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Abstract

We coupled folic acid as a tumour targeting ligand to the surface of ferritins and loaded them with 

ZnF16Pc. The resulting nanoconjugates can efficiently home to 4T1 tumours in vivo, and, with 

photoirradiation, leading to suppressed tumour growth and tumour metastasis.

Photodynamic therapy (PDT) is a relatively new treatment modality that has shown great 

promise in cancer management.1–3 In a typical PDT session, photosensitizers are first 

injected to patients, followed by photoirradiation to the diseased areas (e.g. tumours) at 

appropriate drug-light intervals.4,5 Given that photosensitizers are often low-toxic in the 

dark, the treatment can be confined to the areas of irradiation, causing little systematic 

toxicity. In reality, however, PDT is often associated with side effects, particularly to the skin 

and eyes.6,7 This is because conventional photosensitizers have poor tumour-to-normal 

tissue selectivity.8,9 Even for newer generation photosensitizers, the administered patients 

have to stay away from sun light or even room light to avoid phototoxicity.10 To address the 

issue, there have been continuous efforts on developing a photosensitizer nanocarrier, be it 

polymer-,11 metal-,12 or silica13-based, that can deliver photosensitizers to tumours in a site-

specific fashion. Very recently, our group reported that ferritin, a natural protein nanocage, 

can load ZnF16Pc, a near-infrared (NIR) photosensitizer, at extremely high efficiency (up to 

60 wt%).14 When surface-modified with RGD4C, ferritins can efficiently deliver ZnF16Pc to 

tumours, while minimally accumulating in the skin.14

PDT can either target cancer cells or tumour vasculatures.15,16 For vascular targeting PDT, 

the photodynamic damage is mostly inflicted on neoplastic vasculatures, which leads to 

formation of thrombi and destruction of blood vessels, and in turn, tissue ischemia.2,17 For 

instance, our previous exploits with RGD4C-modified ferritins are making use of the 

vasculature-targeting mechanism.18,19 In the present study, we assess the feasibility of 

engineering ferritins for cancer cell targeting PDT. To this end, we coupled folic acid as a 

tumour targeting ligand to the surface of ferritins. The target, folic acid receptor, is found to 

be overexpressed in about 40% human cancers, and is able to mediate endocytosis of folic 
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acid conjugated cargos.20–22 Specifically, we prepared ZnF16Pc (a potent photosensitizer) 

loaded and folic acid conjugated ferritins (hereafter referred to as P@FA-FRTs) and injected 

them into 4T1 tumour bearing BLAB/c mice. P@FA-FRTs were found to be able to 

efficiently home to and retain in 4T1 tumours, which is attributed to folic acid receptor-

mediated internalization. With photoirradiation, the treatment caused efficient tumour 

growth inhibition, while not inducing detectable side effects to the host. Interestingly, the 

PDT also led to suppressed cancer metastasis to the lung, suggesting the involvement of a 

PDT stimulated anti-tumour immune response to the treatment.

We used human heavy chain ferritins throughout the whole study. The expression, 

production, and purification of ferritins were reported by us before.18 In previous studies, we 

have successfully conjugated dyes23 and peptides24 to the surface of ferritins. Similar 

conjugation chemistry was used to achieve coupling of folic acid to ferritins.25 The folic 

acid coupled ferritins can still efficiently load ZnF16Pc, yielding P@FA-FRTs.26Although it 

is possible to achieve formulations of even higher ZnF16Pc loading rates,14 we used a 40wt

% formulation for the present study. This is based on the consideration that further 

increasing the loading rate may lead to compromised particle colloidal stability and/or cause 

self-quenching. The same loading rate was used for studies with RGD modified ferritins in 

our previous studies.14

Targeting specificity and internalization was investigated in vitro with 4T1 cells, which is 

folic acid receptor positive.27,28 To facilitate the tracking of ferritins, P@FA-FRTs were 

labelled with IRDye800 (ex/em: 780/800 nm). For comparison, ZnF16Pc loaded parental 

ferritins were also investigated. Compared to ferritins, P@FA-FRTs display much higher 

uptake by 4T1 cells (Fig. 1a). Fluorescence microscopy found strong fluorescence signals 

evenly distributed in the cell plasma (Fig. 1a). The uptake was attributed to folic acid 

receptor mediated endocytosis, which was observed previously with other types of 

nanoparticles that were coupled with folic acid.29–31

Next, we investigated cell toxicity by both 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay and ethidium homodimer-1 assay (EthD-1,a.k.a. 

