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Abstract 

Borylated polyfluorenes are π-conjugated polymers (CPs) with near infrared (NIR) absorption and 

emission profiles suitable for in vivo optical imaging. A fully borylated polyfluorene derivative (P4) was 

encapsulated in PEG-PLGA nanoparticles and compared with a reference NIR-emitting CP (PCPDTBT) 

or indocyanine green (ICG). All formulations satisfied quality requirements for parenterally administered 

diagnostics. P4 nanoparticles had higher quantum yield (2.3%) than PCPCDTBT (0.01%) or ICG 

nanoparticles (1.1%). The signal:background ratios (SBR) of CP systems in a phantom mouse (λem=820 

nm) increased linearly with fluorophore mass (0.1-1 µg), while ICG showed quenching above 0.25 µg. 

P4 nanoparticles experienced < 10% photobleaching over 10 irradiations (PCPDTBT: ~25% and ICG: 

>44%). In a mouse tumour xenograft model, P4 nanoparticles showed a 5-fold higher SBR than 

PCPDTBT with fluorophore accumulation in the liver > spleen > tumour. Blood chemistry and tissue 

histology showed no abnormalities compared to untreated animals after a single administration. 
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Background  

Post-polymerisation modification of poly (9,9-dioctylfluorene-old-benzothiadiazole), PF8-BT by 

electrophilic C-borylation results in π-conjugated polymers with near-infrared (NIR) emission,1 making 

this new polymer family interesting as potential optical imaging contrast agents.2–10  Increasing the 

fraction of borylated F8-BT units results in a successive shift of the emission maximum from 527 nm 

(non-borylated PF8-BT) to λmax > 700 nm and a quantum yield value of the fully borylated PF8BT of 

~12% in toluene.1 The lipophilic, fully borylated PF8-BT polymer, abbreviated as P4 in Crossley et al 

(2017) 1, can be encapsulated within different matrices to generate NIR-emitting π-conjugated polymer 

nanoparticles (CPN) with excellent colloidal stability. In previous work, two nanoparticle constructs 

consisting of either silica-crosslinked poloxamer micelles or self-assembling pegylated poly(lactic-co-

glycolic acid) diblock copolymers (PEG-PLGA) were used to examine P4 photophysical characteristics 

following encapsulation. Both P4 CPN systems showed high quantum yields (~6%), excellent 

haemocompatibility, and encouraging optical performance in a phantom mouse.1  

Due to the promising performance of P4 CPNs in initial studies, it was of interest to explore the optical 
performance of these systems in an in vivo model and compare the data with other NIR fluorophores. 
To this end, two commercially available NIR fluorophores were selected for study: a π-conjugated 
polymer, PCPDTBT (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]dithiophene)-alt-
4,7(2,1,3 benzothiadiazole)11 and the FDA approved tricarbocyanine dye, indocyanine green (ICG)12. 
PCPDTBT is π-conjugated polymer comprised of repeating cyclopentadithiophene (CPDT) electron-
donor units and benzothiadiazole (BT) electron-poor acceptor units,11 which enable intramolecular 
charge transfer13. Its absorption and emission spectra are located in the NIR region (Fig. 2), justifying 
inclusion as a reference fluorophore in this study. PCPDTBT CPN have also been reported to be 
effective photoacoustic contrast agents in in vivo models 14–19. ICG, on the other hand, is a small 
molecule dye in clinical use since 1959.12 In research studies, it is one of the most widely used 



benchmark NIR fluorophores. Despite its wide use, 
ICG shows some disadvantages, including 
degradation in aqueous solution, rapid photobleaching, 
and a rapid plasma clearance that can detrimentally 
affect its clinical utility20. 
 
Figure 1: Chemical structure, emission spectra and 
photoluminescence quantum yield values (PLQY% in solvent) of 
PCPDTBT (A), P4 (B) and ICG (C). A schematic Illustrates the 
proposed structure of self-assembling PEG-PLGA nanoparticles 
with encapsulated fluorophore (D). 

In the current study, PEG-PLGA with a 5 kDa PEG 

group and a 55 kDa PLGA chain was chosen as the 

preferred matrix polymer for encapsulation of all three 

fluorophores, due to its ability to effectively encapsulate 

a variety of different π-conjugated polymers, 1,21–23  its 

biodegradability, good biocompatibility profile, status 

as an FDA-approved excipient and wider clinical use.24 

As the intended mode of in vivo administration would 

be by injection, a quality-by-design (QbD)-inspired 

approach was used to identify and characterise all 

critical quality attributes required for parenteral 

products25. Prior to in vivo studies, optical performance 

was examined in a phantom mouse to establish optimal 

excitation and emission behaviour, signal:background 

ratios (SBR) of the fluorophores and their resistance to 

photobleaching upon multiple excitation. Based on the 

literature, it was hypothesised that the two π-

conjugated polymers would show a higher resistance 

to photobleaching than ICG. Finally, the in vivo SBR, 

biodistribution, biocompatibility and potential passive 

accumulation of the nanoparticulate systems in a 

subcutaneous HeLa tumor xenograft model were 

investigated.  

