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We report a facile and general strategy of enhancing the 

photostability of organic fluorophores for bioimaging 

applications. As a proof of concept, bright and robust 

fluorescence was observed in solid states of a well-defined 

synthetic polymer polycaprolactone consisting of 

di(thiophene-2-yl)-diketopyrrolopyrrole covalently linked in 

the middle of the polymer chain as a biocompatible and 

bioresorbable matrix. The nanoparticles prepared through a 

nanoprecipitation process of these polymers could be 

internalized by both tumor cells and stem cells with little 

cytotoxicity. Moreover, these highly fluorescent nanoparticles 

exhibited significantly enhanced photostability compared to 

commercial quantum dots or physical blends of dye/polymer 

complex in cell imaging and long-term tracing. 

Introduction 

Fluorescence imaging, due to its high specificity, sensitivity and 

imaging contrast, has proven to be an indispensable tool in 

modern biotechnology for advancing our understanding of 

various biological systems.1-3 Among a variety of probes for 

fluorescence imaging, small organic fluorophores have been most 

widely used owing to their high fluorescence quantum yield, 

relatively low toxicity, and structural versatility that enables 

facile tuning of the optical properties and conjugation with 

biomolecules.3-7 For example, Alexa Fluor® family of fluorescent 

molecules has been commercially available and used as cell and 

tissue labels in fluorescence microscopy and cell biology. 

Another example is 4′,6-diamidino-2-phenylindole, denoted as 

DAPI, which has been a commonly used fluorescent probe for 

selectively labeling of DNA in cell nucleus.  

Despite these advantages, most organic fluorophores suffer from 

their poor photostability, i.e. the fluorescence intensity decays 

quickly (tens of seconds) under continuous exposure to light. This 

phenomenon, also called photobleaching, limits the ability of 

employing fluorescence microscopy or spectroscopy for long-term 

tracking of biological activities. Previous studies indicate that the 

formation of non-fluorescent triplet states (denoted as T1), following 

the photonic excitation process, and the presence of molecular 

oxygen play a major role in the photobleaching of organic 

fluorophores. In air-saturated solutions, reactions between molecular 

oxygen and T1 lead to substantial generation of reactive oxygen 

species (ROS), including HO, HO2, and H2O2, and rapid 

photobleaching.  

Several strategies such as oxygen depletion and addition of 

protective agents as triplet-state quenchers, although being able to 

reduce photobleaching to some extent, have achieved limited success 

in fluorescence-based bioimaging.3 Recently, Blanchard and 

coworkers8 have reported a strategy of covalently linking protective 

moieties (e.g. cyclooctatetraene, 4-nitrobenzyl alcohol, 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid) to cyanine 

fluorophores to enhance the photostability. Single-molecule 

fluorescence imaging showed remarkable enhancement of 

photostability in these modified fluorophores compared to the native 

ones without protective agents. Nevertheless, the improvement of 

photostability varies with different members of the cyanine class, 

suggesting the need for a deeper understanding of how the protective 

agents provide photostabilization.8 Relatively high photostability has 

been observed in inorganic semiconductor quantum dots,9-13 organic 

dye-silica core/shell NPs,14, 15some organic and polymeric 

fluorescent dots,16, 17 and some optimized fluorescence proteins 

through mutagenesis.18 For example, enhanced photostability has 

been recently reported in nanoparticles composed of organic 

fluorophores with aggregation induced emission (AIE) effect,16, 19-21 

but such improvement has been only observed in limited groups of 

organic dyes and polymers. Despite these recent advances, a general 

strategy of obtaining highly luminescent, photostable and non-
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phototoxic fluorophores for long-term bioimaging is still in great 

demand.3  

Herein we report a facile strategy of enhancing the photostability 

by covalently linking an organic fluorophore, di(thiophene-2-yl)-

diketopyrrolopyrrole (DPP), in the middle of a biocompatible and 

bioresorbable polymer chain, polycaprolactone (PCL) (Fig. 1a). This 

polymer, denoted as PCL-DPP-PCL, has a number-average 

molecular weight (Mn) of 38,300 Da and a polydispersity index 

(Mw/Mn) of 1.98. In contrast to small-molecule DPP derivatives 

which often show dramatic fluorescence quenching in solid states 

due to significant intermolecular - aggregation, we found that 

PCL-DPP-PCL tethered with long PCL chains shows remarkably 

bright fluorescence in solid states, suggesting that the aggregation of 

DPP moieties is suppressed by the covalently attached PCL chains. 

