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Polymer dots (PDs) are promising fluorescent probes for 

biomaterials applications. Here, novel cytocompatible composite 

PD particles have been synthesised with a core-shell-shell 

morphology. The particles show near-infrared emission, improved 

fluorescent brightness and enhanced colloidal stability compared 

to pure PDs. The particles also show non-radiative resonance 

energy transfer (NRET) with a model dye. 

Polymer dots (PDs) are nanometre-sized particles prepared 

from semiconducting polymers
1
. Their band gaps are 

controlled by the structure of the parent conjugated polymer 

which enables tuneable visible light absorption and 

fluorescence emission
2-4

. PDs are normally prepared using 

nanoprecipitation which is a convenient method that involves 

the rapid precipitation of the conjugated polymer and 

stabilisation of the nanoparticles using a surfactant
5, 6

. PDs 

display excellent photostability, making them promising 

materials for fluorescent labels, for uses such as in vivo cellular 

imaging, or tumour targeting
4, 7-12

 as well as biosensors and 

LEDs
4, 7, 8, 13

. PDs are attractive for biomaterials applications 

because they have reduced cytotoxicity compared to inorganic 

quantum dots
4
. Of particular interest is including near-infrared 

(NIR) dyes into the PDs to enable NIR imaging
9, 10

, which is 

deeply penetrating in human tissue
14

. Unfortunately, 

nanoprecipitation though well-established, limits the 

morphologies available to a simple PD core with a stabilising 

shell. This method can also make it difficult to vary the location 

of the conjugated polymer within composite particles, which 

reduces particle morphology options. Here, we report a unique 

core-shell-shell (CSS) PD morphology for the first time. 

 PDs for in vivo imaging should ideally have a high 

fluorescence quantum yield (QY), narrow NIR emission, be 

biocompatible, and have good colloidal stability. PDs have QYs 

that are much less than 100% due, in large part, to emission 

self-quenching
15, 16

. Colloidal stability can also be limited if this 

relies on physically adsorbed stabilisers. Relatively few NIR PD 

dispersions show both good colloidal stability and high PD 

quantum yields
17, 18

. To improve colloid stability of such 

systems block copolymer stabilisers have recently been used
9
. 

In this study we establish novel CSS NIR particles which have 

improved brightness and colloidal stability compared to the 

parent PDs. Furthermore, they show non-radiative resonance 

energy transfer (NRET) in the presence of a model dye. 

 The original aim of our programme was to prepare core-

shell dispersions where PDs formed the core. The water 

soluble polymer surfactant poly(styrene-co-maleic anhydride) 

(PSMA) (see Scheme S1, ESI†) ring opens in water to form an 

amphiphilic –COO
-
 rich copolymer

8
. We hypothesised that the 

hydrophobicity of PSMA and, hence, the surface of PD 

stabilised by PSMA in water would increase if the pH of the 

dispersion was decreased to below the PSMA pKa. It was 

further posited that under such pH conditions the PDs would 

act as seeds for heterogeneous growth of core-shell particles 

via emulsion polymerisation, if suitable acrylic monomers and 

free-radicals were present. However, to our surprise a multi-

shell PD-based morphology was produced. We term these 

particles as CSS composite PD particles. (Scheme S1, ESI†) 

Whilst CSS particles have been studied
19

, the inclusion of 

conjugated polymers into such particles is new. 

 As described in the Experimental Section (ESI†) PDs were 

prepared by nanoprecipitation using a modification to an 

earlier method
20

. We used PSMA as a pH-responsive stabiliser. 

The semiconducting polymer was poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV) and the NIR 

dye was silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) 

(NIR775). MEH-PPV, NIR775 and PSMA were dissolved in THF. 

This solution was rapidly added to water with sonication which 
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Figure 1. (a) Bright field STEM image of CSS particles. The arrows highlight the PD-rich 

outer shell and core. (b) SEM image measured of the CSS particles. (c) 3D AFM Peak 

Force Tapping mode image for CSS particles in air. (d) AFM height profile of CSS 

particle highlighted in (c). The scale bars represent 100 nm. 

triggered PD formation. The THF was then removed by rotary 

evaporation, resulting in an NIR PD dispersion (see Scheme S1, 

ESI†). In order to grow a copolymer onto the surface of the 

seed PD particles via emulsion polymerisation, it was 

considered essential that the seed particles were adjusted to 

become relatively hydrophobic
21

. Accordingly, the PD 

dispersion pH was decreased to 3.8, which partially 

destabilised the dispersion causing limited PD aggregation. A 

comonomer feed together with ammonium persulfate (APS) 

was added and the mixture heated to 80 
o
C. The comonomers 

used were ethyl acrylate (EA), methacrylic acid (MAA) and 

butanediol diacrylate (BDDA), with feed mass ratios of 79:20:1 

respectively. The PD aggregates acted as seeds for PEA-MAA-

BDDA shell growth under starved feed emulsion 

polymerisation conditions. As will be shown additional PDs 

also adsorbed to the PEA-MAA-BDDA shell to give CSS 

composite particles (see Scheme 1, ESI†). 