 
Methods 

Preparation of formulations 

PEG5kDa-PLGA55kDa nanoparticles containing 5% (w/w) 

P4 or PCPDTBT were prepared by nanoprecipitation26. 

Briefly, 1 mL CP (0.5 mg) + PEG-PLGA (10 mg) 

solution in THF was added dropwise to 5 mL distilled 

water or water for injections whilst stirring at room 

temperature. ICG PEG5kDa-PLGA55kDa nanoparticles 

containing 1.25 or 5% (w/w) were prepared using a 

modified nanoprecipitation method. Briefly, 1 mL of a 

DMSO/THF (v/v = 1:10) mixture containing either 0.125 

or 0.5 mg ICG and 10 mg of PEG5kDa-PLGA55kDa was 

added dropwise into 5 mL distilled water whilst stirring 

and then sonicated for 120 seconds. The mixtures 

were then stirred for another 24 h at ambient 

temperature under light exclusion to enable organic 

solvent evaporation. ICG suspensions were washed. 

The volume of water lost due to evaporation was 

replaced. Suspensions were filtered using a membrane 



filter with a pore size of 0.22 µm and used immediately for further studies. 

ICG solutions were prepared by dissolving 0.5 mg ICG in 5 mL distilled water with or without 40 mg/mL 

bovine serum albumin. Prior to the i.v injection, the nanoparticle suspensions were cleaned with 

centrifugal filter units (Amicon Ultra-100K) and PBS (pH 7.4) for 10 minutes at 1000 rpm. 

 

Characterisation of critical quality attributes 

The detection of gram negative bacterial endotoxin contamination in nanoparticle suspensions was 

performed by end point chromogenic limulus amoebocyte lysate (LAL) assay (Pierce LAL Chromogenic 

Endotoxin Quantification Kit; Thermo Scientific) according to the manufacturer’s instructions taking into 

consideration the Nanotechnology Characterization Laboratory (NCL) Method STE-1.127. To assess 

sterility of the formulations, the NCL method STE-2.2 for Detection of Bacterial Contamination by Agar 

Plate for quantitative analysis of bacterial contamination was used27. 

Dynamic light scattering (DLS) and laser doppler electrophoresis was performed on the Malvern 

ZetaSizer ZS Nano (Malvern Instruments Ltd, UK.). Nanoparticle hydrodynamic diameters and zeta 

potential values were measured immediately after production and after a 24 h incubation period at 37°C 

in water, phosphate-buffered saline (PBS) or in cell culture medium (CCM) comprised of Dulbecco’s 

modified Eagle’s medium (DMEM)+10 % foetal bovine serum (FBS). DLS measurements were used for 

formulations in water and PBS, while nanoparticle tracking analysis (NTA, Malvern Instruments Ltd. UK) 

was used for formulations incubated in CCM. 

Residual solvents in each nanoparticle formulation were quantified using solid-phase microextraction 

followed by gas chromatography mass spectrometry (GCMS-QP2010S, Shimadzu) 24 h after 

production (Supplementary Information (SI) for further details). 

Fluorescence spectroscopy and photoluminescence quantum yield measurement 

Fluorescence measurements were carried out on a wavelength-calibrated FluoroMax-4 

spectrofluorometer (Horiba Jobin Yvon). Photoluminescence quantum yield (PLQY) was measured with 

the Fluoromax 4 using the PTI K-Sphere in the sample compartment. The diluted sample (1.67 µg 

fluorophore/mL) was measured using a 10 mm quartz cuvette and neutral-density filter (ND) on the 

excitation side. 

Optical imaging in a tissue-mimicking phantom 

Fluorescence images of fluorophore-loaded nanoparticles and ICG solutions (0.1 – 1 µg fluorophore) 

were acquired with the IVIS spectrum imaging system (Caliper Life Sciences, Hopkinton, MA). Data was 

analysed with the corresponding Living Image software. The tissue phantom containing the fluorescent 

probe was scanned to find optimal excitation and emission wavelength combination for each sample. 

The signal:background ratio (SBR) of the fluorescence signal (total radiant efficiency of sample = ROI1) 

to autofluorescence background (total radiant efficiency of background = ROI2) was calculated from 

identically sized regions of interest (ROI) and defined as (ROI1 − ROI2)/ ROI228.  

The fluorescence brightness is the product of the PLQY and the absorption coefficient29. Phantom-

derived brightness values were calculated using the area under the absorption curve within the 

bandwidth of the IVIS excitation filter as the absorption coefficient and area under the emission curve 

with the bandwidth of the IVIS emission filter as the PLQY value29. 

