg,  0.1%, w/w) was added and dispersed for 10 min  at
5,000 rpm stirring with a rotor-stator homogenizer (Omni Inter-
ational, Gainesville, USA) to yield a dispersion of small liquid
roplets in water. This dispersion was further diluted with the
emaining steric stabilizer Lutrol 188, fast cooling of lipids and
ormation of NPs.

SLN were labeled with 14-DACA (SLN-D) and 6-coumarin (SLN-
). In both cases the ethanol solution of 14-DACA or 6-coumarin
approx. 1 mg;  0.01%, w/w; 1 mL)  was added to the lipid phase
efore melting. Further steps were as those as used for the unla-
eled NPs.

.4. Physical characterization of SLN

.4.1. Size and surface charge of SLN
The mean diameter of SLN and polydispersity index, as a

easure of dispersion homogeneity (polydispersity index > 0.3
ndicates heterogeneity), were estimated using photon correlation
pectroscopy (PCS, Zetasizer nano-ZS, Malvern Instrument, UK) at

 fixed angle of 173◦ (other parameters: T = 25 ◦C, repetition 3, �
He–Ne laser light) 633 nm,  diffraction index of medium 1.330). The
ame instrument was used to measure zeta potential (ZP), which is
ased on the mobility of charged particles in an electric field. Charge
n NPs surfaces strongly influenced the stability of suspended NPs.
articles are unstable when the absolute value of ZP is lower than

 mV.

.4.2. Shape and morphology of SLN
Droplets of diluted dispersions of SLN, SLN-D and SLN-C were

eposited on freshly cleaved mica sheets and dried for 24 h at
oom temperature in a Petri dish to protect the sample against
ust contamination. Appearance of the SLN was determined by tap-
ing mode imaging performed on an Agilent 5500 Atomic Force
icroscope (AFM) (Agilent Technologies, Santa Clara, USA) with

 silicone-nitride probes (PPP-FM, Nanosensors, Germany) having
ominal force constant 2.8 N/m and resonance frequency 75 kHz.
he scan speed was 0.7 lines/s. Scan sizes were taken from 1 �m to
.3 �m,  with 256 × 256 px resolution. Topography, amplitude and
hase data were collected simultaneously for all samples. Image
nalysis was carried out using the Picoview software package (Agi-
ent, USA).

.4.3. Influence of incorporated 14-DACA and 6-coumarin on SLN
tructure

The presence of 14-DACA and 6-coumarin in NPs was  evalu-
ted by roughness analysis using AFM when NPs’ were dispersed
n water or methanol. Due to the good solubility of 14-DACA and
-coumarin in methanol, probes are released from the NPs and,
onsequently, their surface altered. The calculated roughness val-
es are derived from the Picoview software package. The average
oughness (Ra) is defined as the arithmetic mean of deviations in
eight (Eq. (1)), and the root mean square roughness (Rq), some-
imes called the quadratic mean, is the square root of the mean
quared value of z values (Eq. (2)).
a = 1
nxny

nx∑
i=1

ny∑
j=1

|Z(i, j) − Zave| (1)
 Pharmaceutics 416 (2011) 384– 393

where Z(i,j) denotes the topography data for the surface after spec-
imen tilt-correction; Zave is the average surface height; i and j
correspond to pixels in the x and the y direction. The maximum
number of pixels in the two  directions are given by nx and ny.

Rq =
√∑

(Zi − Zave)2

N
(2)

where Zave is the average of the z values within the given area; Zi is
the z value for a given point; N is the number of points within the
given area.

2.4.4. Thermograms of SLN, SLN-D and SLN-C
The physical state of 14-DACA or 6-coumarin incorporated in

SLN was characterized using a differential scanning calorimetric
(DSC) thermogram analysis (Mettler Toledo, DSC821). Each sam-
ple (probe alone, unlabeled SLN and labeled SLN), approximately
1–3 mg,  was sealed separately in a standard aluminum pan and
purged in the DSC with pure dry nitrogen set at a flow rate of
50 mL/min. The heating speed was  set at 5 ◦C/min, and the heat
flow was recorded from 0 to 100 ◦C (for 14-DACA, SLN-D) and from
0 to 230 ◦C (for 6-coumarin, SLN-C and unlabeled SLN).