In addition, PCL as a biocompatible and bioresorbable polyester has 

attracted much attention for use as an implantable biomaterial in 

tissue engineering and drug delivery.22 Biodegradation of PCL is 

slow compared to other polymers, thus making it suitable for long-

term delivery extending over a period of more than one year.  

We expected that the integration of strong fluorescence of DPP 

with the biophysical properties of PCL could make PCL-DPP-PCL 

an ideal fluorescence probe for bioimaging. Considering the 

hydrophobic nature of both DPP and PCL in this polymer, we used 

Pluronic® 127 as a surfactant and followed a method of 

nanoprecipitation to disperse PCL-DPP-PCL as nanoparticles (NPs) 

in aqueous media (Fig. 1a). The resulting NPs were highly 

fluorescent and showed remarkably enhanced photostability 

compared to commercial organic fluorophores in imaging of both 

human liver cancer cell line (HuH-7) and porcine mesenchymal stem 

cells (MSCs). Moreover, these polymeric NPs showed brighter and 

more robust fluorescence properties compared to commercially 

available imaging probes such as quantum dots (Qtracker®) in long-

term tracing of cells.  

Results and discussion 

Preparation and characterization of NPs. Fig. 1a shows the 

molecular structure of PCL-DPP-PCL and a schematic presentation 

of the NPs formed through a nanoprecipitation process.23-26 In this 

process, an aliquot of PCL-DPP-PCL dissolved in tetrahydrofuran 

(THF) (3 mg/mL) was added to a vigorously stirred solution of 

Pluronic® 127 in water. Self-assembly was driven by the 

hydrophobic interaction between PCL-DPP-PCL and the 

polypropylene oxide (PPO) block of Pluronic® 127 which collapsed 

to form the core of the NPs. The shell of the NPs consists of PEG 

chains originated from Pluronic® 127 that extrude to the aqueous 

media to provide the colloidal stability.  

A representative scanning electron microscopy (SEM) image (Fig. 

1b) shows that the resulting particles appear spherical and uniform in 

size and shape. A statistical analysis of the particle size gives an 

average diameter of 51 ± 4 nm. Assuming a density of 1.14 gcm-3 

for PCL at room temperature and neglecting the contribution of 

Pluronic® 127 to the diameter of each NP, the estimated average 

mass of each NP (d = 51 nm) was 4.77  104 KDa, and that in 

average 1,240 polymer chains of PCL-DPP-PCL (Mn = 38,300 Da) 

existed in the core of each NP. While we observed that the size of 

the NPs could be tuned by changing the concentration of the 

polymer in THF, the following results and discussion will only focus 

on NPs with an average diameter of 51 nm, which has been recently 

demonstrated to be within the optimal size range in monodisperse 

drug-silica nanoconjugates for deep tissue penetration and high 

retention in tumors.27 Fig. 1c shows that the internal structure of the 

PCL-DPP-PCL NPs appeared amorphous as measured with 

transmission electron microscopy (TEM). In addition, the size and 

shape of the NPs measured with TEM were consistent with those 

measured with SEM. Fig. 1d shows the result of dynamic laser light 

scattering (DLS) measurement, which gives an average diameter of 

110 nm for the NPs dispersed in water. The size difference observed 

using electron microscopy and DLS, which has also been observed 

for other soft-matter particles, reflects the fact that the polymer NPs 

existed as a colloidal and swollen state in aqueous media, while they 

collapse and shrink to smaller sizes after being dried in air and 

imaged under the high-vacuum condition of electron microscopy. 