In vivo optical performance and safety study in a HeLa tumour xenograft model 

All animal experiments were performed in compliance with the Guidelines for the Care and Use of 

Research Animals established by the Stanford University Animal Studies Committee. A tumour was 

established in the right hind leg in eight-week-old female nude mice (nu/nu, Charles River). HeLa tumour 

xenografted nude mice were anesthetised using 2% isoflurane in oxygen and administered a single, 150 

µL tail vein injection of P4 or PCPDTBT nanoparticle suspensions containing 50 µg fluorophore (1 mg 

nanoparticle mass). Imaging was performed at 9 time points over 5 days using an IVIS Spectrum with 

optimised settings (Table 3). Three regions of interest of equal areas were chosen for assessment: 1) 



the tumour 2) abdominal region and 3) periphery (skin area at the neck) and SBR were calculated as 

described above. 

After the final study time point, animals were sacrificed, a blood sample acquired and the following 

organs removed: lymph nodes, lungs, heart, liver, spleen, kidney, ovaries, and tumours. Images of the 

organs were acquired and SBR values calculated. Blood clinical chemistry and tissue histopathology 

analysis was used to assess in vivo biocompatibility of the nanoparticle formulations following a single 

administration.  

Results  

Critical quality attributes of nanoparticle formulations 

QbD is a useful approach to support the design of novel nanomedicines and nanodiagnostics in basic 

research25,30. The incorporation of pharmaceutical quality standards in early phases of academic 

research is important for producing high quality samples for in vivo studies and the data package 

generated this way is likely to increase the value proposition of the research25. In the current study 

critical quality attributes for intravenous administration of fluorescent imaging contrast agents were 

identified and the resulting attributes were listed from highest to lowest importance with regard to the 

risk of negatively impacting safety or diagnostic performance (Table 1). Experimental data for 

nanoparticles containing 5% (w/w) fluorophore are reported. 

Table 1: Critical quality attributes, specifications including test method, acceptance criteria and characterisation data of P4, 
PCPDTBT and ICG encapsulated within PEG-PLGA nanoparticles. The attributes highlighted in red indicate the most critical 
criteria in terms of product safety, attributes highlighted in yellow are important for safety and performance, and those 
highlighted in green indicate quality parameters related to product production. Measurements were performed on 3 

individual batches for each formulation. 

Attribute 
Test method Acceptance 

criteria 
P45% 

PEG-PLGA 
PCPDTBT5% 
PEG-PLGA 

ICG5% 

PEG-PLGA 

Endotoxin 
Bacterial 

endotoxin test 

<16 EU/mL 
for 150 μL 
injection 
volume31 

0.82 
±0.03 EU/mL 

 

0.12 
±0.04 EU/mL 

 
 

Sterility Agar Plate 
<10 CFU/100 

mL27 
0 CFU 0 CFU 0 CFU 

Foreign 
particulate 
matter 

Ph. Eur. 2.9.20 
Free from 

visible 
particulates 

No visible 
particles 

No visible 
particles 

No visible 
particles 

Residual 
solvents 

GC-MS 
˂0.174 

mg/mL32 
˂LOD ˂LOD ˂LOD 

Particle size  
 

DLS 
ZAve: 70-130 

nm 
111 

±0.9 nm 
120 

±1.4 nm 
135 

±1.0 nm 

Polydispersity  PD <0.3 
0.13 

(±0.004) 
0.14 

(±0.010) 
0.18 

(±0.047) 

Size stability in 
CCM over 24 h 

NTA 
<10% size 
difference:  

0 - 24 h 
-2.2% -3.9% +1.2% 

Surface 
properties 

Zeta potential <10 mV 
-6.70 

±0.38 mV 
-6.95 

±0.55 mV 
-6.32 

±0.32 mV 

Tonicity after i.v. 
preparation 

Osmometric 
240-340 
mOsmol 

309 ±4.2 
mOsmol 

316 ±7.9 
mOsmol 

320 ±5.8 
mOsmol 

pH after 
production 

 
Potentiometric 

 

 
3.75 

±0.04 
3.92 

±0.09 
3.81 

±0.02 

pH after i.v 
preparation 

5.5-8.533 
7.38 

±0.09 
7.36 

±0.03 
7.46 

±0.12 

Fluorophore 
mass % in final 
product 

Fluorescence 
spectroscopy 

5 % (w/w) 5.59 % 6.58 % 4.64 % 



Fluorophore 
content 
uniformity 

RCV (%) < 5 % 2.89 % 3.01 % 2.10 % 

Product yield: 
Unfiltered 

Gravimetric 

> 95% 81.0 ± 5.12% 80.3 ± 4.60% 92.1 ± 9.21% 

Product yield: 
After filtration 

> 85% 
51.59 ± 
8.31% 

57.62 ± 
2.90% 

66.35 ± 
11.90% 

 