2.5. Release of 14-DACA and 6-coumarin from labeled SLN

Release profiles of 14-DACA and 6-coumarin from SLN were
obtained by the dialysis bag method, with ethanol (63%, v/v) as
dialysis medium to ensure sink diffusion conditions. 1 mL  samples
of dispersions SLN, SLN-D and SLN-C, were placed into pre-swelled
dialysis bags with a 12-kDa molecular weight cut-off (Sigma). The
bags were immersed into 100 mL  of dialysis medium and stirred
gently. Samples (300 �L) were removed into 0.5 mL ependorf tubes
at defined time intervals. The fluorescence intensity of each sample
was  measured at the wavelength of emission maximum using an
automated plate reader (Tecan, Mannedorf/Zürich, Switzerland).
All the operations were carried in triplicate and average results are
plotted as a function of time. The amount of 14-DACA or 6-coumarin
released from the dialysis bag was expressed according to Eq. (3).

Releasing of the probe = Fst − Fbt

Fse − Fbe
× 100% (3)

where Fst and Fbt are the fluorescence intensities of labeled and
unlabeled SLN at time t; Fse and Fbe are the intensities of labeled
and unlabeled SLN at the end of dialysis.

2.6. Biological characterization of SLN-D

2.6.1. Cell culture
The immortalized human keratinocyte cell line NCTC2544 (ker-

atinocytes; ICLC, University of Genova, Italy) was used for biological
characterization of NPs, due to their culture as adherent monolay-
ers and relatively fast growth that requires routine split 1:4 every
3–4 days. The keratinocytes were grown in Minimum essential
medium (MEM)  supplemented with 10% (v/v) fetal bovine serum
(Gibco®, Invitrogen, USA), 1% (v/v) non-essential amino acids, 2 mM
l-glutamine and 100 U/mL antibiotic/antimycotic and maintained
at 37 ◦C in a humidified atmosphere of 5% CO2 in air.

For examination, the cells were seeded on an appropriate grow-
ing area and, after one day (attachment phase), treated with NPs’
formulation. Control cultures received only supplemented MEM
instead of test dispersions.
2.6.2. Cytotoxicity of SLN with 14-DACA
Cells were treated for 24 h with SLN-D, then trypsinized, cen-

trifuged and diluted appropriately with phosphate buffer (PBS) to
obtain cell dispersion.
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internalized into almost all cells.
Diameter and the height of the SLNs obtained by AFM are pre-

sented in Table 2. The resulting size diameters obtained by PCS

Table 1
Chemical and physical properties of 14-DACA and 6-coumarin. Surface tension was
calculated by ACD/ChemSketch, while all other characteristics were calculated by
ChemOffice (CambridgeSoft) software.

Characteristics 14-DACA 6-Coumarin
K.T. Plajnšek et al. / International Jou

.6.2.1. Viability of cells after SLN addition. Viability of cells was
etermined using propidium iodide (PI, Sigma), a membrane

mpermeable probe generally excluded from viable cells. After
ncubating with DNase-free RNase A (100 �g/mL; Applied Biosys-
ems, Foster City, CA, USA) for 30 min, PI (40 �g/mL; Sigma) was
dded and, after 5 min, PI fluorescence was measured in the
L2 channel of a flow cytometer (FacsCalibur cytometer; BD Bio-
ciences, San Diego, USA). 20,000 gated events were collected for
ach analysis. The results are present as (i) cells with high fluores-
ence (dead cells) and (ii) cells with low fluorescence (alive cells)
ach as a percentage of all evaluated cells.

