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Photoresponsive Coumarin-Stabilized Polymeric 
Nanoparticles as a Detectable Drug Carrier
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    and   Rodney D.   Priestley   *   
 The ability to create aqueous suspended stable nanoparticles of the hydrophobic 
homopolymer poly( ε -caprolactone) end-functionalized with coumarin moieties 
(CPCL) is demonstrated. Nanoparticles of CPCL are prepared in a continuous 
manner using nanoprecipitation. The resulting nanoparticles are spherical in 
morphology, about 40 nm in diameter, and possess a narrow size distribution and 
excellent stability over 4 months by repulsive surface charge. Nanoparticle size can 
be easily controlled by manipulating the concentration of CPCL in the solution. 
The interparticle assembly between the nanoparticles can be reversibly adjusted with 
photoirradiation due to photoinduced [2  +  2] cyclodimerization and cleavage between 
the coumarin molecules. In addition, the CPCL nanoparticles show signifi cant cellular 
uptake without cytotoxicity, and the intrinsic fl uorescence of the coumarin functional 
group permits the direct detection of cellular internalization. 
  1. Introduction 

 Over the past few decades polymeric nanoparticles have 

attracted signifi cant attention due to their promise in appli-

cations for drug transportation and medical imaging. [  1  ]  

Generally, for the formation of stable polymeric nanoparti-

cles in an aqueous medium, most nanoparticles have been 

designed with an amphiphilic core/shell structure, that is, a 

hydrophobic inner core and a hydrophilic outer shell, using 

amphiphilic block copolymers. [  1c  ]  Such polymeric nanopar-

ticles can readily incorporate hydrophobic drugs into their 

cores, and the hydrophilic shell can stabilize the hydrophobic 

core in water. However, this approach typically requires 

that the block copolymers are prepared via controlled living 
© 2012 Wiley-VCH Verlag Gmb
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polymerization, a more complex synthetic method relative to 

conventional polymerization. [  2  ]  At the minimum, approaches 

to stabilize nanoparticles that mitigate the use of block 

copolymers may prove more facile in particle preparation 

and more cost-effective. Conversely, the potential benefi ts of 

stimuli-responsive nanoparticles, which respond to changes 

based on their environment or an external stimulus, in con-

trolled drug delivery, such as triggered payload release, pro-

vide an incentive for the continued development of such 

types of nanoparticles. [  3  ]  

 Of growing interest are polymeric nanoparticles con-

taining coumarin moieties because they are both responsive, 

via the reversible photoresponsive [2  +  2] cyclodimerization, [  4  ]  

and exhibit intrinsic fl uorescence. [  5  ]  This makes them tremen-

dously attractive in applications ranging from size-tunable 

systems involving photoinduced crosslinking and cleavage 

between coumarin molecules to the marker for the detectable 

delivery of hydrophobic drugs. [  2  ,  6  ,  7  ]  Yet, the use of coumarin 

molecules in the formulation of nanoparticles has been lim-

ited to approaches utilizing amphiphilic block copolymers. 

 Herein, we demonstrate reversibly photoresponsive 

coumarin-stabilized polymeric nanoparticles in an aqueous 

medium, which act as a detectable drug carrier without the 

usage of an amphiphilic structure and additional fl uorescent 

probes. The nanoparticles are spherical in morphology with 

diameter about 40 nm, and possess a narrow size distribution 
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     Figure  1 .     Synthetic scheme for coumarin-functionalized PCL (CPCL).  
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and excellent stability, although they are 

composed of a hydrophobic homopolymer. 

The interparticle assembly between the 

nanoparticles can be reversibly adjusted 

by photocrosslinking and cleavage of the 

coumarin molecules exposed at the nano-

particle surface. In addition, the nanopar-

ticles exhibit an enhanced rate of cellular 

uptake without signifi cant cytotoxicity, and 

the intrinsic fl uorescence of the coumarin 

functional group permits the detection of 

cellular internalization. 