 The PDs were prepared at pH 5.5 and were mostly well 

dispersed and had a diameter of 3.0 nm as judged by TEM (see 

Fig. S1a, ESI†). There were also occasional larger aggregates of 

loosely bound PDs present which dominated dynamic light 

scattering (DLS) measurements (see Fig. S3a, ESI†). (Control 

experiments using only MEH-PPV, PSMA, or NIR775 and TEM 

confirmed that all three components were required to give 

PDs as shown in Fig. S2†). When the pH of the PD dispersion 

was decreased to 3.8 the dispersion was destabilised and 

aggregates with sizes of 70 to 100 nm formed (see Fig. S1b, 

ESI†). The pH-triggered flocculation was limited and did not 

result in further diffusion-limited aggregation. DLS data 

showed that decreasing the PD dispersion pH to 4.0 and 

below, resulted in an increase in the z-average diameter (dz) 

from 65 to 75 nm (see Fig. S3a, ESI†). Simultaneously, the zeta 

potential of the PDs decreased from -50 mV to -32 mV under 

these conditions (see Fig. S3b, ESI†). Zeta potentials between 0 

and + 30 mV are associated with colloidal instability
22

 and 

hence our PD dispersions were deliberately brought to the 

boundary of this instability region using pH variation and then 

PEA-MAA-BDDA shells grown. 

 Fig. 1a shows a representative scanning transmission 

electron microscopy (STEM) image obtained for the CSS 

particles. The yellow arrows highlight PDs that can be seen in 

the core and the outer shell. As will be discussed below, the 

CSS particles had a “bowl-like” morphology when dried. The 

low electron density inner shell is taken to be PEAA-MAA-

BDDA. The image also shows other particles which had a 

similar, remarkable, CSS morphology. Additional images were 

obtained using dark field STEM which show the CSS 

morphology (Fig. S4, ESI†). We conducted an extensive 

investigation using conventional TEM and repeated CSS 

preparations. In each case the CSS morphology was apparent 

(see Fig. S5, ESI†). The average CSS diameter was 84 ± 22 nm, 

as obtained by manually measuring 100 particles. The 

differences in TEM contrast are due to differences in electron 

scattering. The darker domains near the particle centres in Fig. 

1a are due to the more electron rich MEH-PPV PD-based core 

and the lighter regions are the inner PEA-MAA-BDDA shell. PDs 

can also be seen in the outer shell. For comparison, a control 

PEA-MAA-BDDA dispersion was prepared without added PDs. 

A representative TEM image obtained for that system showed 

low contrast featureless particles (see Fig. S6, ESI†). 

 SEM images were obtained to gain further insight into the 

morphology of the CSS particles. A “bowl-like” morphology 

was apparent (see Fig. 1b and Fig. S7, ESI†). This morphology is 

attributed to dehydration during drying. It is stressed that no 

evidence of electron beam damage was detected during our 

SEM and TEM measurements. AFM was also employed to 

study the CSS particle morphology (see Fig. 1c and 1d) A 

representative lower resolution AFM image is shown in Fig. S8 

(ESI†). There were numerous particles with a shallow core 

region and a raised periphery. These data confirm the bowl-

like morphology
 
for the deposited CSS particles in air. We 

propose that the PD-rich cores were relatively hydrated and 

de-swelled when dried. The height profile data showed that 

the diameter-to-height ratios were about 10 (see Fig. 1d). This 

result suggests that the PEA-MAA-BDDA shell had deformed 

and flowed during drying on the substrate. Flow and 

deformation for PEA particles when deposited is possible
23

 

because the glass transition temperature of PEA is -15 
o
C

8
. 

