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Abstract

Sophisticated self-assembly may endow materials with a variety of unique functions that are 

highly desirable for therapeutic nanoplatform. Herein, we report the co-assembly of two 

structurally-defined telodendrimers, each comprised of hydrophilic linear PEG and hydrophobic 

cholic acid cluster as a basic amphiphilic molecular subunit. One telodendrimer has four added 

indocyanine green derivatives, leading to excellent photothermal properties; the other 

telodendrimer has four sulfhydryl groups designed for efficient inter-subunit cross-linking, 

contributing to superior stability during circulation. The co-assembled nanoparticle (CPCI-NP) 

possesses superior photothermal conversion efficiency as well as efficient encapsulation and 

controlled release of cytotoxic molecules and immunomodulatory agents. CPCI-NP loaded with 

doxorubicin has proven to be a highly efficacious combination photothermal/chemo-therapeutic 

nanoplatform against orthotopic OSC-3 oral cancer xenograft model. When loaded with 

imiquimod, a potent small molecule immunostimulant, CPCI-NP was found to be highly effective 

against 4T1 syngeneic murine breast cancer model, particularly when photothermal/immuno-

therapy is given in combination with PD-1 checkpoint blockade antibody. Such triple therapy not 
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only eradicates the light-irradiated primary tumors, but also activates systemic anti-tumor 

immunoactivity, causing tumor death at light-unexposed distant tumor sites. This co-assembled 

multi-functional, versatile, and easily scalable photothermal immuno-nanoplatform shows great 

promise for clinical translation.
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Many near-infrared photothermal conversion agents (PTCAs) are being developed for cancer 

photothermal therapy (PTT), most of which are still in the preclinical stage.1-8 The vast 

majority of these agents still face significant challenges in clinical translation. These include 

low photothermal conversion efficiency, poor biocompatibility (e.g. inorganic nanoagents) 

and poor in vivo stability (rapid clearance from kidney or liver in vivo and poor resistance to 

photo-bleaching, e.g. small-molecule dyes). Photothermal conversion efficiency can be 

increased by using nanomaterial that absorbs at infrared, with wavelength >800 nm. Near-

infrared light can penetrate deeper into the tissue, limit interference with blood and tissue, 

and cause less photodamage to normal tissues. Another approach to increase photothermal 

conversion efficiency is to increase the gather density/structure and optical-absorption cross-

section of PTCAs at the target tumor sites.9

There have been many recent reports on using biocompatible nanomaterials to physically 

encapsulate organic small molecule PTCAs such as porphyrin, Ce6 or indocyanine green 

(ICG) to improve the pharmacokinetics and tumor targeting efficiency of these small-

molecule dyes.10, 11 However, the photothermal conversion efficiency for this class of 

photothermal materials is low because of short excitation wavelength (e.g. 690 nm for 

porphyrin or Ce6) and therefore low tissue penetration. In addition, leakage of small 

molecule dyes from the nanocarriers during circulation is problematic. One approach to 

overcome the circulation leak and improve photostability is to covalently conjugated the 

dyes to the polymers and macromolecules.12, 13

Clinical applications of PTT are generally limited to the treatment of localized tumors that 

are accessible to light irradiation. It also has potential to be used intraoperatively to treat the 

tumor bed when patients’ tumor sites are exposed during surgery. Concurrent chemotherapy 
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in combination with PTT has been shown to be synergistic.14-17 Therefore it is advantageous 

for the PTCA to have high capacity to encapsulate cytotoxic agents. A few years ago, we 

reported the development of an amphiphilic hybrid telodendrimer, comprised of linear PEG 

linked to cluster of cholic acid and pyropheophorbide-a, a porphyrin derivative, which could 

self-assemble to form micellar nanoporphyrin with favorable photothermal (absorption at 

690nm) and pharmacokinetic properties.2, 18

Majority of cancer deaths, however, are caused by metastases. In fact the majority of solid 

tumors are no longer curable once metastasis has occurred. In the last few years, there is 

great excitement in the use of check point blockade antibodies (e.g. anti-PD-1 monoclonal 

antibody) for cancer immunotherapy.10, 19-27 Durable clinical responses have been seen in 

patients with advanced diseases. Although the response rate for patients with melanoma and 

non-small cell lung cancers has reached 25-40%, it is much lower (<10%) for most other 

cancers, and the treatment has only benefited patients whose tumors have been pre-

infiltrated with T cells. There is great need to develop therapeutic approaches that can 

increase the response rate as well as the tumor spectrum responsive to check point blockade 

immunotherapy.28-36 In addition to combining more than one check point blockade antibody 

(e.g. anti-PD-1 plus anti-CTLA4), many other additional modalities are being investigated. 