 

Fig. 1 (a) Schematic illustration of the preparation of PCL-DPP-PCL 

nanoparticles via nanoprecipitation process in the presence of Pluronic 127 as 
the stabilizer. (b-e) The morphology characterizations and optical properties 

of PCL-DPP-PCL nanoparticles: (b) The SEM image showing the average 

particle size of 51 ± 4 nm. (c) TEM image of PCL-DPP-PCL nanoparticles 
from a water suspension. (d) The dynamic light scattering test shows that the 

hydrated NPs have an average diameter of 110 nm in water suspension. (e) 
The fluorescence emission spectra of PCL-DPP-PCL nanoparticles (orange) 

and DPPHT in THF (blue) under 488 nm excitation.  

Both the UV-vis absorbance (Fig. S1, Supporting Information) 

and emission spectra (Fig. 1e) of the PCL-DPP-PCL NPs appear 

similar to those of a small-molecule DPP derivative, [2,5-bis(6-

hydroxyhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione] (DPPHT) in dilute solution of THF. The NP 

dispersion in water shows characteristic absorbance peaks of DPP at 

505 and 550 nm, respectively, despite some light-scattering effect 

(Fig. S1). The emission spectrum (Fig. 1e) of the PCL-DPP-PCL NP 

dispersion shows a major emission peak located at 560 nm, 

accompanied with a shoulder at 600 nm. There is a slight red shift (3 

nm) of the maximum emission peak in the NP dispersion compared 

to that of DPPHT in THF. The fluorescence quantum yield of the 

PCL-DPP-PCL NPs in water is as high as 0.29, based on Rhodamine 

6G (quantum yield = 0.95, in ethanol)28 as the standard. These 
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results imply that the intermolecular - aggregation among DPP 

units is minimal in the core of the PCL-DPP-PCL NPs.  

 

Fig. 2 Cellular uptake of PCL-DPP-PCL nanoparticles (NPs) in HuH-7 tumor 

cells (a-d and i) and MSCs (e-h and j) imaged by confocal laser scanning 

microscopy. The fluorescence of DAPI, Alexa Fluor® 633 phalloidin, and 

NPs are pseudo-labeled with blue (a, e), red (b, f), and yellow (c, g), 
respectively. Merged images of HuH-7 cells and MSCs from three channels 

are shown in (d) and (h), respectively. (i) and (j) are ortho-view images of z-

stack, showing nanoparticles inside the cells. Scale bars: 10 m (HuH-7) and 

20 m (MSC). For a, b, c, d, and i, pixel dwell time: 0.39 μs; frame size: 

1024×1024; pixel size: 0.086 μm. For e, f, g, h, and j, pixel dwell time: 1.00 

μs; frame size: 512×512; pixel size: 0.45 μm. 

In vitro cellular uptake of NPs. To explore the potential of these 

NPs in bioimaging application, we first studied the cellular uptake in 

vitro. Two types of cell lines were chosen to this end. HuH-7 is a 

hepatocyte derived carcinoma cell line that has been used as a 

popular model for cancer research and some transfection study on 

hepatological infectious diseases.29-31 MSCs are multipotent stromal 

cells that are able to differentiate into a variety of important cell 

lineages, and have become a promising cell source for regenerative 

medicine and tissue engineering.32 Therefore we believe these two 

types of cells are both representative and biomedically relevant to 

characterize the prepared PCL-DPP-PCL NPs for cell imaging.  Fig. 

2 shows the fluorescence images of these two types of cells observed 

from three channels corresponding to different fluorophores: blue 

(DAPI), yellow (PCL-DPP-PCL NPs), and red (Alexa Fluor® 633 

phalloidin). The merged images from all three channels and the 

ortho-view of z-stack confirm that the NPs could be internalized by 

both HuH-7 tumor cells (Fig. 2 a-d, and i) and MSCs (Fig. 2 e-h, and 

j). Interestingly, the images in Fig. 2 (a-d, and i) suggest that the 

HuH-7 tumor cell nearly finished the mitotic (M) phase or 

cytokinesis when the mother cell split into two containing roughly 

equal shares of cellular components. As shown in Fig. 2, the 

internalized NPs are mainly located in the perinuclear cytoplasm, 

while not exhibiting obvious affinity to any specific intracellular 

organelle. For further applications targeting at specific subcellular 

compartments, it may be possible that the polymeric shell of these 

NPs could be functionalized with various ligands, such as nuclear 

localization signals (NLS) to facilitate NP passage through nuclear 

pore complex (NPC) for gene delivery33, or mitochondria-targeting 

probes to enhance specific drug delivery to mitochondria and 

improve the therapeutic efficacy.34 

 