   2. Experimental Section 

  2.1. Materials 

 Polycaprolactone diol (PCL-diol,  M  n   =  

2000), ethyl bromoacetate (98%), potas-
     Figure  2 .     Schematic illustration of the preparation of aqueous 
suspended CPCL nanoparticles using the fl ash nanoprecipitation 
method.  
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sium acetate ( ≥ 99%), hydrochloric acid (36.8%), thionyl 

chloride, and triethylamine (TEA,  ≥ 99%) were purchased 

from Sigma–Aldrich Chemical Company. 7-Hydroxycou-

marin (99%), 1,4-dioxane (99.5%), and tetrahydrofuran 

(THF, HPLC) were purchased from Acros Organics. Acetone 

(HPLC), ethanol (anhydrous), methanol (99.5%), and sodium 

hydroxide were supplied by Fisher Scientifi c. The deionized 

water used in this study had a resistance above 18.0 M Ω . 

   2.2. Preparation of Polymeric Nanoparticles 

 As shown in  Figure    1  , the coumarin derivative, 7-chlorocarb-

onylmethoxycoumarin, was fi rst synthesized from 7-hydroxy-

coumarin and subsequently reacted with the hydroxyl ends of 

PCL ( M  n   =  2000 g mol  − 1 ) via acylation, which resulted in cou-

marin end-functionalized PCL (CPCL,  M  n   =  2700 g mol  − 1 ). [  4d  ]  

 Figure    2   schematically illustrates the nanoparticle preparation 

procedure. Briefl y, the CPCL nanoparticles were produced by 

a fl ash nanoprecipitation method using a confi ned impinging 

jet mixer composed of two separate streams: CPCL/THF 

solution and water. [  8  ]  THF was removed from the resulting 

mixture to obtain CPCL nanoparticles suspended in water. 

Detailed experimental procedures and synthesis results are 

reported in the Supporting Information. The resulting CPCL 

nanoparticles were denoted as CPCL x  (where  x  represents 

the amount (mg) of CPCL dissolved in THF).   

   2.3. Photoirradiation 

 Photodimerization and cleavage of coumarin moieties in 

CPCL nanoparticles were accomplished using a UVGL-58 

handheld UV lamps (6 W) at   λ    =  365 and 254 nm, respectively. 

UV irradiation of the aqueous CPCL nanoparticle solution 

was carried out in a quartz cuvette with a 1 cm optical length 

and the distance between the cuvette and lamp was kept at 

1 cm during the measurements. 
www.small-journal.com © 2012 Wiley-VCH Ve
   2.4. Characterization 

 The  1 H nuclear magnetic resonance ( 1 H NMR) spectra were 

recorded in either [D 6 ]DMSO or CDCl 3  on a Bruker Avance-

II 500 MHz spectrometer to verify the synthesis of coumarin 

derivatives and CPCL. Size exclusion chromatography 

(SEC) was performed on a system equipped with a Waters 

515 solvent pump, a Waters 717 autosampler, and a Waters 

410 differential refractometer that had been modifi ed with a 

Precision Detectors PD2020 light scattering detector oper-

ating at 680 nm. The SEC utilized a Viscotek I-series guard 

column connected in series with a Viscotek low-molecular-

weight I-series column, and a Viscotek mid-molecular-weight 

I-series column. A mobile phase comprising dimethylfor-

mamide (DMF) with 0.02  m  ammonium acetate that had 

been fi ltered through 0.2  μ m fi lters was used. A fl ow rate 

of 1 mL min  − 1  was employed with the columns and detec-

tors set at 40  ° C. Differential scanning calorimetry (DSC) 

analysis was performed using a TA DSC Q2000 apparatus 

under N 2  fl ow. All of the samples were fi rst heated from  − 90 

to 130  ° C at 20  ° C min  − 1  to erase the thermal history, then 
rlag GmbH & Co. KGaA, Weinheim small 2012, 
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     Figure  3 .     Morphology of CPCL5 nanoparticles visualized by a) FE-SEM 
and b) TEM.  
cooled to  − 90  ° C at 20  ° C min  − 1 , and fi nally heated to 130  ° C 

at 20  ° C min  − 1 . The morphology of PCL and CPCL nano-

particles was visualized by fi eld-emission scanning electron 

microscopy (FE-SEM, XL30 FEG-SEM). The FE-SEM sam-

ples were coated with a thin conductive Ir layer (thickness: 

5 nm) prior to observation. Transmission electron microscopy 

(TEM) images (Philips CM100 TEM, 100 keV) were taken of 

the direct sampling of the CPCL solution on carbon-coated 

copper grids. Diameters and size distributions of the nano-

particles suspended in water were determined using dynamic 

light scattering (DLS; Malvern Instruments Zetasizer Nano-

ZS ZEN 3600). Measurements were performed at a 173 °  

angle for 3 min and repeated a minimum of three times per 

sample. The measured time correlation functions were ana-

lyzed by autocorrelation using the method of the cumulants, 

thereby providing an average value of the intensity-average 

particle size and particle polydispersity index (PDI). Intensity-

average and number-average particle size distributions were 

calculated using the Laplace inversion program, CONTIN. 