For example, PTT has been shown to not only kill tumor cells directly via induction of 

apoptosis and necrosis, but it could also generate anti-tumor immunological responses to 

improve systemic immunotherapeutic effect by generating tumor-associate antigens from 

ablated tumor cell residues. Delivery of potent immunostimulants to tumor sites causing an 

increase in tumor infiltrating T-cells may augment the overall anti-tumor immune response.

Here we report on a novel photothermal conversion nanoplatform capable of (1) loading 

cytotoxic agents such as doxorubicin, for highly efficacious combination photothermal-

chemotherapy against orthotopic oral cancer xenograft, and (2) encapsulating imiquimod37, 

a potent small molecule immuno-stimulator that can greatly augment PD-1 checkpoint 

blockade immunotherapy in a syngeneic breast cancer model (Schema 1). This photothermal 

nanoplatform is formed by co-assembly of two distinct telodendrimers, each with unique 

functions. The first hybrid telodendrimer (PEG5K-CA4-ICGD4, aka PCI) is comprised of a 

linear PEG block, four dendritic hydrophobic photothermal conversion agents (indocyanine 

green derivatives, ICGD) and four dendritic cholic acids (CA). The second telodendrimer 

(PEG5K-Cys4-L8-CA8, aka PCLC) comprised of PEG, four cysteines and eight CA, can co-

assemble with PCI at 1:1 ratio to form a highly stable disulfide cross-linked versatile 

micellar nanosystem (CPCI-NP, Figure 1a) with high photothermal conversion efficiency. 

The design of this nanoplatform is based on our previously reported micellar 

nanoporphyrin2, 18, in which pyropheophorbide-a, a derivative of porphyrin instead of 

ICGD, was used as the photoactive building block. ICGD was chosen here because ICGD 

absorbs at longer wavelength (808 nm) than porphyrin (690 nm). As a result, the 

photothermal and photodynamic property of CPCI-NP is superior to that of nanoporphyrin. 

Furthermore, ICG has been used as optical tracer in the clinics for decades, and its emission 

wavelength is longer than that of porphyrin. CPCI-NP is therefore an excellent probe for 

image-guided surgery and intraoperative phototherapy against cancer. Similar to 

nanoporphyrin, drug-loading property and final particle size of CPCI-NP are favorable for 

drug delivery. Most importantly, we have been able to demonstrate that CPCI-NP loaded 
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with imiquimod, an immunostimulant, is able to greatly augment the efficacy of check point 

blockade antibodies. This attribute has yet to be explored with nanoporphyrin.

To impart the photothermal feature, ICGD was first synthesized (Figure S1). As shown in 

Figure S2, 1NMR and ESI mass spectrometry verified the chemical structures of ICGD. 

ICGD molecule was functionalized with a carboxylic acid group, so that four ICGD units 

could be easily grafted to obtain PCI telodendrimer with molecular weight 10,430 Da 

(Figure S3a-c). The absorption (two peaks around 720 nm and 795 nm) and fluorescence 

emission (a peak value of 835 nm) of PCI telodendrimer and single ICGD molecule in 

methanol were almost identical, indicating the successful introduction of ICGD into PCI 

(Figure S3d,e). Given its hydrophobicity and tendency for π-π interactions, dendritic ICGD 

and CA in amphiphilic PCI telodendrimer could easily self-assemble into 

thermodynamically stable nanoparticles (PCI-NP) with highly ordered structure and uniform 

size (~ 30 nm), which was simultaneously verified by dynamic light scattering (DLS) 

measurement and transmission electron micrograph (TEM) (Figure 1b). To improve the in 
vivo stability and photothermal conversion efficiency of PCI-NP, PCLC telodendrimer (Mn 

≈ 12000, Figure S4) was introduced to form hybrid CPCI-NP. Thiol groups on the cysteines 

could form disulfide bonds inside the hydrophobic core of NPs under oxidative environment, 

contributing to the stability of NPs during circulation where lipoproteins are abundant.38 

Under this compositional design, the size of the CPCI-NP was smaller than that of PCI-NP, 

i.e. 20 ± 6 nm vs. 30 ± 8 nm (Figure 1c). This is a desirable particle size for efficient 

accumulation inside tumor by an enhanced permeability and retention (EPR) effect.