Fig. 3 Photostability of fluorescent PCL-DPP-PCL nanoparticles (NPs) 

compared to Alexa Fluor® 633 phalloidin and DAPI in MSC. The 

fluorescence of DAPI, NPs, and Alexa Fluor® 633 phalloidin are pseudo-

labeled with blue, yellow and red, respectively. (a) Chronological decay of 
fluorescence intensity of a multiply-stained MSC at different time points 

imaged by confocal laser scanning microscopy. The whole image field was 

photobleached.  Pixel dwell time: 0.50 μs; frame size: 1024×1024; pixel size: 
0.28 μm. Scale bar: 20 μm. (b) Relative intensity (instantaneous intensity / 

initial intensity) change of three fluorophores in the photobleached region. 

Curves are fitted using mono-exponential (PCL-DPP-PCL NPs and DAPI) or 
bi-exponential functions (Alexa Fluor® 633 phalloidin). The nominal powers 

of 405, 561, and 633 nm lasers are 20 mW, 20 mW, and 5 mW, respectively. 

Photostability of NPs in cellular imaging. Photobleaching is 

always a major concern in bioimaging applications of organic 

fluorophores. To characterize the photostability of PCL-DPP-PCL 

NPs, we compared their performance with two popular commercial 

fluorophores, DAPI and Alexa Fluor® 633 phalloidin, by a 

simultaneous photobleaching test for multiply-stained biological 

cells. After being stained with a cocktail of three dyes, MSCs were 

continuously exposed to 405, 561, and 633 nm laser irradiation and 

the fluorescence emission of each fluorophore was recorded at time 

points in 36.8-second intervals for a total duration of about 12 min. 

A band-pass filter combination was applied with bandwidths tuned 

to record the emission in three channels: blue (421-481 nm), yellow 

(569-621 nm), and red (650-758 nm). Fig. 3a and the time-lapse 

video (Supplementary Movie 1) show the merged images of the 

same multiply-stained MSC and the chronological decay of 
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fluorescence intensity. A more detailed time-lapse of 

photobleaching, including those recorded through three individual 

fluorescence channels, is provided in Fig. S2 and Supplementary 

Movie 2. It can be observed that all three fluorophores showed 

relatively high fluorescence intensity at the beginning of the test, 

while the subsequent photobleaching of three fluorophores were not 

synchronous. The fluorescence intensity of Alexa Fluor® 633 

phalloidin decayed most rapidly and the F-actin cytoskeleton was 

barely detectable after 110 s (Fig. S2b). The fluorescence intensity of 

DAPI and NPs decreased much more slowly (Fig. S2c, d). Notably, 

the NPs were able to maintain strong fluorescence intensity during 

the test and maintain almost 90% of initial intensity even after 11 

min (Fig. S2d).  

A quantitative analysis of the relative intensity change (Fig. 3b) 

by curve fitting using exponential functions provided more insight of 

the decay kinetics of three different fluorophores. The PCL-DPP-

PCL NPs exhibited mono-exponential decay expressed by 

[y=A1*exp(t/τ1)+y0], where (A1+y0) represents the initial relative 

intensity, y0 is the relative residual fluorescence intensity, and τ1 is 

the decay rate constant called mean lifetime. The half-life was 

calculated as ln(2)*τ1 (Table S1). DAPI also showed mono-

exponential decay (Table S2) as reported in some previous studies.35, 

36 Although there was no prior study reporting the decay kinetics of 

Alexa Fluor® 633 phalloidin, the fitting results showed that it could 

be described by a bi-exponential model 

[y=A1*exp(t/τ1)+A2*exp(t/τ2)+y0] (Table S3) in MSC. In this bi-

exponential model, (A1+A2+y0) represent the initial relative 

intensity; the half-life was computed based on the longer mean 

lifetime (Table S3). A comparison of the half-life values of three 

fluorophores in MSC (Tables S1-S3) clearly showed that NPs (230 

s) exhibited significantly higher photostability compared to DAPI 

(132 s) and Alexa Fluor® 633 phalloidin (58.6 s).   