Zeta potentials of nanoparticle samples were also obtained 

using the same instrument (Malvern Instruments Zetasizer 

Nano-ZS ZEN 3600). The instrument performed laser Dop-

pler velocimetry to obtain the electrophoretic mobility, which 

was then converted to a zeta potential via the Smoluchowski 

equation. The progress of dimerization and cleavage of cou-

marin moieties in CPCL nanoparticles by photoirradiation 

at   λ    =  365 and 254 nm, respectively, was followed by UV/Vis 

absorption spectrometry (Agilent UV–Visible ChemStation, 

Model 8453) in the range of 200–800 nm with 1 nm resolu-

tion. A quartz cuvette with a 1 cm optical length was used 

and the aqueous CPCL nanoparticle solution was directly 

used for UV/Vis measurements without any treatment. 

   2.5. Cell Culture and Cellular Uptake Test 

 Human embryonic kidney (HEK) 293 cells were maintained 

in growth medium comprising Dulbecco’s modifi ed Eagle’s 

medium (DMEM, Hyclone) supplemented with 10% heat-

inactivated fetal bovine serum (Atlanta Biologicals) and 

gentamicin (50  μ g mL  − 1 , Sigma). Cells were grown at 37  ° C 

with 5% CO 2  in a humidifi ed incubator. For qualitative cel-

lular uptake analysis of CPCL nanoparticles, HEK 293 cells 

were treated with CPCL (30  μ g mL  − 1 ) nanoparticles and 

incubated for 24 h. After incubation, excess particles were 

removed and the cells were washed three times with cold 

phosphate-buffered saline (PBS), and then fi xed with 4% 

formaldehyde in PBS. Cellular uptake of CPCL nanoparti-

cles was visualized at   λ   ex   =  360 nm and   λ   em   =  450 nm using a 

Hamamatsu Orca CCD camera attached to a Nikon Eclipse 

Ti microscope. For quantitative cellular uptake analysis, HEK 

293 cells were incubated with a range of concentrations from 

0 to 30  μ g mL  − 1  for 24 h, washed three times with cold PBS, 

and lysed with lysis buffer (25 m m  glycylglycine (pH 7.8), 

15 m m  MgSO 4 , 4 m m  ethylene glycol tetraacetic acid, 1% 

Triton X-100, and 1 m m  dithiothreitol). Cellular debris was 

removed by centrifugation at 13 000 rpm for 10 min. Superna-

tant was transferred into 96-well optiplates and fl uorescence 

intensity was determined using a GloMax-Multi Detection 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
DOI: 10.1002/smll.201102263
System (Promega Co.) with   λ   ex   =  360 nm and   λ   em   =  450 nm. 

Experiments were performed three times independently. 

   2.6. Cellular Cytotoxicity 

 Cell viability was determined using the 3-(4,5-dimethylthi-

azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2 H -tetrazolium (MTS, Promega Co.) assay. HEK 293 cells 

were incubated with CPCL nanoparticles with a range of 

concentrations from 0 to 120  μ g mL  − 1  for 48 h. MTS solution 

was added for 2 h. The absorbance was measured at 490 nm 

using a GloMax-Multi Detection System (Promega Co.). 

Experiments were performed three times independently. 

    3. Results and Discussion 

  Figure    3  a and b shows morphological images of CPCL5 

nano particles visualized by FE-SEM and TEM, respectively. 

The CPCL5 nanoparticles were spherical in morphology and 
3www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  4 .     a) DLS plots of CPCL5 and PCL5. b) DLS plots of size-
controlled nanoparticles (CPCL5, 20, 50) achieved by manipulating 
the concentration of CPCL in THF. c) Zeta-potential graph of CPCL5 and 
PCL5; inset images: CPCL5 and PCL5 nanoparticle aqueous solutions 
4 months after nanoparticle preparation.  
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   Table  1.     Sizes of PCL and CPCL nanoparticles as measured by DLS. 