.6.2.2. Alterations in cell cycle distribution. Cell cycle distribu-
ion of cell dispersion was observed using PI that binds to DNA.
ells (app. 1 × 106) were fixed with ice-cold methanol at −20 ◦C

or 2 h and then resuspended in PBS to give a cell dispersion
f 5 × 105 cells/mL. It was incubated with DNase-free RNase A
100 �g/mL; Applied Biosystems, Foster City, CA, USA) for 30 min
nd PI (40 �g/mL; Sigma) for 15 min  at room temperature in the
ark. PI fluorescence intensity was quantified in the FL2 channel of
ow cytometer (FacsCalibur cytometer; BD Biosciences, San Diego,
SA). 20,000 gated events were collected for each analysis. The cell
ycle profile, presented as four phases – subG1 (cells with frag-
ented DNA), G1 (diploid cells with one-chromatid chromatin),

 (cells, preparing for division) and G2/M (diploid cells with two-
hromatid chromatin) – was analyzed with CellQuest Pro software
BD Biosciences).

.6.3. Trafficking of SLN in cell culture of keratinocytes

.6.3.1. Time-lapse internalization. The passage of SLN over the
ell-surface, the rates of their internalization and their intracel-
ular movement were monitored by live cell imaging. Cells were
lated into sterile glass chamber slides (Lab-tek Nunc, Roskilde,
enmark) and incubated overnight. Immediately after the addi-

ion of SLN-D or SLN-C, the time-lapse of blue or green fluorescence
ntensity was monitored on an Olympus IX81 fluorescence micro-
cope. Transmission micrographs and fluorescence images were
ollected simultaneously with the same focus settings and merged
ith Cell® Software (Olympus).

.6.3.2. Intracellular positioning of SLN. Labeled SLN in the cells
ere visualized by preparing fixed-slides of treated cells. Ker-

tinocytes were plated on square glass cover slips in 6-well
lates. Following 24 h-incubation with SLN-D or SLN-C the cells
ere fixed (4% paraformaldehyde) and permeabilized (0.1%

riton X-100). Nuclear morphology was visualized using PI
100 �g/mL) (with pre-incubation of DNase-free RNase A) for

 min  in the dark. Actin fibers were stained with green-labeling
robe Phalloidin–Fluorescein isothiocyanate (Phalloidin–FITC;
igma, Chemical Co., Saint Luis, USA) according to the manufac-
urer’s instructions. After staining, the cover slips were removed
rom the wells, mounted on a slide and viewed using the fol-
owing excitation/emission filter sets: 360 nm/420 nm (SLN-D),
50 nm/535 nm (Phalloidin–FITC, SLN-C), 535 nm/635 nm (PI).
ictures were observed using the 60-fold objective magnification.
ransmission micrographs and fluorescence images were merged
r graphs of fluorescence intensity were processed with Cell®

oftware on an Olympus IX 81 fluorescence microscope.

.7. Statistical analysis

Data were expressed as means ± S.D. of triplicate analyses and

re representative of at least three independent experiments. Dif-
erences between samples were evaluated statistically using the
npaired, two-tailed Student’s t-test. Significance was tested at the
.05(*) and 0.001(**) levels of probability.
 Pharmaceutics 416 (2011) 384– 393 387

3.  Results

3.1. Synthesis and characterization of the new fluorescent probe

14-DACA, 7-(diethylamino)-2-oxo-N-tetradecyl-2H-chromene
-3-carboxamide, is an amide formed between 7-
diethylaminocoumarin-3 carboxylic acid and 1-aminotetradecane,
while in 6-coumarin the benzothiazole is attached on 3rd position
of 7-diethylaminocoumarin. Structural formulae and some phys-
ical characteristics, like molecular mass, clogP, surface tension,
longest molecular dimension, molecular surface electrostatic
potential and spectral characteristic of 14-DACA and 6-coumarin
are listed in Fig. 2 and Table 1.