dead assay). In the dark, P@FA-FRTs induced little toxicity to cells; but when the 

incubation was followed by 671-nm irradiation (100 mW/cm2, 200 seconds), extensive cell 

death was observed (Fig. 1b). The toxicity is dependent on the incubation time and P@FA-

FRT concentration. When the incubation time was fixed at 24 h, the cell survival was 

inversely correlated to the drug dose, showing viability values of 89.85 ± 9.22, 82.37 ± 1.66, 

62.83 ± 2.90, 45.84 ± 3.55, and 20.91 ± 7.96% at a ZnF16Pc concentration of 3, 6.25, 12.5, 

25, and 50 µg/mL, respectively (Fig. 1b). Meanwhile, when the ZnF16Pc concentration was 

maintained (50 µg/mL), there was clearly an increased level of cell death when the 

incubation time was extended (Fig. 1c).

The in vivo studies were performed in 4T1 tumour bearing BALB/c mice. This is different 

from our previous investigations, where immunodeficient mice were used for tumour model 

establishment.14 One concern with the change, however, is that our ferritins are human 

origin. Hence, the injected ferritin formulations are potentially immunogenic and may cause 

immune response that is detrimental or even lethal to the host. Hence, before therapy studies, 
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we conducted a safety study with normal BALB/c mice. Specifically, we injected large doses 

of ferritins, either intraperitoneally (i.p., 50 mg/kg) or intravenously (i.v., 15 mg/kg), to 

normal BALB/c mice and observed the animals for 2 weeks (Fig. 2). Except for a seemingly 

minor weight loss in the first 24 h, there was no significant weight change in the observation 

period (Fig. 2). In addition, there was no sign of severe acute inflammation or other 

abnormalities, suggesting good tolerance of the host to ferritins. This is not unexpected 

because the human and mouse ferritins share a great deal of similarity. In particular, there is 

a 93% similarity in amino acids sequence between human and mouse heavy chain 

ferritins.32

Next, we set out to study the targeting specificity of P@FA-FRTs in 4T1 tumour bearing 

animals. Specifically, IRDye800 labelled P@FA-FRTs were i.v. injected (5 mg/kg); 

fluorescence images were acquired at different time points on a Maestro II imaging system 

using a NIR filter (750 to 940 nm). The tumour areas were shaven to minimize interference 

by hairs. For control, ZnF16Pc-loaded FRTs (P@FRTs, 40wt% loading rate, IRDye800 

labelled) were administered and evaluated. For P@FRTs, the nanoparticles were 

concentrated in the tumours at early time points (Fig. 3a), but were gradually cleared from 

the area. At 24 h, only weak signals were retained in tumours (Fig. 3a). For P@FA-FRTs, on 

the other hand, there was a much higher level of fluorescence signal retained in tumours at 4 

h or even 24 h. The difference in tumour retention was attributed to the difference in tumour 

uptake mechanism. For P@FRTs, the tumour accumulation was mainly mediated by the 

enhanced permeability and retention (EPR) effect. Without specific binding, however, the 

particles over time may re-enter the circulation or be cleared away by the lymphatic system. 

For P@FA-FRTs, on the other hand, many of the particles are tethered to cancer cell surface 

or even internalized by interaction with folic acid receptor, resulting in longer tumour 

retention. According to the region of interest (ROI) analysis, the tumour uptake of P@FA-

FRTs at 24 h was 8.31 ± 1.54 times higher than that of P@FRTs (Fig. 3b Notably, 

fluorescence activities may slowly drop after particle endocytosis due to dye degradation in 

the acidic endosome/lysosome environments. Hence, actual difference in tumour uptake of 

the particles may be even more significant. The difference in tumour uptake was also 

confirmed by post mortal histology studies (Fig. 3c). Relative to P@FRTs, a high tumour 

uptake was observed with P@FR-FRTs. Most signals were found outside of the tumour 

vasculatures (stained by anti-CD31 antibody, labelled with phycoerythrin) and were 

distributed randomly, suggesting the contribution of EPR effect to the tumour uptake.

We also investigated tumour treatment efficacy with P@FA-FRTs. The same 4T1 tumour 

models were used for the studies. Specifically, we i.v. injected P@FA-FRTs (1.5 mg 

ZnF16Pc/kg, 40wt%) to the mice and irradiated the tumours at 24 h with a 671-nm laser over 

a 1-cm diameter beam (300 mW/cm2, 15 minutes, n = 5). The control animals received PBS 

only, or P@FA-FRTs without photoirradiation. The tumour growth was monitored over a 

span of 2 weeks. While P@FA-FRTs alone induced no impact to tumour growth, P@FA-

FRTs plus photoirradiation led to significant tumour growth suppression (Fig. 4a&b). 