The stability of PCI-NP and CPCI-NP were tested in the presence of a strong ionic detergent 

sodium dodecyl sulfate (SDS) and an intracellular reductive glutathione (GSH).39 As shown 

in Figure 1d, the immediate disappearance (<10 s) of particle size signal of PCI-NP reflected 

the distinct dynamic association-dissociation property of non-cross-linked PCI-NP. In sharp 

contrast, the particle size of CPCI-NP remained at around 20 nm in the presence of SDS (2.5 

mg mL−1 final concentration), indicating high stability of such cross-linked NPs. 

Furthermore, in the presence of SDS and GSH (~ 10 mM), particle size signal of CPCI-NP 

rapidly disappeared, indicating that dissociation of CPCI-NP. Similar to PCI-NP, the 

fluorescence of ICGD in CPCI-NP PBS solution was also highly quenched. However, in the 

presence of both SDS and GSH, the fluorescence intensity of CPCI-NP solution was 

enhanced a 100 fold, which is consistent with our notion that ICGD self-assembled into 

highly-ordered structures (Figure S5a,b).

We further evaluated the photothermal conversion property via quantitative measurement of 

the temperature variations of CPCI-NP and PCI-NP in PBS solution under laser irradiation. 

As shown in Figure 1e, both CPCI-NP and PCI-NP solutions with equal ICGD content 

displayed rapid temperature increase in the first 60 s, i.e. 64.5 °C vs. 56.6 °C. After 

continuous laser irradiation for 300 s, the solution temperatures reached a plateau of about 

78.5 °C and 68 °C for CPCI-NP and PCI-NP. In addition, the maximum temperature reached 

by gold nanorods (GNRs) was 51.2 °C, very similar result for other gold nanostructures 

reported in the literature (Figure S5d).9, 12, 40 Using the previously reported method12, 41, the 

photothermal conversion efficiency (η) of CPCI-NP at 808 nm was calculated to be 30.6 %, 

which is higher than that of PCI-NP (24.3%) and GNRs (18.1%).3, 12 The photothermal 
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stability of CPCI-NP and PCI-NP were also studied by alternate heating and cooling cycles, 

in comparison with ICG.42 As expected, photobleaching occurred rapidly in free ICG 

solution after repeated laser irradiation. CPCI-NP was found to maintain robust 

photothermal efficiency after laser irradiation (five cycles), and much higher plateau 

temperature and faster temperature rising rate comparing to PCI-NP (Figure 1f). 

Interestingly, when CPCI-NP was dissociated with GSH and SDS, repeated laser irradiation 

led to successive decrease in photothermal efficiency, suggesting that photobleaching 

protection in CPCI-NP was due to micellar configuration and not dendrimeric configuration 

of cyanine dyes. These high photothermal conversion efficiency and high stability of CPCI-

NP could be originated from dense assembly of ICGD with strong π-π interaction.

To further study the high photothermal conversion efficiency of NPs, we investigated the 

variation of fluorescence intensity and photothermal conversion temperature at different 

concentrations of CPCI-NP in the form of assembly and disintegration. As shown in Figure 

1g, photothermal conversion measurement demonstrated exact opposite properties with 

fluorescence intensity, i.e. high photothermal conversion efficiency in micellar form and low 

photothermal conversion efficiency in dissociated form. Compact configuration of ICGD in 

micellar CPCI-NP resulted in efficient generation of heat under laser irradiation at 808 nm. 

On the other hand, what is noteworthy is that the fluorescence intensity of CPCI-NP in PBS 

was weaker than that of PCI-NP (e.g. 320 vs. 800 at PCI concentration of 10 μM), while the 

photothermal conversion efficiency (temperature) was higher than that of PCI-NP (e.g. 
69.6 °C vs. 58.2 °C at PCI concentration of 10 μM), indicating that configuration of ICGD 

in CPCI-NP was able to more efficiently convert excitation state energy into thermal energy 

rather than fluorescence (Figure S6). These results revealed that stable and compact micellar 

structure play a crucial role in photothermal conversion of PTCAs.