The structures of 14-DACA and 6-coumarin are substantially dif-
ferent: 6-coumarin is more globular (longest dimension is 1.67 nm),
while 14-DACA is elongated, with the longest dimension equal to
3.08 nm.  The lipophilic character of 14-DACA is located predomi-
nantly in the aliphatic alkyl chain. Its lipophilicity (clogP) is 4 order
of magnitude larger than that of 6-coumarin. We  believe that the
alkyl chain of 14-DACA makes this molecule more like the com-
ponents of SLN and therefore it is more easily entrapped into SLN
than 6-coumarin. The polar area in each probe is located in the same
region (Fig. 2), is practically in the middle of the rigid 6-coumarin
molecule. In 14-DACA the molecular electrostatic potential is more
pronounced in the same molecular region but the alkyl chain is
flexible, which permits adaptation to the SLN interior. In the polar
region 6-coumarin can create H-bonds only as proton acceptors
while 14-DACA is both – a proton acceptor and a proton donor. The
possibility of H-bond formation between the probes and particu-
lar components of SLN cannot be deduced from our data, but it is
reasonable to expect that the alkyl chain of 14-DACA contributes
predominantly to the favorable properties of 14-DACA.

The lipophilic chain in 14-DACA does not significantly change
the spectrum of basic coumarin, thus it fluoresces with a bright
blue color at ∼470 nm.  The presence of the heterocycle in the
6-coumarin shifts the emission to slightly longer wavelength at
∼510 nm,  which is in a range of green emitting color (495–570 nm).
Furthermore, 14-DACA has a Stokes’ shift of 50 nm,  while in 6-
coumarin it is 40 nm (Fig. 2). The signal isolation of 14-DACA with
longer Stokes’ shift enables better fluorescence and therefore less
interference from Rayleigh-scattered excitation light.

Furthermore, 14-DACA has a lower surface tension than
6-coumarin, which can influence the characteristics of the flu-
orescently labeled NPs (Table 2, Fig. 3). The different molecular
geometry results in different physicochemical properties – the DSC
and release profiles for 14-DACA and 6-coumarin both differ.

3.2. Effect of fluorescent probes on SLN properties

The main characteristics of prepared SLN are listed in Table 2.
The sizes of SLN and SLN-C are around 200 nm while SLN-D are
∼30% smaller. All sizes are close to those of NPs that are easily
Molecular formula C28H44N2O3 C20H18N2O2S
Average mass (Da) 456.7 350.4
Partition coefficient 9.28 ± 0.75 6.06 ± 0.75
Surface tension (mN/m) 41.8 ± 3.0 60.8 ± 3.0
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ig. 2. Chemical properties of 14-DACA and 6-coumarin (A) and their spectra, sc
olecular dimension and molecular surface electrostatic potential were obtained b

nd AFM for SLN and SLN-C are comparable, while for SLN-D are
lightly different. PCS is the method based on averaging in order to
xpress size of the particles. On contrary, AFM reveals single par-
icle properties that can deviate from the average. Moreover, the
levated values estimated by AFM can be assigned to the tip sample
onvolution, which increases the real NPs diameter. The height of
ll three samples was decreased relative to the width, suggesting

 flattening caused by the drying process, which prevented cor-
ect measurement of the height. The AFM images confirm that the
Ps are flat-circular in shape and with different surface roughness

Fig. 3).
Incorporation of fluorescent probes into the SLNs’ structure was

onfirmed by comparing the roughnesses of NPs’ samples dispersed
n water and in methanol. In contrast to water, 14-DACA and 6-
oumarin are well soluble in methanol, thus their complete release
ut from SLN is expected. Eventually, in the case of labeled SLN
SLN-D and SLN-C) the roughness dropped almost to the level of
he control (SLN) (Table 3).

Additionally, the presence of fluorescent probes in NP structure
as also monitored by DSC. From DSC results, it was observed

hat the endothermic peak of lipid component, with onset at
◦
round 72 C, is slightly changed and moved when the fluorescent

robes are present (Fig. 4). Associated thermograms of unlabeled
LN and free fluorescent probes (14-DACA or 6-coumarin) were
bserved when DSC analysis was done for a mixture of unlabeled

able 2
hysical characteristics of SLN, SLN-D and SLN-C, determined by PCS (Photon Correlation

Characteristics Method SLN 

Size (nm) PCS 181.6 ± 1.6
Polydispersity index PCS 0.452 ± 0.0
Zeta  potential (mV) PCS −18.5 ± 0.4
Width  (nm) AFM 231.0 ± 53
Height  (nm) AFM 10.7 ± 2.3
 by automated plate reader (Tecan, Mannedorf/Zürich, Switzerland) (B). Longest
mOffice (CambridgeSoft) software.