The sterility and bacterial endotoxin tests revealed excellent microbiological quality of the end product, 

which was suitable for in vivo experiments. Residual solvent levels in the final product were below the 

SPME-GC/MS detection levels (limit of detection: 0.174 mg/mL). Furthermore, the pH value and 

osmolarity of the formulation were in accordance with the physiological requirements. DLS showed 

monodisperse particle size distributions with small PDI values (SI Fig.1). The formulations showed 

only negligible changes in cell culture medium at 37° C for 24 h in this respect, indicating excellent 

colloidal plasma stability (SI Fig. 2 C). The colloidal stability of the nanoparticles in more complex 

media is especially important in bioimaging applications since aggregates may influence fluorescence 

properties as well as cell interactions34,35. Product yield was lower than desired, especially following 

sterile filtration (~50-60%), although ongoing optimisation studies with different PEG-PLGA and filter 

chemistries are looking to address this. Fluorophore content uniformity, expressed as the relative 

coefficient of variation (RCV%), was below 5% indicating uniform fluorophore loading.  

Optical characterisation of fluorophore-loaded nanoparticles and ICG solutions 

All fluorophores investigated in this study absorb and emit in the NIR region, which is a prerequisite for 

in vivo optical imaging applications, due to the transparency of most biological tissues between 600-

1100 nm36. It has been frequently observed that fluorophore encapsulation within different 

nanoparticle matrix materials can dramatically influence the optical properties15,20. Normalised 

absorbance and emission spectra of the encapsulated fluorophores (Fig. 2) show that 

nanoencapsulation had surprisingly little effect on P4 optical properties, while PCPDTBT experienced 

a substantial red shift (83 nm) in the emission maximum, suggesting the formation of interchain 

aggregates rather than self-aggregation by coiling37, 38–40 . The blue-shifted and broadened absorption 

of PCPDTBT NP is consistent with an overall decrease in conjugation length due to bending, torsion 

and kinking. ICG absorbance is altered by albumin binding41, although the emission spectrum of 

albumin-bound ICG was very similar to ICG in water in this study. This observation contrasts reports 

by Landsmann et al, who showed that binding to plasma proteins caused a larger redshift of about 20 

nm,41.  Both the absorption and emission spectrum of ICG is reported to be concentration dependent, 
42 with higher ICG concentrations shifting the emission maxima towards 850 nm. ICG encapsulation 

within nanoparticles at two different loading values (1.25 and 5% w/w) was hypothesised to result in 

increased local ICG concentrations with a denser packing of the molecules in the PEG-PLGA matrix 

and a redshift in the peak maximum. Contrary to the hypothesis, encapsulated ICG values were 

slightly blue shifted compared to aqueous solution and did not differ between loading values, 

indicating that the ICG distribution in the PLGA matrix was fairly homogenous. 



 

Figure 2: Normalised excitation (A-D) and emission (E-H) spectra of fluorophores and their respective peak maxima. The solid 
lines represent spectra of the respective fluorophore in solution. THF was used as a solvent for P4 and PCPDTBT, while 
distilled water with and without 40 mg/mL bovine serum albumin was used for ICG. The dashed lines show the respective 
PEG-PLGA nanoparticle formulations of the fluorophores. Excitation wavelengths used to generate emission spectra were as 
follows: P4= 510 nm, PCPDTBT= 550 nm, ICG= 700 nm. 

Differences in PLQY were observed between dissolved and encapsulated fluorophores, and, in the 

case of ICG, by the addition of physiological amounts of albumin (Table 2). P4 encapsulation in PEG-

PLGA resulted in a 3-fold lower PLQY value compared to value reported by Crossley et al. 1 (2.3 vs 

6%; 727 nm), despite the same fluorophore loading and PEG-PLGA grade used. This difference might 

be attributable to the fact that the PLQY was determined in unfiltered samples in the Crossley et al 1 

study, while the nanoparticle samples in this study were filtered prior to optical characterisation. PLQY 

values of PCPDTBT agree with those previously published for the polymer dissolved in toluene 

(0.5%), in chloroform (0.41%)43, and in NP formulations (0.1 - 2.46%)15,43,44. The reported PLQY 

values for ICG in water (0.9-2.7%)29,42,45,46 are lower in albumin solutions (3.2 - 4.0%)42,46, because 

ICG forms H-dimers at low concentrations in water leading to quenching, while the presence of 

albumin stabilizes the dye. Various ICG NP formulations have been published showing PLQY values 

between 2.5 and 5.3%20,45,47. 