Given that our CPCI-NP is intended to be used in vivo, the relationship between tissue depth 

and temperature of CPCI-NP under laser irradiation at 808 nm was determined in vitro using 

2 mm thick beef slice stack as the surrogate tissue barrier for light. Traditional ICG after 

complexing with TBAI was physically encapsulated into PCLC telodendrimer as a control.43 

As shown in Figure 1h,i, solution temperature of CPCI-NP and PCLC/TBAI&ICG-NP 

groups under 0.8 W cm−2 laser irradiation for 30 s through 2 mm beef slice can reach 70 °C 

and 50 °C, respectively. The temperature of PCLC/TBAI&ICG-NP was found to decrease to 

less than 40 °C when beef thickness was increased to 4 mm. In contrast, the temperature of 

CPCI-NP was able to reach around 45 °C even with the beef thickness increased to 6 mm. 

Since thickness of normal human skin and facial skin is generally less than 4 mm and 2 mm 

respectively, photothermal treatment with CPCI-NP could potentially be used to treat 

primary skin cancers. For comparison, we also investigated the photothermal effects of 

nanoporphyrin (based on our previous PEG5K-Porphyrin4-CA4 telodendrimer2, absorption 

wavelength: 690 nm, shorter than that of ICG) with respect to tissue depth. As expected, 

CPCI-NP was found to exhibit better heating efficiency and penetration depth when 

compared to nanoporphyrin (Figure S7). The superior performance of this photothermal 

nanosystem can be attributed to its high NIR absorbance, outstanding photothermal 

conversion efficiency, faster heating capability, and excellent photostability.
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Based on our experience in telodendrimer-based micellar nanocarrier, we expect CPCI-NP 

to be an excellent carrier for chemotherapeutic drug DOX (Figure 2a).2 As shown in Figure 

S8, when DOX concentration was raised to 3 mg mL−1, the encapsulation efficiency was 

still above 70%, with a particle size remained at ~ 20 nm, confirming the excellent drug 

loading capacity of CPCI-NP. CPCI/DOX-NP also showed good serum stability in aqueous 

solution at 37 °C over the experimental period of 96 h (Figure 2b). Correspondingly, DOX 

could be controllably released from CPCI/DOX-NP with exogenous stimuli. As shown in 

Figure 2c, because fluorescence quenching of encapsulated DOX molecules, CPCI/DOX-NP 

PBS solution showed very weak fluorescence signal of DOX. However, the fluorescent 

intensity of DOX significantly enhanced when CPCI/DOX-NP was perturbed with laser 

irradiation in the presence of GSH (~ 10 mM). Similar results were shown in quantitative 

DOX release experiments. Without GSH and laser irradiation, DOX release rate in PBS was 

very slow (5.1% after 4 h, and less than 11% after 24 h). It was worth noting that DOX 

release could be dramatically increased at all times upon laser irradiation, and the total 

releasing amount of DOX could be further increased to 55% after 24 h, when CPCI/DOX-

NP was exposed to GSH and sequential laser irradiation (Figure 2d). The enhanced release 

of DOX is probably due to the cleavage of S-S bonds at reducing environment with GSH 

plus local hyperthermia induced by photothermal conversion with laser, which could 

accelerate the diffusion of DOX out from crosslinked NPs. On-demand GSH (or N-acetyl 

cysteine44, 45)-induced and photo-responsive drug release can be exploited in vivo to reduce 

the side effects of chemotherapeutics to normal tissues and enhance the cytotoxic effects at 

the tumor sites, after significant portion of CPCI/DOX-NP has reached the tumor sites.

Cellular uptake and intracellular distribution of CPCI/DOX-NP were evaluated by confocal 

laser scanning microscopy (CLSM) in OSC-3 oral cancer cells. As shown in Figure 2e, 

majority of the fluorescence signal from ICGD remained in the cytoplasm after 6 h of 

incubation. In contrast, DOX fluorescence was observed in both the cytoplasm and nucleus. 