Samples Diameter at mean intensity 
[nm]

Z-Average diameter 
[nm]

Width 
[nm]

PDI

PCL5 108.4 101.7 28.4 0.051

PCL20 191.6 169.8 71.5 0.123

CPCL5 43.9 40.8 11.6 0.061

CPCL20 68.3 60.1 26.0 0.131

CPCL50 88.9 76.7 35.8 0.136
possessed a narrow size distribution. In 

particular, TEM revealed that the CPCL5 

nanoparticles about 40 nm in diameter 

were well dispersed and isolated in an 

aqueous medium. To further evaluate the 

size of the nanoparticles, DLS measure-

ments were carried out. The DLS results 

( Figure    4  a) clearly showed that much 

smaller nanoparticles could be produced 

from CPCL5 (Z-average diameter  =  
www.small-journal.com © 2012 Wiley-VCH V
40.8 nm) compared to PCL5 (Z-average dia meter  =  101.7 nm), 

which does not contain coumarin moieties; this was consistent 

with the TEM results. In addition, there was no change in the 

size of CPCL5 nanoparticles after THF removal, and the 

sizes were stable over 4 months. The nanoparticle size could 

also be easily controlled by manipulating the concentration 

of CPCL in the THF solution. The size of CPCL nanoparti-

cles increased with increasing amount of CPCL, as shown in 

Figure  4 b. CPCL20 also showed a smaller size than PCL20. 

Detailed size information for the nanoparticles is summa-

rized in  Table    1  . 

 To form stable polymeric nanoparticles in an aqueous 

medium, most approaches rely on the design of polymeric 

nanoparticles with an amphiphilic core/shell structure. [  1c  ]  

Interestingly, the CPCL nanoparticles were small and well 

dispersed with narrow size distribution and excellent sta-

bility in water, despite the fact that they lacked a hydrophilic 

outer shell and did not contain any additive surfactants. The 

results strongly suggest that the coumarin functionality at the 

end of each PCL chain played an important role in the for-

mation and stability of the nanoparticles. To investigate the 

effect of coumarin molecules on nanoparticle formation, we 

measured the zeta potential of CPCL5 and PCL5. As shown 

in Figure  4 c, the CPCL5 nanoparticles ( − 47.1 mV) exhibited 

a more negative surface charge than the PCL nanoparticles 

( − 32.7 mV). In addition, there was no evidence of agglom-

eration for CPCL5 nanoparticles in water after 4 months, 

whereas agglomeration occurred for PCL5 nanoparticles 

after 72 h. This result indicates the good stability of CPCL5 

nanoparticles (see inset images in Figure  4 c). It should be 

noted that gold nanoparticles protected by citrate molecules 

show good stability in aqueous medium due to repulsive 

forces caused by a strong negative surface charge of approxi-

mately  − 43 mV. [  9  ]  Based on zeta-potential measurements, we 

suggest that the smaller size and increased stability of CPCL5 

compared to PCL5 nanoparticles can be attributed to the 

repulsion caused by strong negative surface charges on the 

nanoparticles due to the introduction of coumarin moieties. 

 It is well known that the photoirradiation (  λ    >  300 nm) of 

coumarin results in photochemical dimerization between cou-

marin molecules by [2  +  2] cyclobutane ring formation, and 

that the cyclobutane rings can be photocleaved upon irradia-

tion with light of shorter wavelength (  λ    <  260 nm). [  4  ]  Zhao 

et al. reported amphiphilic block copolymer micelles with 

coumarin pendants for the stabilization of micelles by UV-

induced crosslinking. [  7  ]  Jiang and co-workers also studied the 

stabilization and morphology switching of the polymer vesi-

cles using coumarin molecules. [  6  ]  As mentioned above, most 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
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research on coumarin molecules in the nanoparticle literature 

has focused on the stabilization of nanoparticles for controlled 

drug release using photoreversible coumarin dimerization, 

but there are no studies on the effect of coumarin on nano-

particle formation and stability in aqueous medium. To the 

best of our knowledge, this is the fi rst report to illustrate that 

coumarin moieties can lead to stable polymeric nanoparticle 

formation in an aqueous medium, although the reason that 

coumarin moieties provide negative charge stability to the 

nanoparticles is not fully understood.    