SLN and 14-DACA or unlabeled SLN and 6-coumarin (data not
shown). The endothermic peak of 14-DACA was found at ∼75 ◦C
(an onset at 77.87 ◦C) and of 6-coumarin at ∼210 ◦C (an onset
at 208.67 ◦C). These characteristic peaks were not observed in
SLN labeled with 14-DACA (SLN-D) and 6-coumarin (SLN-C). The
absence of detectable crystalline domains of fluorescent probes in
SLN clearly indicates that molecules of 14-DACA and 6-coumarin
are in the amorphous or in the solid-state solubilized form in the
solid lipid matrix. This state of the probe inside the matrix enables
sustained release of the probe from the NPs.

Release profiles of probes from loaded SLN are presented in
Fig. 5, where the chemical properties of the investigated probes are
manifested. 14-DACA from SLN-D is released significantly slower
than of 6-coumarin from SLN-C in the first 8 h. The release profile
of 6-coumarin shows a biphasic pattern: a rapid initial release, in
4 h 80%, followed by a slower release, while the release of 14-DACA
from SLN-D is practically linear in the 8 h.

3.3. Cytotoxicity of SLN-D

The influence of SLN-D on the cells was  investigated because

recognition of a harmful effect of fluorescent probes can dis-
card their usage in biological investigations. It is known from
the literature that SLN and SLN-C are not cytotoxic (Kristl et al.,
2008; Teskac and Kristl, 2010). The effects of SLN-D on via-

 Spectroscopy) and AFM (Atomic Force Microscopy).

SLN-D SLN-C

 122.8 ± 10.5 195.0 ± 12.8
04 0.232 ± 0.008 0.371 ± 0.046

 −20.4 ± 0.5 −21.9 ± 0.6
.0 250.8 ± 21.7 182.4 ± 14.3

 14.1 ± 2.3 7.4 ± 0.7
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Fig. 3. AFM images (tapping mode) of unlabeled SLN (A), SLN labeled with 14-DACA (B) and labeled with 6-coumarin (C), diameter and height of nanoparticles (D).

Table  3
Roughness data of the investigated SLN dispersed in water and methanol. Roughness parameters (Ra and Rq) have been determined along the profile of individual particles.
Values are expressed in nanometers.

Dispersing media SLN SLN-D SLN-C

Ra Rq Ra Rq Ra Rq

3
0

b
c
n
c

3

r
c
s
i
o

Water 0.2 ± 0.01 0.3 ± 0.05 

Methanol 0.2 ± 0.01 0.3 ± 0.05 

ility and cell cycle distribution are shown in Fig. 6. Results
learly demonstrate that the presence of 14-DACA in SLN caused
either cytotoxicity nor influenced particular phases in cell
ycle.

.4. SLN uptake kinetics and intracellular localization

The cellular uptake processes of SLN were recorded by fluo-
escence microscopy, using time-lapse imaging, with associated

omputational analysis. Both 14-DACA and 6-coumarin demon-
trated effective cellular internalization of SLN, as seen by
ncreasing of blue fluorescence with time for SLN-D and green flu-
rescence for SLN-C (Figs. 7 and 8). SLN-D are still seen inside the

Fig. 4. DSC thermograms of SLN, 14-DACA, 6-coumarin,
.7 ± 0.9 3.7 ± 0.5 2.1 ± 0.50 2.8 ± 0.6

.4 ± 0.13 0.5 ± 0.2 0.3 ± 0.10 0.4 ± 0.10

cells as separate blue dots after 90 min, while SLN-C is releasing
6-coumarin (green color) after 45 min  and the green fluorescence
is spread over the intracellular space (Fig. 7).