This result suggested that the CPCI/DOX-NP was rapidly taken up by cancer cells, followed 

by release of portions of encapsulated DOX that ended up intercalating the DNA inside the 

nucleus. The synergistic chemo/photothermal therapy effect of CPCI/DOX-NP was 

evaluated on OSC-3 cells by a MTS assay. As shown in Figure 2f, CPCI-NP without laser 

group exhibited mild toxicity at the concentration of 200 μg mL−1 after incubation for 12 h. 

However, when the cells were irradiated by laser (808 nm, 0.8 W cm−2, 2 min), the viability 

decreased significantly with the CPCI-NP concentration increased (< 5%; 200 μg mL−1).

The chemo/photothermal synergistic therapy effect was further studied by using 50 μg mL−1 

concentrations of CPCI-NP. For CPCI/DOX-NP alone at this lower concentration, only 32% 

cells were killed in the absence of laser exposure. However, more than 87% cells were killed 

for CPCI/DOX-NP plus laser irradiation group, which suggested great synergistic anti-tumor 

effect (Figure 2g). The live cells were stained with DiO (green fluorescence), while dead 

cells were stained with propidium iodide (PI, red fluorescence). As shown in Figure 2h, 

most of cells were apoptotic/dead (red fluorescence) after treatment with CPCI/DOX-NP 

plus laser irradiation. By sharp contrast, significant amounts of living cells (green 

fluorescence) could still be observed in other control groups. We further determined the 

combination therapeutic effect by calculating the combination index. The results displayed 

excellent synergistic effect to kill tumor cells between DOX and CPCI-NP+light with 
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increasing DOX and CPCI-NP concentrations (Figure 2i,j).46, 47 Annexin FITC/PI assay 

also revealed synergetic actions on OSC-3 cells resulting in enhancement of cell apoptosis. 

As shown in Figure S9, CPCI/DOX-NP without laser irradiation and CPCI-NP with laser 

irradiation were able to lead to 25.39% and 24.31% apoptotic cells, respectively. This 

percentage further increased to 54.1% when CPCI/DOX-NP was used in combination with 

laser irradiation.

After demonstrating the in vitro synergistic function of CPCI/DOX-NP plus 808 nm laser 

irradiation, we would like to evaluate its efficacy in the tumor models in mice. First, 

potential toxicology of CPCI-NP in vivo was investigated. As shown in Figure S10 and S11, 

the assay of complete blood pane and liver function tests all revealed almost normal or no 

obvious toxicities. We therefore can conclude that CPCI-NP is a highly biocompatible 

photothermal conversion nano-agent with no significant side effects on mice. Since CPCI-

NP is cross-linked by disulfide bonds, we expect it to be relatively stable during circulation. 

Pharmacokinetics studies comparing free ICG, ICG and TBAI co-encapsulated by PCLC 

telodendrimer (PCLC/TBAI&ICG-NP), and CPCI-NP were performed in female Sprague–

Dawley rats. As shown in Figure 3a, hydrophilic free ICG quickly diffused into tissue and 

was cleared from circulation within 30 min after intravenous injection (t1/2 = 5.22 min; AUC 

= 12.091 mg/L*h). 48 h after injection, the dose of ICG from PCLC/TBAI&ICG NPs in 

blood was found to decrease to 9.4% injected dose per gram of tissue (%ID g−1) (t1/2 = 

28.421 h; AUC = 677.571 mg/L*h). In contrast, about 20.4% ID g−1 of ICGD from CPCI-

NP was still in blood circulation (t1/2 = 41.098 h; AUC = 1196.274 mg/L*h), indicating high 

stability of ICGD and CPCI-NP.

Due to its relatively small size, reversibly crosslinking nature and unique architecture-

dependent near-infrared fluorescence property, CPCI/DOX-NP is particularly suitable for 

use as activatable optical nanoprobes for improved cancer detection, preferential 

accumulation and signal amplification at the tumor tissue.48, 49 As shown in Figure 3b, the 

near infrared fluorescent imaging of nude mice bearing orthotopic OSC-3 oral cancer after 

intravenous injection of CPCI/DOX-NP. Fluorescent signal of ICGD at the tumor site 

(indicated by green fluorescent protein, GFP) was found to be time-dependent and peaked at 

36 h after injection (Figure 3c). The intense fluorescence at the tumor sites showed no 

obvious decay even at 48 h after injection, implying a persistent tumor accumulation of 

CPCI/DOX-NP, which meant a wide time window for initiating phototherapy in vivo. Semi-

quantitative fluorescence biodistribution based on ex vivo imaging of major organs and 

tumor indicated the high tumor uptake of CPCI/DOX-NP (Figure 3d,f). Meanwhile, tumor 

tissue slice was observed that highly coincident fluorescent signals of ICGD (green color) 

and DOX (red color) concurrently appeared in the tumor regions (Figure 3e).