Table 2: PLQY of different fluorophores in solution (THF) or as PEG-PLGA nanoparticle formulations. PLQY values were 
directly measured in an integrating sphere at a fluorophore concentration of 1.17 µg/mL, with the exception of ICG NP 
1.25% systems which were measured at 0.4 µg/mL. Measurements were performed on 3 individual batches for each 
formulation. 

 Formulation PLQY (%) Λem (nm) 

P4 THF  8.20 ±0.08  [640-900] 

NP 5% 2.34 ±0.04 [640-900] 

PCPDTBT THF 0.68 ±0.002 [650-900] 

NP 5% 0.01 ±0.002  [690-900] 

ICG Water 1.16 ±0.11 [765-900] 

Water + Albumin 2.55 ±0.52 [765-900] 

NP 5% 0.45 ±0.12  [765-900] 

NP 1.25% 1.08 ±0.08 [765-900] 

 

Phantom mouse studies 

To quantitatively compare the bioimaging performance of the fluorophore-loaded nanoparticles and ICG 

solutions, a phantom mouse (Caliper Life Science Inc.) with autofluorescence and light scattering 

properties matching those of mouse muscle tissue was used in conjugation with an IVIS Spectrum 

preclinical optical imaging unit. In a first experiment, the excitation and emission wavelength 

combinations which achieved a maximal SBR were established for each formulation in the phantom 

mouse (SI Fig. 3). It is important to note that the excitation/emission wavelength combination providing 



the highest SBR values did not necessarily correspond to the absorbance and emission maxima 

measured using fluorescence spectroscopy, especially in the case of the P4 nanoparticles. In the 

phantom mouse model, it can be observed that tissue autofluorescence is substantially lower at 

wavelengths > 800 nm, which resulted in a higher SBR value compared to that measured at the P4 

maximum emission wavelength of 720 nm. 

Table 3: Excitation and emission wavelength combinations, which generate the highest SBR value in a phantom mouse 
model. These combinations were used for all subsequent phantom mouse experiments. 

Formulation λ excitation (nm) 
[Filter bandwidth, nm] 

λ emission (nm) 
[Filter bandwidth, nm] 

P45% PEG-PLGA  640 [625-655] 820 [810-830] 

PCPDTBT5% PEG-PLGA 745 [730-760] 840 [830-850] 

ICG1.25% PEG-PLGA 745 [730-760] 820 [810-830] 

ICG5% PEG-PLGA 745 [730-760] 820 [810-830] 

ICG in H2O 745 [730-760] 820 [810-830] 

ICG in H2O + albumin 745 [730-760] 840 [830-850] 

 

Once the optimal excitation/emission wavelength pairs were established, the effect of fluorophore mass 

on SBR value was characterised for all systems (Fig. 3). P4 and PCPDTBT nanoparticles both showed 

a linear increase in SBR values over a fluorophore mass range of 0.125-1 μg and, as expected, the P4 

systems had overall higher SBR values at all concentrations compared to PCPDTBT. The aqueous ICG 

solution showed concentration-dependent quenching, with the highest ICG SBR value observed at 0.25 

µg. As expected, the addition of albumin to the aqueous medium led to a 1.6-2.6-fold increase in the 

SBR values of ICG in solution. Quenching was also observed when albumin was present, again with a 

maximum value at 0.25 µg ICG. Despite the moderate PLQY values of the encapsulated ICG, the SBR 

values in the phantom mouse were unexpectedly low for both systems. Since the SBR is not only 

dependent on the fluorophore PLQY, but also the absorption properties and fluorophore concentration, 

brightness values were calculated using the area under the absorption and emission curves within the 

filter bandwidth of the IVIS settings used (Table 3). The calculated brightness values for a fluorophore 

mass of ~1 µg (0.25 µg for ICG nanoparticles 1.25%; Figure 3 B) did not correspond well with the 

respective SBR values at the same mass concentration (Figure 3 A), and therefore could not explain 

the low SBR values of encapsulated ICG or the SBR rank order at this fluorophore mass.   Commented [LAD1]: Robert and I are at a loss to 
explain why the encapsulated ICG shows such a low SBR, 
compared to the other systems, especially when the 
calculated brightness values are higher than that of P4. 
Any suggestions as to a possible explanation would be 
very much appreciated.  We also cannot fully explain why 
the SBR of ICG in water is lower than the P4 
nanoparticles, while the brightness values indicate the 
opposite. 