The images (Figs. 7 and 8) reflect the position of labeled SLNs as
a function of time. While the presence of individual SLN-D particles
inside the cells is clearly seen as separate dots of blue fluorescence,
the SLN-C particles are not sharply shown. These results are con-
firmed by the profiles of relative fluorescence intensity in the cell
cross section shown on Fig. 9. Fluorescence intensity of SLN-C is

spread broadly over the cell interior. Contrary, the precise location
of SLN-D inside the cells is better defined. Each SLN-D is shown
by a sharp peak in a profile of fluorescence intensity. Interestingly,
in both cases, the fluorescence intensity of the SLNs decreases in

 SLN-D, and SLN labeled with 6-coumarin (SLN-C).
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Fig. 5. Release profiles of 14-DACA from SLN-D and 6-coumarin from SLN-C. To
maintain steady state due very low solubility of the probes in water the dialysis
medium for both probes was 63 (v/v) % ethanol.
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a

Fig. 7. Internalization of SLN-D (blue) and SLN-C (green) in a culture of ker-
atinocytes. Dispersions of SLN-D or SLN-C were added to the cells and their
ig. 6. Viability (left) and cell cycle distribution (right) of cells. 2 × 105 keratinocytes
ere treated with 50 �g/mL or 500 �g/mL of SLN-D for 24 h and finally analyzed on

he FL2 channel of flow cytometer.

he area of red fluorescence that indicates nucleus. This proves the
ocalization of SLNs outside the nucleus.

.5. 14-DACA enables precise multicolor imaging

The realization of multicoloring experiments using 14-DACA
abeled SLNs is demonstrated in Figs. 9 and 10.  The emission spectra
f fluorescent compounds appropriate for analytical studies should
e separated sufficiently from their excitation spectra to ensure
ood signal isolation. The presence of components in solution that
bsorb light at or near the excitation wavelength of the fluorophore
ause decreased fluorophore fluorescence.

The nuclei of keratinocytes treated with SLN-C and stained with
ed emitting propidium iodide (PI), are seen as yellow, because the
mission spectrum of 6-coumarin is covered with the excitation
pectrum of PI (Figs. 8 and 9). This hinders the determination of
he exact localization of SLN-C inside the cell. Contrary, there is
o interference of 14-DACA with PI and therefore the nucleus is
olored red, as expected. Fig. 10 shows the most promising example
f the multicoloring approach to visualize the exact location of SLN
nside keratinocytes. The positions of SLN-D (blue dots in Fig. 10)
re very well distinguished from the red nucleus (PI) and green
ctin fibers. The multilabeling approach is much more informative
ith 14-DACA than with 6-coumarin.
. Discussion

For particular purpose, e.g. to follow nanosized drug carriers,
 proper fluorescent probe has to be carefully selected. We  have
movement followed by time-lapse fluorescence microscopy (Olympus IX 81). The
images are merged transmission and fluorescence micrographs. Legend: blue – SLN-
D; green – SLN-C. Bar is 20 �m.

designed and prepared a novel fluorescent probe, 14-DACA, with
coupling of coumarin derivatives with tetradecyl amine.