As discussed previously, small-molecule DPP derivatives often 

show fluorescence quenching in solid states due to significant 

intermolecular - aggregation. The reason why PCL-DPP-PCL NPs 

exhibit much greater photostability could be due to the covalent 

bonds between DPP and PCL chains, which efficiently suppressed 

the aggregation of DPP molecules. In order to verify this hypothesis, 

we prepared PCL/DPPHT nanoparticles (Fig. S3 a-c) by simple 

physical blending (i.e. without any covalent bond formation between 

these two components) of DPPHT (8.0 × 10-4 mmol) and PCL (Mn = 

22,000, PDI =1.3) with a weight ratio similar to that of PCL-DPP-

PCL. These physically blended PCL/DPP NPs could also be 

internalized by MSCs and accumulated in perinuclear region (Fig. 

S4 a-d, and i). However, photobleach test revealed that these 

physically blended NPs exhibited much weaker photostability (Fig. 

S5) as compared to the covalently bonded PCL-DPP-PCL NPs (Fig. 

3). After 125 s of laser irradiation (561 nm), physically blended NPs 

could only retain about 13% of initial fluorescence intensity. 

In addition to DPP-based fluorophores, this strategy to enhance 

the photostability could also be applied to other fluorophores with 

different excitation and emission wavelengths. As an example, we 

chose a quinacridone (QA) derivative (Fig. S3g) as an initiator and 

synthesized PCL-QA-PCL NPs using a method similar to the 

preparation of PCL-DPP-PCL NPs. The SEM image (Fig. S3d) 

showed that the resulting spherical particles had an average diameter 

of 117 ± 21nm, which was consistent with the DLS (Fig. S3f) and 

TEM (Fig. S3e) results. Fluorescence microscopy (Fig. S4 e-h, and 

j) showed that they could be uptaken by MSCs and accumulated in 

the perinuclear region. The photobleach test suggested that the 

photostability of PCL-QA-PCL NPs (Fig. S6) was relatively weaker 

than that of PCL-DPP-PCL NPs (Fig. 3), which could be due to 

different properties of QA and DPP. 

 

Fig. 4 Long-term tracing of HuH-7 tumor cells using (a, c) PCL-DPP-PCL 

nanoparticles and (b, d) Qtracker®.  The fluorescence intensity change of the 
labeled cells was measured by flow cytometry analyses at different time 

points. The control represents the unlabeled cells. The percentages of cells 

retaining strong fluorescence in (c, d) were determined according to the 
gating thresholds as indicated in (a, b) for NP and Qtracker®, respectively. 

Long-term cell tracing using PCL-DPP-PCL NPs vs. Qtracker®. 

In addition to the photostability of fluorophore upon exposure to 

light, prior studies have suggested that the decrease of fluorescence 

intensity of stained cells in long-term study could be also due to loss 

of fluorophores during cell division and exocytosis37. Therefore we 
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investigated the application of PCL-DPP-PCL NPs for long-term 

cell tracing by fluorescence imaging, and compared their 

performance with a commercial counterpart, the Qtracker® cell 

labeling kit consisting of highly fluorescent quantum dot 

nanocrystals (nanoscale atom clusters comprising a core, a shell and 

surface coating). 

 

Fig. 5 Cell viabilities of HuH-7 and MSCs after incubating with different 
concentrations of PCL-DPP-PCL NPs for (a) 24 h and (b) 72 h tested by 

PrestoBlue assay. Cells without treatment by NPs were used as control. 

Values were expressed as means ± SD (n=3). Paired student t-test was used 
for statistical analysis between groups treated with different concentrations of 

NPs and control (p>0.5). 