 It is stressed that if the pH was not decreased from 5.5 to 

3.8 prior to shell growth then the CSS particle morphology 

shown in Fig. 1a could not be prepared. We attribute the CSS 

morphology to the PD destabilisation depicted in Scheme S1 

(ESI†). The weight fraction of MEH-PPV in the CSS particles was 

~ 40 wt.% on a dry weight basis by comparing the UV-visible 

spectrum measured for the CSS particles (Fig. 3a) to a PD 

calibration graph (see Fig. S9, ESI†). The method is in the ESI†. 

 Variable pH DLS data were measured and show that the 

CSS particles were slightly pH-responsive with a dz of 110 nm 

at pH 5.0 which increased by 10 nm for pH values greater than 

or equal to 6.0 (see Fig. S10a, ESI†). This dz increase 

corresponded to the region of maximum zeta potential (see 

Fig. S10b, ESI†). The pH-response of the CSS particles is due to 
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Figure 2. Dispersion images (a) and the variation of dz (b) with NaCl concentration (in 

M). The concentrations of the CSS and PD dispersions from (a) were 1.2 µg/mL and 3.0 

µg/mL, respectively. (c) Zeta potentials of CSS and PD particles. (d) Live / dead image 

of NP cells in contact with 1.2 µg/mL CSS particles for 8 days. Live cells appear green, 

and dead cells appear red. The scale bar is 100 µm. 

the MAA included in the inner shell. A secondary contribution 

to the zeta potential can be expected from the COOH groups 

of PSMA adsorbed to the PDs. 

 Dispersion stability is a very important property for 

applications of PDs involving imaging in vivo. The dispersion 

stability of the CSS dispersions in aqueous NaCl solutions was 

therefore investigated and compared to that for the parent PD 

dispersion (see Figure 2a). The dispersion pH was 5.5 except 

for the PBS solution which had a pH of 7.4. The CSS dispersions 

were colloidally stable by visual inspection over the whole 

range of NaCl concentrations up to 0.20 M as well as for 0.15 

M PBS solution (see Fig. 2a). In contrast, aggregation was 

visually evident for the parent PD dispersions in the presence 

of 0.10 and 0.20 M NaCl (see arrow) or PBS. Aggregation 

resulted in decreased turbidity for these dispersions due to 

sedimentation. A DLS study detected aggregation when the 

NaCl concentration was only 0.05 M (see Fig. 2b). Because DLS 

is more sensitive to aggregation we conclude that the onset of 

PD aggregation occurred at 0.05 M NaCl. In contrast, the dz 

values of the CSS particles remained constant. These data 

strongly suggest that inclusion of a PEA-MAA-BDDA shell 

improves PD stability. The CSS dispersions had excellent 

stability at electrolyte concentrations of up to 0.20 M which is 

higher than physiological ionic strength which usually requires 

PDs with bespoke polymer stabilisers.
9, 24, 25

 

 The cause of the superior dispersion stability of the CSS 

particles was probed by measuring their zeta potentials (see 

Fig. 2c). The zeta potentials remained large for the CSS 

dispersions (at -51 to -53 mV), whereas those for the PD 

dispersion rapidly decreased in magnitude to ~ -15 mV at a 

NaCl concentration of 0.15 M or in PBS. These results strongly 

suggest that the CSS dispersions provided stronger 

electrostatic repulsion at high electrolyte concentrations 

(which encompass physiological conditions). This trend 

suggests that there is potential to use the new CSS particles in 

vivo. Cell challenge data obtained using live dead assays show 

that CSS particles were not cytotoxic to human nucleus 

pulposus (NP) cells for up to 8 days (Fig. 2d and Fig. S11, ESI†). 

 The optical properties of the CSS dispersions were studied 

using UV-visible and photoluminescence (PL) spectroscopy. 

The UV-visible spectra for the CSS and PD dispersions showed 

absorption bands assigned to the MEH-PPV and NIR775 

components at 480 nm and 775 nm, respectively. (see Fig. 3a). 

Interestingly, the incorporation of the PDs within the CSS 

particles caused an ~ 18 nm blue-shift and an 8.0 nm red-shift 

of the MEH-PPV and NIR bands, respectively, when compared 

the pure PDs. A likely explanation for the blue-shift is a 

decrease in aggregation of MEH-PPV in the CSS particles. The 

NIR band red-shift may be due to a refractive index change 
26

. 