4.1. Comparison of 14-DACA and 6-coumarin in SLN

We  successfully characterized SLNs labeled with the investi-
gated probes. AFM and DCS measurements as well as dissolution
test confirmed incorporation of the both, 14-DACA and 6-coumarin,
into the matrix of SLNs. Incorporation of the 14-DACA was  indi-
rectly confirmed by AFM using surface roughness analysis too. We
found that the presence of 14-DACA reduces the size of SLNs and
the polydispersity index become smaller as well. The difference
in the sizes (Table 2) between the samples (SLN, SLN-D, SLN-C)
is ascribed to the presence of fluorescent probes. 14-DACA acts
as a non-ionogenic surface active compound (see surface tension
Table 1), and it can enhance the contact between melted lipids and
aqueous phase, which enables the formation of smaller droplets
and consequently NPs. This effect is already described in the litera-
ture and is related to insufficient concentration of surfactant in NPs
that induced polymorphic transitions of lipids in a core and conse-
quently changing the shape and size of NPs (Helgason et al., 2009).
On the other hand, the surface tension of 6-coumarin is higher
than that of 14-DACA and decreases interfacial tension less than
14-DACA. Therefore, the size of SLN-C does not differ significantly
from unlabeled SLN. The polydispersity index of SLN dispersions are
widespread, ranging from approx. 0.23 for SLN-D to 0.37 for SLN-
C and 0.45 for SLN, pointing on the presence of NPs with different
sizes, seen also on the AFM images (Fig. 3). Wider size distribution of
SLN and SLN-C is attributed to the absence of additional molecules,

which can act as a surfactant, such as 14-DACA. “Uncovered” surface
of NPs results in increased attractive interaction between NPs and
caused aggregation and increased the polydispersity index. How-
ever, the zeta potentials of the dispersions are around −20 mV,
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Fig. 8. Multicolor imaging of intracellular localization of SLN. Keratinocytes were
incubated with SLN-D or SLN-C for 24 h and fixed-slides then prepared. Images
(
i
s

w
h

N

F
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o
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Fig. 10. Multicolor imaging and intracellular localization of fluorescently labeled
nanoparticles. Keratinocytes were incubated with SLN-D or SLN-C for 24 h. Fixed-
right) were recorded using a fluorescence microscope (Olympus IX 81) by merg-
ng transmission micrographs and fluorescence images (left). Legend: red–nuclei
tained with propidium iodide; blue - SLN-D; green - SLN-C. Bar is 20 �m.
hich enable the mutual repulsion of the NPs and prolong their
alf life.

Positioning of fluorescent dyes, 14-DACA and 6-coumarin, into
Ps’ structure was proved by AFM technique (Table 3) and DSC

ig. 9. Differences in the brightness and distinctness of labeled SLN (SLN-D and
LN-C) incubated in cell culture. Graphs represent relative fluorescence intensity
f  nanoparticles and nuclei regarding the arrow marked on the fluorescence pic-
ure below. Images and graphs were made using CellR̂ Software on a fluorescence

icroscope (Olympus IX 81). Bar is 10 �m.
slides were prepared and imaged by fluorescence microscope. Legend: red–nuclei
stained with propidium iodide; blue – SLN-D; green – actin, stained with phalloidin-
FITC.  Bar is 20 �m.

analysis (Fig. 4). By using AFM the effect of the fluorescent probe on
the surface roughness of SLN was  established by roughness anal-
ysis of individual particles (Table 3). When SLN-C or SLN-D were
dispersed in aqueous media, the roughness parameters (Ra, Rq)
were significantly higher in comparison to the Ra or Rq of unlabeled
SLN. However, surface roughness parameters of SLN-D and SLN-C
after dispersing in methanol showed values comparable to those of
SLN. Methanol triggered release of fluorescent probes from the NPs’
structure, confirming that fluorescent probes are loaded into SLNs’
structure and influenced on NPs’ surface properties. Preliminary
results obtained by AFM should be additionally confirmed by oth-
ers complementary techniques on single particles involving surface
chemical mapping. Next, DSC results clearly indicate that fluores-
cent probes, 14-DACA and 6-coumarin, exist in the solid lipid matrix
of SLN as an amorphous or solid-state solubilized form (Fig. 4). Fur-
thermore, dialysis method showed more strongly incorporation of
14-DACA into SLN structure in comparison with 6-coumarin, which
is positioned closer to the NPs’ shell (Fig. 5).