Relative to the control animals, the tumour growth inhibition (TGI) rate of the treatment 

group was 82.65% on day 14 (Fig. 4a). Meanwhile, the treatment did not adversely affect 

body weight of the animals (Fig. 4c). In fact, there was even a slight increase of body weight 

for the treatment group on day 14.
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To further assess the PDT treatment, we performed H&E staining on tumour and normal 

tissue samples. These include the lung, which is a common metastasis site for breast cancer. 

In particular, previous studies with 4T1 rodent models frequently find metastasis to the 

lung.33 Indeed, in the two control groups, we observed multiple metastasis sites in the lung, 

manifesting pathological changes such as thickened alveolar membranes, bleeding, and 

inflammation (Fig. 4d). In the treatment group, on the other hand, there was no sign of 

metastasis in the lung as well as other normal tissues. The exact reason behind the 

suppressed metastasis is unknown. It is postulated, however, that an anti-tumour immune 

response stimulated by PDT may have contributed. Unlike chemotherapy and radiotherapy, 

PDT is an immunostimulatory treatment modality. Previous studies have observed that in 

addition to cellular and vascular effects, PDT induced immune response can also benefit 

tumour management.34, 35 More detailed investigation into the anti-tumour immune 

response will be performed in future studies.

Conclusions

Overall, we have shown that folic acid can be coupled to ferritins that are loaded with 

photosensitizers like ZnF16Pc. The resulting nanoconjugates after systematic injection can 

efficiently home to tumours. With photoirradiation, the treatment caused efficient tumour 

growth suppression while minimally affecting normal tissues. More interestingly, it was 

observed that PDT treatment helped suppress tumour metastasis to the lung, which is likely 

attributed to a PDT-stimulated anti-tumour response. These observations confirm ferritin as a 

safe and powerful nanoplatform for efficient delivery of photosensitizers.
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Fig. 1. 
(a) Cell uptake studies. P@FA-FRTs (IRDye800 labeled) were efficiently internalized by 

4T1 cells while parental ferritins were not. Red, IRDye800; blue, DAPI. Scale bars, 50 µm. 

(b) MTT cell viability assay results. Concentration dependent cell death was observed with 

P@FA-FRT-mediated PDT. Light irradiation: 671 nm, 100 mW/cm2 for 200 s. (c) EthD-1 

cell assay results. When extending the incubation time, there was an increased level of cell 

death, marked as red fluorescence. Red, EthD-1 (ex/em = 528/617 nm). Scale bars, 50 µm.
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Fig. 2. 
Body weight curves. Compared to the control group, the animals receiving either i.p. or i.v. 

injection of ferritins (50 mg/kg for i.p. injection and 15 mg/kg for i.v. injection) showed no 

significant weight loss except for a seemingly minor weight drop on day 1.

Zhen et al. Page 7

Nanoscale. Author manuscript; available in PMC 2016 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
(a) In vivo tumour targeting, investigated with 4T1 tumour-bearing BALB/c mice. Compared 

with parental ferritins, P@FA-FRTs were more efficiently accumulated in tumours, 

especially for late time points. (b) Ex vivo imaging to compare tumour uptake between 

P@FA-FRTs and P@FRTs. (c) Immunofluorescence staining results. Consistent with the in 
vivo observation, stronger fluorescence signals were observed when the animals were 

injected with P@FA-FRTs. Red, IRDye800; green, phycoerythrin (anti-CD31). Scale bars: 

100 µm.
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Fig. 4. 
(a) Tumour growth curves. Significant tumour suppression was observed in animals treated 

with P@FA-FRT-mediated PDT. Compared to the control group, a tumour growth 

suppression rate of 82.65 ± 4.11 % was observed on day 14. (b) Photographs of dissected 

tumours from (a). (c) Body weight curves. No significant weight loss was observed for the 

treatment group. (d) H&E staining with tumour (upper) and lung (lower) samples. 

Significant necrosis was observed in tumours treated with P@FA-FRT-mediated PDT. In 

addition, while the control groups showed signs of metastasis in the lung (e.g. thickened 

alveolar membranes [black arrows], bleeding [red arrows], and inflammation sites [green 

arrows]), there was no sign of lung metastasis for PDT treated animals. Scale bar, 100 µm.
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