 PL spectra were also measured for the CSS and pure PD 

dispersions at pH 7.4 (see Figure 3b). (The PL spectra 

measured for both systems were not affected by pH in the 

range 4.0 to 8.0 as shown in Fig. S12†). There was also a slight 

red-shift (of 6 nm) in the NIR peak, when comparing the CSS PL 

spectra to that of the PDs. The PL intensities of the bands due 

to MEH-PPV (575 nm) and NIR775 (775 nm) were slightly 

higher and lower, respectively, for the CSS particles compared 

to the pure PDs. We attribute the PL increase to less emission 

self-quenching by MEH-PPV within the CSS particles. EA may 

have partially swelled MEH-PPV, resulting in reduced -

stacking. This proposal is supported by Fig. S13 (ESI†), where 

partial solubility of MEH-PPV in EA is evident. The QY values 

for MEH-PPV and NIR775 were determined (see Table S1, 

ESI†). The QY values for these components were 0.11 and 0.13, 

respectively, for the CSS particles. There was a significant QY 

increase and decrease, respectively, for these signals upon 

growth of the CSS particles. This result is mostly likely due to 

the presence of the PEA-MAA-BDDA phase in the inner shell. 

These values compare favourably to related QYs for MEH-PPV 

based PDs and PDs containing NIR775, respectively, as well as 

other conjugated nanoparticles (See Table S1, ESI†). 

 It was expected that the CSS particles could act as non-

radiative energy transfer (NRET) acceptors. Hence, the ability 

of the CSS particles to quench the fluorescence of an added 

(donor) water-soluble dye (AF403) was probed (see Scheme 

S2, ESI†). AF430 was selected as a model water-soluble donor 

dye because of its strong PL overlap with the UV-visible 

spectrum of MEH-PPV within the PDs (See Fig. S14, ESI†). 

Consequently, non-radiative energy transfer (NRET) from the 

dye to the MEH-PPV within the PDs was possible if the dye 

could approach the PDs at a distance comparable to the 

Figure 3. (a) and (b) show UV-visible and PL spectra, respectively, for CSS (6.6 µg/mL) 

and PDs (3.0 µg/mL) dispersions in PBS buffer at pH 7.4. The images shown in the inset 

were obtained usingex = 470 nm and a 495 nm filter. 
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Figure 4. (a) PL spectra for CSS/AF430 dispersions measured using a range of CSS 

concentrations at pH 5.5. The inset shows an expanded view. The AF430 concentration 

was 0.0142 mM. (b) Variation of PL intensities with CSS concentration. 
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Förster distance, which is 6.5 nm
27

. We therefore studied the 

effect of CSS concentration on the PL spectra (see Fig. 4a). The 

PL spectra are dominated by AF430 with an emission 

maximum at 547 nm. The signal from the NIR775 within the 

CSS particles can be seen at 775 nm. There was pronounced 

reduction in the AF430 PL intensity at 547 nm with increasing 

CSS concentration. The variation of the PL intensity at 547 nm 

followed the Stern-Volmer equation (Fig. S15, ESI†). The 

increase in CSS concentration can be seen from the increase in 

the emission at 775 nm (see inset of Fig. 4a). These results 

strongly suggest that NRET occurred, with AF430 acting as the 

donor and the MEH-PPV within the CSS particles acting as the 

acceptor. Hence, the donor dye was able to approach within ~ 

6.5 nm of the MEH-PPV in the CSS particles. We attribute this 

to MEH-PPV in the PDs that formed the outer shell on the 

surface of the CSS particles (see Scheme S1, ESI†). 

 The change in the PL intensities due to AF430 and NIR775 

are plotted as the intensity ratio in Fig. 4b. A linear relationship 

between I780/I547 and CSS concentration is apparent, as 

expected for a system where the CSS particles caused dye 

quenching. Figure S16 (ESI†) shows that the absorption of the 

AF430 in a dispersion with CSS particles is similar to that of 

AF430 in a dispersion without CSS. This suggests that the 

decrease in fluorescence at the AF430 peak with increasing 

CSS concentration observed in Fig. 4a is a result of quenching, 

and not any affect such as particle-induced dye aggregation
28

. 

 In conclusion, we have introduced a new type of CSS NIR 

particle. The CSS particles had a bowl-like morphology when 

deposited from dispersion and allowed to dehydrate. They 

were not cytotoxic to NP cells at a concentration where the NIR 

peak was clearly evident. Furthermore, the CSS particles had 

enhanced colloidal stability and stronger fluorescence 

emission when compared to the parent PD particles. Mixed 

CSS/AF430 dispersions also showed NRET with a water-soluble 

donor which suggests that the CSS particles could also be used 

for ratiometric detection. 
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