The tissue distribution of DOX over time after tail vein administration of CPCI/DOX-NP 

was determined. At 24 h, 48 h and 5 d after injection, DOX concentrations in tumor and 

normal organs were measured by high pressure liquid chromatography-mass spectroscopy 

(HPLC-MS). As shown in Figure 3g, accumulation of DOX in the tumor, liver and even 

kidney were noted at 24 h. However, accumulation concentration of DOX in liver and kidney 

were rapidly cleared with the passage of time, especially after 5 days. It was gratifying to 

see that DOX concentration at the tumor site remained at about 2 μg per g tissue after 5 
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days, which could explain its anti-tumor efficacy shown below. DOX is commonly used to 

treat many different types of cancers; cardiotoxicity and myelosuppression are the dose 

limiting toxic side effects for this very important drug.50 Fortunately, according to Figure 

3f,g, fluorescence intensity of ICGD and concentration of DOX in the heart were extremely 

low, indicating low accumulation of CPCI/DOX-NP and low DOX release in the heart. This 

very important attribute is needed for future successful clinical applications of our CPCI/

DOX-NP.

Encouraged by the in vitro anti-tumor activity and in vivo favorable biodistribution and of 

CPCI/DOX-NP system, we investigated therapeutic efficacy in nude mice bearing orthotopic 

OSC-3 cells oral cancer. First, photothermal conversion effect of CPCI/DOX-NP in the 

tumor site of nude mice was investigated. 24 h after systemic administration of PBS, PCI-

NP, CPCI-NP or CPCI/DOX-NP, the tumor region in living mice was irradiated by 808 nm 

laser (0.8 W cm−2 for 2 min). As shown in Figure 4a, b, the mean temperature of tumor 

region for both CPCI-NP and CPCI/DOX-NP groups was found to increase by about 50 °C, 

which was about 1.37-fold and 8.92-fold higher than that of PCI-NP group (ΔT ≈ 36.5 °C) 

and PBS group (ΔT ≈ 5.6 °C). Such high increase in temperature was more than sufficient to 

cause irreversible damage to cancer cells.51 It is noteworthy that it still took a short time (45 

seconds) for CPCI-NP or CPCI/DOX-NP groups to rapidly heat up more than 40 °C, which 

was in accordance with the fast heating rate observed in the in vitro studies.

Mice were randomly divided into five groups: (1) PBS, (2) free DOX, (3) PCI-NP, (4) CPCI-

NP and (5) CPCI/DOX-NP. Near infrared laser irradiation (808nm, 0.8 W cm−2 for 2 min) 

was used in all groups. The treatment conceive was shown in Figure 4c. When tumor volume 

reached about 100 mm3, CPCI/DOX-NP was injected via tail intravenous, and then tumor 

site was irradiated by laser at 24 h and 48 h after injection (i.e. day 2 and 3). Afterwards, the 

same treatment regimen (photothermal agent followed by light irradiation) was repeated on 

day 7, 8 and 9. As shown in Figure 4d, PCI-NP group, CPCI-NP group and CPCI/DOX-NP 

group displayed satisfactory antitumor effect in the first 10 days of treatment. However, for 

both the PCI-NP and CPCI-NP groups, tumor began to regrow at the primary site. In 

contrast, complete tumor remission was achieved in the animals receiving CPCI/DOX-NP 

plus laser irradiation, validating synergistic therapeutic efficacy of combination 

photothermal/chemo-therapy. Figure 4e shows representative photographs of a mouse treated 

with CPCI/DOX-NP plus laser irradiation. No palpable tumor was found at day 28. In 

addition, no significant change in body weights was observed after the treatments (Figure 

S12). The histological analysis further confirmed that most tumor cells were destroyed after 

one cycle of treatment, with much lower level of nuclear polymorphism and less cancer cell 

density in tumor sections than those of other treatment groups (Figure S13).