4.2. Influence of 14-DACA on cell viability

Cells treated with SLN-D up to concentration of 500 �g/mL
in a culture of 2 × 105 keratinocytes did not differ significantly
in viability and cell cycle distribution from control cells (Fig. 6).
Treated cells were well spread over the cell growing area without
any observed alterations, such as intercellular disconnections or
detachment (data not shown). Particular phases of cell cycle dis-
tribution of cells treated with 50 or 500 �g/mL of SLN-D did not
differ significantly from that of the control. Therefore, our cyto-
toxic study on cells confirmed non-cytotoxic effect of 14-DACA
on keratinocytes what is in accordance with the literature data
(Farazi et al., 2001). Tetradecyl alkyl residue into new coumarin
fluorescent probe keeps biological similarity with its function as
anchor for lipoproteins into biological membranes. Currently avail-
able reports about new fluorescent probes are mostly oriented

on cyclic structural and physicochemical properties, labeling tech-
nology and application, but biocompatibility or toxicity data are
frequently missing (Gonç alves, 2009; Maier et al., 2002). Finally,
Fei and Gu (2009) have reported that fluorescent dye conjugated
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ith chitosan can obviously increase the degree of biocompatibility
nd decrease the degree of toxicity.

.3. SLN uptake and intracellular localization

Following the uptake of SLN and their trafficking in the cells are
mperative to fully explore their usage as efficient intracellular drug
elivery system for the range of therapeutic targets, which could
e located in the cytosol or at a deeper level within intracellular
rganelles. It is known that SLN crosses the keratinocytes’ mem-
rane in less than a minute (Teskac and Kristl, 2010). Initially, the
LN were located on the periphery, but quickly moved towards the
erinuclear region and do not stay in one flat surface. To resolve
ertain cellular organelles (like the nucleus, endoplasmic reticu-
um, mitochondria, etc.) and track proteins or other biomolecules
n live cells, numerous fluorescent dyes are available (Fernández-
uárez and Ting, 2008; Spandl et al., 2009). On the other hand, there
re lack of fluorescent dyes and probes for particular drug nanocar-
iers. Inorganic or fluorescent polystyrene NPs are generally used
s model particles for fluorescence microscopy and obtained pic-
ures of their presence in cell culture are bright and location of
Ps in cellular compartments can be precisely determined (Oh
t al., 2006). However, these NPs may  not be suitable alternatives
o biodegradable and biocompatible nanosized particles loaded
ith drug molecules (e.g. SLN, polymeric NPs) for fluorescence
icroscopy studies mainly because they do not contain therapeu-

ic agent and because of the differences in their physical properties,
ncluding hydrophobicity, surface charge, particle size distribution,
ifferent density and protein adsorption, etc.

Disadvantage of most frequently used 6-coumarin for staining
rug nanocarriers is its leakage and self-quenching. Additionally,
hen SLN-C is present in the cell culture, particles were hardly

o extract from extensive green background (Figs. 7–9).  However,
imilar to our case, self-quenching of 6-coumarin was already
hown by some other researchers too, e.g. Panyam and Labhasetwar
2003). At least, staining the NPs by 14-DACA enabled excellent

ulticoloring, where great positioning of NPs, separate from cel-
ular compartments, was obtained. This result shows an excellent
rogress on the area of drug delivery systems and proofs that using
ase-designed fluorescent probe for particular nanosized system
nables distinct and undoubting visualization in the intracellu-
ar environment what can be beneficial upgrade to the current
anoscience.

. Conclusion

The results of our study provide important information regard-
ng localization of nanoparticulate carriers in the cells as well as
heir intracellular fate if 14-DACA probe was used. Probe’ spectra
o not cover each other, contributing to effective distinguishing
etween the labeled cellular compartments and fluorescent nano-
ized carriers. New synthesized fluorescent probe 14-DACA is not
ytotoxic, has high lipophilicity and good anchoring into SLN. 14-
ACA gives bright fluorescence pictures in cellular environment,
here lipids NPs are seen distinctly as blue dots. Moreover, spectra

f 14-DACA are well distinguished from spectra of another fluores-
ent probe, what enable clear multicolor imaging. We  can conclude
hat 14-DACA provides an accurate repertoire of drug uptake and
an be a powerful tool to produce precise, quantitative data in real
ime that is required for the elucidation of the complex process at
ntracellular drug delivery and distribution.
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