Figure 3: SBR as a function of the 
fluorophore mass for the various systems, 
measured in a phantom mouse in the 
ventral position containing 10 μL of the 
respective formulations (A). Calculated 
brightness values of the fluorophores in the 
filter pairs used in the IVIS experiment (B). 
Phantom mouse scans for mass 
dependency of different fluorophores (C). 
The colour scales show total radiant 
efficiency values ([photon/s/cm2/steradian] 
/[μW/cm2]) ranging from 2.5x106 (blue) to 
9.24x108 (red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess whether the formulations were susceptible to photobleaching, samples containing 1 µg 

fluorophore or 0.25 µg (NP1.25%) were inserted into the phantom in the ventral position and scanned 

10 times over a period of 14 days. The SBR values for each measurement were then assessed as a 

function of time (Fig. 4). Upon multiple irradiations, all ICG formulations except the albumin-

supplemented sample showed 100% photobleaching within 12 h. Albumin-bound ICG maintained a high 

SBR of 40 over 48 h, which then decreased by ~44% up to day 14. P4 not only showed higher SBR 

values compared to PCPDTBT, but also the lowest SBR loss of only ~12% by day 14, in contrast to 

PCPDTBT nanoparticles which showed a 60% decrease in SBR over the same period.  



 

 

Figure 4: (A) Time-dependent photostability of SBR 
values of different formulations in a phantom mouse 
following 10 irradiations over 14 days measured 
from the ventral position. (B) Representative images 
of signal patterns in a phantom mouse viewed from 
the ventral side. All systems contain 1 μg of the 
respective fluorophore. The colour scales show total 
radiant efficiency values 
([photon/s/cm2/steradian]/[μW/cm2]) ranging from 
3.94x106 (blue) to 7.43x108 (red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In vivo imaging performance and biodistribution 

Following extensive characterisation in the phantom mouse, P4 and PCPDTBT nanoparticle 

formulations were taken forward into in vivo investigations. ICG was not used as a benchmark 

fluorophore in this study, due to the very different pharmacokinetic profile of the ICG in solution and the 

poor optical performance of ICG-loaded PEG-PLGA nanoparticles. HeLa tumour-bearing nude mice 

showed no conspicuous behaviour or externally visible changes after the i.v injection of P4 or PCPDTBT 

formulations over the entire experimental period. The fluorescence signal was detectable in both 

formulations immediately after i.v injection, suggesting basic applicability as an imaging diagnostic agent 

(Fig. 5). In order to characterise of the biodistribution of the formulations, the SBR were calculated three 

selected regions (abdominal, neck and tumour) of the animal following ventral and lateral measurements 

of each region. The mean value of both the ventral and lateral ROI was then used to calculate the SBR 

for each measurement site. 



As expected, P4 showed higher SBR values in the peripheral, abdominal and tumor ROI compared to 

PCPDTBT (Fig. 5 A-C), with the abdominal region showing ~5-fold higher SBR values than periphery 

or tumor. Interestingly, abdominal SBR values increased over the first 2h post-administration (SBR: ~17 

to 23) and then slightly decreased over 5 days (SBR: 20), indicating liver accumulation during the first 

hours of circulation, followed by a period of stable fluorescent signal. In contrast, peripheral and tumour 

SBR values decreased at a similar rate over the first 12 h post-administration indicating a clearance of 

the contrast agents away from these sites. The SBR of PCPDTBT nanoparticles was close to a value of 

1 in the peripheral and tumor regions, indicating no reliable in vivo signal could be determined with this 

system. In the abdominal region, the signal reached approximately 4-fold the background 

autofluorescence values, which is discernible, but not ideal for an optical imaging contrast agent. The 

signal observed at the base of the tail represents accumulation of the fluorophore in the sciatic lymph 

node (i.e. ischiadicus), which is a common finding following tail vein injection48. SBR values were not 

determined for this region, since particle accumulation reflects the mode of administration rather than 

the particle biodistribution from the systemic circulation. 

 

Figure 5: In vivo SBR development post-injection of P4 or PCPDTBT nanoparticles (50 μg CP) in tumour bearing nude mice 
over 5 days in abdominal region (A), tumour (B), periphery (C) and the tumour:periphery ratio (D). Images of animals at 
selected time points (E) showing three treated and one naïve mouse. Scale: total radiant efficiency 
([photon/s/cm2/steradian]/[μW/cm2]) from 1.25×107(blue) to 1.07×109 (red). 

One of the aims of the study was to determine whether non-invasive whole-body imaging with a CP-

based contrast agent was able to detect signal nanoparticle accumulation in the tumour compared to 



peripheral tissue. To this end, ratios of the SBR values in tumour:periphery were calculated for each 

animal at each time point (Fig. 5 D) and the magnitude of the tumour-specific signal compared to 

background assessed. The tumour-specific signal was ~1.5-2.5-fold higher than the periphery at all time 

points tested, peaking at 12 h post-administration. Interestingly, after 12 h, the P4 tumour-specific signal 

decreased, while the PCPDTBT tumour-specific signal remained constant.   