The aforementioned experimental results clearly demonstrate that CPCI/DOX-NP is a highly 

efficacious phototherapeutic system for local therapy where the treatment region is 

accessible to light. However, cancers are often accompanied by recurrence and metastasis. In 

the last few years, immunotherapy with check-point blockade antibodies has been proven to 

be clinically very promising, although the response rate varies greatly among different 

tumors types. Imiquimod is an immune response modifier that binds to toll-like receptor 7, 

and it has been approved by the U.S. Food and Drug Administration (FDA) for topical 
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treatment of genital warts, superficial basal cell carcinoma and actinic keratosis. However, it 

is too toxic to be given systemically.52 Owing to the excellent encapsulating ability of CPCI-

NP, imiquimod can be loaded into the core of CPCI-NP with extremely high drug 

encapsulating capacity, while keeping a desirable nanoparticle size of 22 ± 4 nm for 

preferential tumor accumulation (Figure S14 and 15). We investigated if photothermal/

immunotherapy based on our CPCI/imiquimod-NP, in combination with PD-1 check point 

blockade therapy, could enhance the anticancer synergistic immunotherapeutic efficacy 

against metastatic tumors (Figure 5a).

The treatment conceive was shown in Figure 5b. An artificial mimic of metastasis tumor 

(bilateral breast tumor model) was developed by orthotopically injecting syngeneic 4T1 

breast cancer cells into both the left and right mammary fat pad of the same 

immunocompetent mouse. The right tumor was designated as the primary tumor to be 

treated by laser and the left tumor was inoculated as a distant tumor or “metastatic” tumor 

without light treatment. Mice were randomly divided into seven groups: (1) PBS (untreated); 

(2) CPCI/imiquimod-NP for 2 cycles treatment; (3) CPCI-NP combining laser irradiation for 

2 cycles treatment; (4) CPCI/imiquimod-NP combining laser irradiation for 2 cycles 

treatment; (5) CPCI/imiquimod-NP plus monoclonal antibody (α-PD-1) for 2 cycles 

treatment; (6) CPCI/imiquimod-NP combining laser irradiation plus α-PD-1 for 1 cycle 

treatment; (7) CPCI/imiquimod-NP combining laser irradiation plus α-PD-1 for 2 cycles 

treatment. For group 7, when tumor volume reached about 50 mm3, CPCI/imiquimod-NP 

was injected intravenously. 24 h later, the primary tumor was locally exposed to 808 nm 

laser irradiation for 2 min (0.8 W cm−2). Afterwards, mice were intraperitoneally (i.p.) 

injected with α-PD-1 at doses of 200 μg per mouse on day 2. Subsequently, second cycle 

administrations (i.v. injection of CPCI/imiquimod-NP, tumor local laser irradiation and i.p. 

injection of α-PD-1) were repeated one time on day 6, 7 and 8. As shown in Figure 5c, the 

primary tumors of all groups locally irradiated with laser were almost eliminated by CPCI-

NP-based early stages photothermal therapy. Due to the lack of further treatment such as 

second laser irradiation or the absent of imiquimod or α-PD-1 immunity effect, tumor 

recurrence did occur at control groups 3, 4 and 6 after day 8. It’s worth noting that group 5 

(CPCI/imiquimod-NP plus α-PD-1) showed inhibition of the growth of primary tumors to 

some extent, but was not able to eliminate the tumor without laser irradiation. In strike 

contrast, the combination treatment (group 7) could significantly eliminate primary tumors 

without recurrence, indicating that such non-specific combination photothermal/immuno-

therapy was highly efficacious against primary tumor.

Not unexpected, we have also observed that mice with their primary tumors ablated by laser 

could delay the growth of distant non-irradiated tumors (Figure 5d). This is especially true 

for group 7, in which the distant tumors showed almost complete disappearance, achieving 

efficacies much better than that obtained in group 5 (without PTT of primary tumors). This 

encouraging data verified that PTT of primary tumor could elicit an obvious inhibitory effect 

on distant tumor. Representative photographs of primary and distant tumors in one mouse 

from group 7 over time are shown in Figure 5e, which clearly show the abscopal effect. As 

another control, the immunological response induced in group 3 was much better than that in 

group 4 (without imiquimod), demonstrating the important role of imiquimod to trigger 

strong immune responses. Last but not least, though primary tumors were treated by laser, 
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the immunological response induced by group 4 (without α-PD-1) or group 6 (1 cycle of α-

PD-1) could only inhibit the growth of distant tumors in the earlier time points, revealing α-

PD-1 blockade treatment strategy did play a central role in continually killing tumor cells 

via activating T cells to recognize tumor cells. Overall, the survival curves correlate well 

with tumor growth results (Figure S16). All animals receiving PBS died within 36 days, 

whereas 66.7% of animals in group 7 receiving combination nano-photo-immunotherapy 

survived more than 66 days.