HuH-7 tumor cells were firstly incubated with NPs and 

Qtracker® for 48 h at concentration of 2 nM, respectively. Then the 

excess fluorophores were removed and washed by 1PBS. The cells 

were then subcultured into a 6-well plate and cultured for up to 7 

days. The fluorescence change of the labeled cells was monitored by 

fluorescence microscopy (Fig. S7) and quantitatively analyzed at 

specific time points by flow cytometry for about 10,000 cell events 

in each test (Fig. 4). The fluorescence of HuH-7 cells labeled with 

either NPs or Qtracker® gradually decayed and shifted from the high 

intensity spectrum (Day 1) toward the weak intensity regime (Day 

7). It was noted that the NP-labeled tumor cells exhibited much 

higher fluorescence stability with 49.9% of the population remaining 

to be strongly fluorescent at Day 7; whereas only 8.68% of the 

Qtracker®-labeled cells maintained their fluorescence at Day 7. 

Similar comparative study was also performed with MSC culture for 

up to 14 days (Fig. S8). The flow cytometry analysis and 

fluorescence microscopy again demonstrated the impressive long-

term photostability of this PCL-DPP-PCL NP system, with 46.7% of 

the NP-stained MSCs retaining strong fluorescence after 2 weeks. 

These results indicate that the PCL-DPP-PCL NPs are highly 

advantageous as a stable fluorophore particularly for applications 

related to long-term cell tracing. 

Cytotoxicity of PCL-DPP-PCL NPs. Finally, we evaluated the 

cytotoxicity of the PCL-DPP-PCL NPs using PrestoBlue assay. 

Resazurin (max.abs = 600 nm) in PrestoBlue® reagent, a 

nonfluorescent blue compound, can be reduced in live cells by 

metabolism to resorufin (max.abs = 571 nm), which is red in color 

and highly fluorescent. Since the number of metabolically active 

cells proportionally correlates with the reduction level, the 

absorbance readings can be converted and expressed as the 

percentage reduction of the PrestoBlue reagent, indicating the 

relative cell viability. HuH-7 tumor cells and MSCs were incubated 

with NPs of different concentrations (up to 4 mg/mL) for 24 h and 

72 h. Percentage reduction of PrestoBlue reagent in each sample was 

measured with regard to that in cell culture without NP staining (the 

control). Fig. 5 shows that the cell viability of MSCs and HuH-7 

cells was not significantly affected for up to 72 h, indicating 

minimum cytotoxicity of the PCL-DPP-PCL NPs. Statistical 

analysis by paired student t-test indicated that there was no 

significant difference between groups treated with different 

concentrations of NPs and the control for both HuH-7 and MSCs 

(p>0.5).    

Conclusions 

In summary, we have presented a new type of highly 

fluorescent and bioresorbable polymeric NPs prepared through 

nanoprecipitation of a well-defined polymer, PCL-DPP-PCL, in 

the presence of Pluronic® 127 as the stabilizer. A key feature of 

our molecular design lies in the covalent insertion of DPP as a 

highly fluorescent moiety into the middle of each PCL chain. 

Such covalent bonding at the interface of DPP and PCL as well 

as the steric effect endowed by long PCL chains effectively 

suppress the - aggregation of DPP in the PCL matrix. As a 

consequence, PCL-DPP-PCL with Mn of 38,300 Da showed 

bright fluorescence in solid states. The NPs prepared through a 

nanoprecipitation process were highly fluorescent and could be 

internalized by both HuH-7 tumor cells and MSCs with little 

cytotoxicity to these cells. Most importantly, the PCL-DPP-

PCL NPs exhibited significantly enhanced photostability 

compared to several commercial organic fluorophores, the 

physically blended DPPHT/PCL NPs and Qtracker® for 

imaging of both tumor cells and stem cells. These unique 

properties make the PCL-DPP-PCL NPs promising imaging 

probes to track a broad range of biological systems. Compared 

to previously reported fluorescent organic or polymeric NPs,16, 

17 the 1.3% weight fraction of fluorescent components in these 

NPs is significantly lower and the polymer matrix (i.e. PCL) 

has proved to be biocompatible and bioresorbable. Therefore 

the potential toxicity, if any, caused by the encapsulated 

fluorophores is minimized. Moreover, the fluorescence 

excitation and emission wavelengths of these synthetic NPs can 

be customized and finely tuned during synthesis for specific 

applications. Currently we are extending this strategy to 

polymers with strong fluorescence in near infrared range that is 

important for in-vivo imaging. 
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