 

Ex vivo biodistribution and serum clinical chemistry 

On day 5 post-administration, mice were sacrificed, selected organs were removed by dissection and 

the fluorescence signal measured using the IVIS Spectrum. The autofluorescence values of organs 

from naïve mice were used in the calculation of SBR values for each fluorophore in each organ and 

representative images from treated and naïve mice are shown (Fig. 6). Ex vivo results indicate that the 

biodistribution of P4 and PCPDTBT nanoparticles was similar, which would be expected as both 

systems exhibited a very similar size and surface charge. Further, the differences in chemical structure 

of the encapsulated conjugated polymer were not expected to influence the nanoparticle 

biodistribution and the results in Figure 6 seem to support this. The higher SBR values observed in 

liver and spleen for P4 systems are likely due to the higher optical brightness of this polymer rather a 

higher accumulation of P4 nanoparticles in these organs. Interestingly, an equal SBR value was 

measured in the excised tumours of P4- and PCPDTBT-treated animals, indicating a possibly higher 

PCPDTBT content in these tumour tissues, which compensates for the lower fluorophore brightness.  

This observation corroborates the imaging data, specifically the calculated tumour:periphery SBR 

ratios measured on day 5 post-administration (Fig. 5 D), which suggested that content of P4 

nanoparticles remaining in the tumour decreased after 12 h. Since the P4 and PCPDTBT nanoparticle 

properties were very similar, especially regarding size and surface charge, it is difficult to explain this 

observation. However, intra-individual variations in tumor size and vascularisation49 may account for 

the higher than expected PCPDTBT tumor signal observed here.  

A further question of interest in this study was whether nanoparticle accumulation in the ovaries of the 

female mice would be observed. Schädlich et al50 reported the observation of similar PEG5kDa-

PLGA45kDa nanoparticles loaded with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide 

(DiR) or 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (Dil) in an oily core of 

Lipiodol accumulating in the ovaries of female SKH1, BALB/c  mice and Wistar rats. In the current 

study, the ex vivo biodistribution data does not indicate accumulation in the ovaries, which leads to the 

question of whether different mouse strains show different biodistribution behaviour. Alternatively, 

minor differences in surface chemistry between the PEG-PLGA systems used or different fluorophore 

sensitivities might explain the different study observations. 



 

Figure 6. (A) Ex vivo biodistribution of P4 and PCPDTBT nanoparticles depicted as SBR values in dissected organs. SBR values 
were calculated using the fluorescent signals of organs dissected on day 5 post-administration and using the 
autofluorescence of the same organs dissected from age-matched naïve mice. Images (B-E) show organs with overlayed 
fluorescence signals generated at the wavelength combination 640/820 nm for P4 (B) and naïve (C) mice and at 745/840 nm 
for PCPDTBT CPN (D) and naïve (E) mice. The sequence of organs is as followed:  lymph nodes [mandibularis; mandibularis 
accessories; parotideus superficialis and cervicalis profundus cranialis] (1), lung (2), heart (3), liver 4), spleen (5), kidneys (6), 
ovaries (7) and tumour (8). The colour scales show total radiant efficiency values ([photon/s/cm2/steradian]/[μW/cm2]) 
ranging from 1.65x107(blue) to 1.08x109 (red). 

Over the 5-day study period, formulations were well tolerated with no unusual observations between 

treatment groups in respect to activity, gait, coat condition, appearance of eyes and nose, 

eating/drinking habits, breathing rate, alertness, body weight, excretions or unusual interactions with 

cage mates. Organs were morphologically examined by H & E staining (SI Fig. 5) and showed no 

evidence of abnormal tissue structure or inflammatory reactions. The results of post-mortem blood 

clinical chemistry revealed that the i.v injection of P4 and PCPDTBT nanoparticle suspensions did not 

show evidence of toxicity in treated compared to naïve animals (Fig. 7). Taken together, the results 

showed no significant impact on haematopoiesis. Since injected nanoparticles were rapidly cleared by 

the reticuloendothelial system, liver function tests were conducted and no elevations in aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) of mice within the treatment groups were 

observed. Further, biomarkers of renal function were normal throughout the entire duration of the 



study. It should be noted that naïve animals were used as a negative control in this study and changes 

to clinical chemistry might result from the tumour xenograft rather than the treatment. Comparable 

clinical chemistry markers for an untreated HeLa xenograft model are not routinely published in the 

literature, but it may be inferred from the current study data that the tumour xenograft did not 

significantly impact markers of haemopoeisis, liver or renal function, as this would be likely be 

reflected by uniformly significant changes to marker levels in both nanoparticle treatment groups. 

 

Figure 7: Clinical chemistry of tumour-bearing mice treated with P4 (purple bars) and PCPDTBT (blue bars) nanoparticles.  
White and red blood parameters, liver and renal function blood parameters are presented as relative fold change compared 
to naive animals (n=3). A key to the abbreviations used in the figure is provided in the supplementary information. 