 Recently, increasing attention has been paid to photo-

crosslinkable polymer nanoparticles (or colloids) on account 

of their environmental and biomedical usage. Akashi et al. 

reported the reversible size change of the nanoparticles by 

photodimerization and cleavage of cinnamate groups in 

the polymer backbone. [  10  ]  Zillessen et al. reported polysty-

rene colloids capable of cluster formation via photochem-

ical crosslinking of benzophenone in the polystyrene side 

chain. [  11  ]  However, these nanoparticles were unstable in 

water or showed irreversible photocrosslinking. Although 

Schärtl et al. reported cinnamate- or coumarin-labeled 
© 2012 Wiley-VCH Verlag GmbH

     Figure  5 .     a) UV/Vis plots of aqueous CPCL5 nanoparticles upon photoirrad
aqueous CPCL5 nanoparticles upon photoirradiation at   λ    =  254 nm as a fun
changes of CPCL nanoparticles at 320 nm upon alternate irradiation with
photoirradiation at   λ    =  365 nm as a function of time. d) DLS plots of CPCL5
after photoirradiation at   λ    =  365 nm for 5 h.  
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poly(organosiloxane) nanoparticles capable of photorevers-

ible cluster formation, the nanoparticles were still dispersed 

in THF or toluene. [  12  ]  On the other hand, the CPCL nano-

particles studied herein were not only stable in water but also 

composed of a biodegradable polymer, approved by the FDA 

for use in biomedical applications, and reversibly photo-

crosslinkable coumarin moieties. 

 Thus, we investigated the effect of photoirradiation on the 

CPCL nanoparticles in aqueous medium using UV/Vis and 

DLS analysis. As expected, UV/Vis absorbance at 320 nm, 

which corresponds to the characteristic absorbance of the 

double bond in the benzopyrone ring of coumarin, [  13  ]  decreased 

upon photoirradiation at   λ    =  365 nm, thus indicating the pho-

todimerization of coumarins in CPCL5 nanoparticles (see 

 Figure    5  a). Furthermore, the UV/Vis absorbance at 320 nm 

increased upon photoirradiation at   λ    =  254 nm, as shown 

in the inset plots of Figure  5 a, which indicates the photo-

cleavage of dimerized coumarin moieties. Figure  5 b clearly 

shows the photoreversibility of CPCL nanoparticles in water 

when exposed to a suitable wavelength of UV light. The 

photo dimerization/photocleavage (365/254 nm irradiation) 
5www.small-journal.com & Co. KGaA, Weinheim

iation at   λ    =  365 nm as a function of time for 5 h (inset: UV/Vis plots of 
ction of time after photoirradiation at   λ    =  365 nm for 5 h). b) Absorbance 
 365 and 254 nm UV light. c) DLS plots of CPCL5 nanoparticles with 
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cycle was repeated three times. The photocrosslinking reaction 

appears much slower than the reverse photoscission reaction. 

The highest absorbance change for the coumarin dimeriza-

tion in CPCL nanoparticles was achieved after 5 h of irradia-

tion at 365 nm. The reverse reaction, that is, photocleavage 

of dimerized coumarin molecules in CPCL nanoparticles, was 

allowed to proceed for only 180 s. However, the absorption 

intensity did not completely recover to the original level after 

photoirradiation at   λ    =  254 nm, which indicates that some of 

the coumarin dimer in the CPCL nanoparticles did not revert 

back to the starting material. In particular, the recovery effi -

ciency decreased with each repetition of the photodimeriza-

tion/photocleavage cycle. This phenomenon has been found 

to be the result of a dynamic equilibrium, with crosslinking 

and scission occurring at 254 nm. [  14  ]   

 The reversible photoresponsive behavior of coumarin 

moieties in the CPCL5 nanoparticles affected the size of the 

nanoparticles. As shown in Figure  5 c, the size of the nano-

particles slightly increased with the degree of photodimeriza-

tion of coumarins by irradiation at   λ    =  365 nm. On the other 

hand, photoirradiation at   λ    =  254 nm resulted in recovery to 

the original size of the nanoparticles by the photocleavage of 

the dimerized coumarin moieties (see Figure  5 d). The change 

in size of the nanoparticles may be attributed to interparticle 

crosslinking and de-crosslinking, according to the schematic 

illustration proposed in  Figure    6  . Some particles combined 

together to form larger particles comprising two or three 

pristine particles due to photodimerization between cou-

marin units on the surface of the nanoparticles. A large 

change in size was not observed upon photoirradiation, 

as reported by Jiang and co-workers, [  2  ]  because coumarin 

moieties are mostly present in the interior of the nanopar-

ticle due to its hydrophobicity. [  6  ]  In addition, the repulsive 

interactions of the CPCL nanoparticles are likely to hinder 

the nanoparticles from approaching close enough to form 
www.small-journal.com © 2012 Wiley-VCH Ve

     Figure  6 .     Schematic illustration of the photoresponsive behavior of 
CPCL nanoparticles by photoinduced [2  +  2] cycloaddition and cleavage 
of coumarin moieties in the nanoparticles.  
interparticle crosslinks. [  11  ]  Nevertheless, the current approach 

demonstrated the potential interest of a new concept that 

consists in using light to assemble hydrophobic nanoparticles 

through photocrosslinking. More studies are under way in our 

laboratory to understand the effect of coumarin molecules 

on the polymeric nanoparticle formation and to enhance the 

effi ciency of the particular assembly.  

 Generally, the therapeutic effects of drug carriers depend 

on their cellular uptake, and systems to detect nanoparticle 

internalization would be ideal for monitoring drug phar-

macokinetics. Coumarin is a fl uorescent marker which has 

proven useful for incorporation into nanoparticles due to its 

biocompatibility, high fl uorescence activity, low dye loading, 

and low rate of leakiness. [  5  ]  Thus, end functionalization of 

PCL with coumarin not only increases the stability of the 

nanoparticles but also enables the detection of their intracel-

lular internalization. Fluorescence of CPCL nanoparticles was 

detected at an excitation wavelength of 360 nm and increased 

in a dose-dependent manner ( Figure    7  a). Cellular uptake 

of CPCL nanoparticles was visualized in human embryonic 

kidney (HEK) 293 cells (Figure  7 b). CPCL nanoparticles 

were detected primarily around the periphery of the nuclear 

membrane and throughout the cytoplasm, which is consistent 

with previous fi ndings of subcellular localization of PCL 

nanoparticles. [  15  ]  CPCL also aggregated at the cell membrane, 

thus suggesting the possibility that CPCL may be internal-

ized into cells through endocytosis and dispersed homogene-

ously into the cells. [  16  ]  The fl uorescence intensity of CPCL in 

cells increased as the CPCL concentration increased, with a 

plateau at 25  μ g mL  − 1  (Figure  7 c). Furthermore, as shown in 

Figure  7 d, the viability of cells was not affected by uptake of 

CPCL nanoparticles, as determined using the MTS assay, sug-

gesting minimal cytotoxicity. These results reveal that CPCL 

nanoparticles had an excellent cellular uptake property and 

can be potentially used as a detectable drug carrier. In partic-

ular, because the CPCL nanoparticles had a photoresponsive 

surface functionality capable of forming a photocrosslink due 

to the coumarin molecules, we anticipate further reversible 

surface functionalization of the nanoparticles using the cou-

marin molecules connected with specifi c target agents such 

as a stealth shell, cancer target, cell-penetrating agent, and 

imaging agent, thereby resulting in an advanced functional 

drug carrier with highly effi cient drug delivery.   

  4. Conclusion 

 We have demonstrated that coumarin moieties that were 

end-functionalized to PCL, a biodegradable polymer, led 

to the formation of small polymeric nanoparticles with a 

narrow size distribution in an aqueous medium stabilized 

by strong negative surface charge. The size of the nano-

particles could be easily manipulated by controlling the 

polymer concentration. The CPCL nanoparticles showed slight 

reversible assembly upon photoirradiation and noncytotoxic 

cellular uptake. Moreover, the nanoparticles could be imaged 

within the cell due to the intrinsic fl uorescence of coumarin. 

An advantage of our nanoparticles is that they were stabi-

lized in an aqueous medium by coumarin, a bio-derived and 
rlag GmbH & Co. KGaA, Weinheim small 2012, 
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     Figure  7 .     a) Dose-dependent increase in fl uorescence intensity of CPCL nanoparticles at   λ   ex   =  360 nm and   λ   em   =  450 nm. b) Visualization of 
cellular internalization of CPCL nanoparticles. c) Dose-dependent increase in cellular uptake of CPCL nanoparticles. d) Cell viability and cytotoxicity 
determined by MTS assay.  
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-compatible molecule, without the additional usage of stabi-

lizers. The simplicity of preparation and stimuli response of 

the coumarin-containing polymeric nanoparticles make them 

attractive for various potential applications as a tailor-made 

advanced functional drug carrier. 
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