 

Discussion 

The novel fully borylated polyfluorene, P4, with NIR absorption and emission has demonstrated suitable 

optical properties for in vivo optical imaging1. It shows high PLQY compared to other NIR-emitting CP 

and a greater photostability compared to both conjugated polymers and small molecule dyes. P4 can 

be easily processed into a PEG-PLGA matrix that provides biocompatibility and the requisite 

pharmaceutical quality for in vivo imaging applications. Thus, P4 can be used for macroscopic whole 

animal optical fluorescence imaging, an intuitive, inexpensive, non-invasive, non-ionising, rapid imaging 

method ensuring high throughput as well as displaying real-time imaging capability. In a previous study, 

a similar P4 system was able to show good penetration depth (17 mm) performance in a phantom 

mouse1, a key feature for imaging nanomaterials.  

The first targeted nanomaterial to be clinically tested on humans was a PEG-PLGA-based 

nanoformulation containing docetaxel for anti-cancer therapy24. Since then, several studies have 

investigated the use of PEG-PLGA copolymers as a self-assembling nanomaterial for fluorophore or 

drug delivery platforms22,51. PEG-PLGA is able to form nanoparticles with inherently high fluorophore 

loading. In comparison to small molecule dyes, fluorophore nanoparticles offer the advantage of higher 

localised contrast agent concentrations, resulting in detection sensitivity enhancement, while 

maintaining the ability to circulate throughout the body52.  Pegylated nanoparticles also offer improved 



pharmacokinetics due to the stealth effect caused by PEGylated surfaces53,54 and have been shown to 

improve the visibility of CP-based diagnostics in vivo 55.  

When used in cancer therapy, a small size of PEG-PLGA particles (40-180 nm)24 is recommended for 

passive tumour targeting via the enhanced permeation and retention (EPR) effect56. Recent studies 

have questioned whether the EPR effect can be feasibly exploited in cancer treatment, since 

nanoparticle penetration in to the tumour stroma does not occur in many tumour models57,58. However, 

in contrast to chemotherapeutic applications, penetration into the tumour stroma may not be a 

requirement for diagnostic agents as long as sufficient accumulation in the tumour periphery can allow 

for tumour identification and characterisation. The CP nanoparticles used in the current study had the 

appropriate size and surface characteristics for passive accumulation in tumours. In vivo imaging and 

ex vivo analysis provided evidence for a tumour accumulation compared to other organs, with the 

exception of the liver and spleen.  

Although important for tumour accumulation and biodistribution, size and surface chemistry are not the 

only attributes important for nanodiagnostics in in vivo applications. Formulation quality parameters, 

such as sterility, endotoxin content, residual solvent content, and colloidal stability are critical for the 

safety and tolerability of the system following parenteral administration. For this reason, characterisation 

of pharmaceutical quality parameters are also important even in basic research studies of 

diagnostics.25,30 Recently, Troiano et al30 published a comprehensive description of a QbD development 

strategy for drug-loaded PEG-PLGA nanoparticles to be used in cancer treatment. A similar QbD-

inspired design strategy was adopted in this study, whereby particular emphasis was placed on the 

critical quality attributes for a parenterally administered PEG-PLGA nanoparticle formulation. This 

systematic approach to nanoparticle characterisation ensured that the nanoformulations produced had 

sufficient pharmaceutical quality for in vivo studies in an animal model. In vivo data on CP nanoparticle 

toxicity revealed that the systems were well tolerated, even at the relatively high nanoparticle dose of 1 

mg nanoparticles in 150 µL (6.7 mg/mL). Behavioural observations, animal weight, blood clinical 

chemistry (Fig. 7) and extensive tissue histopathology did not reveal gross abnormalities (Fig. 6) or 

abnormal organ weights (SI Fig. 4) in any of the treated animals.  

In summary, the fully borylate polyfluorene, P4, has been shown to be superior to other NIR-emitting 

conjugated polymers as a photoluminescent contrast agent in in vivo optical imaging. Advantages 

include a linear relationship between fluorophore mass and SBR, high SBR values compared to other 

conjugated polymers and a high stability against photobleaching. Compared to PCPDTBT, P4 

nanoparticles demonstrated excellent in vivo imaging properties in a mouse tumour xenograft model 

and a high biocompatibility. The excellent biocompatibility was in part due to the extensive quality 

monitoring performed in this study, whereby all nanoformulations produced conformed to 

pharmacopoeial quality standards for parenteral products. Further translational studies will focus on 

investigating how nanoparticle properties and surface modification may improve biodistribution patterns 

in vivo and evaluation of whether biodegradation of polyfluorene structure may be engineered into 

conjugated polymer would also be important for clinical translation59. Last but not least, more efficient 

targeting strategies to improve tumour selectivity would be useful for P4-based diagnostic systems. 
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