We further investigated the mechanism of synergistic anti-tumor effect triggered by CPCI/

imiquimod-NP-based PTT combining with α-PD-1 therapy. In these experiments, mice were 

divided into four groups for one cycle of treatment (group 1: PBS; groups 2: CPCI/

imiquimod-NP; group 3; CPCI/imiquimod-NP plus laser irradiation; group 4: CPCI/

imiquimod-NP plus laser irradiation plus α-PD-1). Treated mice were sacrificed and 

residual tumors from both sides were collected for assessment by H&E staining, RT-PCR 

and IHC. H&E staining directly displayed large areas of primary tumor cellular destruction 

and apoptosis in group 3 and 4, and distant tumors also shrunk because of systemic 

immunotherapeutic effect response, which was in obvious contrast to control group 1 and 2 

(Figure S17). Imiquimod can activate natural killer cells, macrophages and B-lymphocytes 

via TLR-7 secrete cytokines (IFN-α, IL-6 and TNF-α) to further enhance activation of the 

immune response. We therefore evaluated IFN-α, TNF-α, IL4, IL6 (cellular immune related 

markers), and IL-12 (innate immune marker) gene expression via RT-PCR. As shown in 

Figure 5f, the relative expression of these immune markers in primary tumor treated with 

laser irradiation was higher than that without laser irradiation, which verified that PTT could 

induce strong tumor-specific immune responses by producing tumor-associate antigens from 

ablated tumor cell residues. In addition, the relative expressions of these immune markers in 

the distant tumors demonstrate the importance of light irradiation of primary tumors (group 

3 and 4). Cytotoxic T lymphocytes (CD8+) could directly kill targeted cancer cells, and 

meanwhile CD3+ and CD4+ helper T cells could also play important roles in the regulation 

of adaptive immunities. We verified expression of these proteins (CD8+, CD3+, CD4+, PD-1 

and PD-L1) on tumors on both sides. As shown in Figure S18, tumor cell numbers in treated 

primary tumors (group 3 and 4) appeared significantly less, due to the cytotoxic effects of 

PTT treatment. In addition, much more CD8+, CD3+, CD4+ and PD-1 T cells in distant 

tumors were found in group 3 and 4 (combination imiquimod and light treatment group) 

than that in PBS and imiquimod only groups. Meanwhile, we also investigated dendritic 

cells (DC) maturation. As shown in Figure S19, more MHC II and CD11b expression were 

found in the primary and distant tissue of animals in group 3 and 4 than in PBS and 

imiquimod only groups. These results clearly demonstrate that systemic administration of 

CPCI/imiquimod-NP and α-PD-1 checkpoint blockade antibody, in conjunction with local 

PTT are highly efficacious against local as well as distant metastatic tumors. This 

therapeutic concept is highly translatable and can be readily tested in clinical trial.

To evaluate the immune memory induced by CPCI/Imiquimod-based PTT combining α-

PD-1, “cured mice” from group 7 of Figure 5 were implanted subcutaneously (left and right 

lower ventral areas) with 4T1 tumor cells on day 66, followed by i.p. injection of α-PD-1 

antibody on day 67 and day 73 (200 μg per mouse each time) (Figure S20a). As negative 

control, naïve nude mice of the same age were used. Tumor growth of the implanted tumors 
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was followed. The result is shown in Figure S20b,c, which clearly demonstrate the immune 

memory effect (significant delay in tumor growth) present in mice previously treated 

successfully with photothermal/immuno-therapy. The tumor volume increased rapidly in the 

previously untreated control group even with the injection of α-PD-1.

In summary, the new generation of PTCA based on co-assembled binary telodendrimers 

(CPCI-NP nanoplatform) was found to exhibit superior photothermal conversion efficiency, 

heating capability and in vivo stability for photothermal therapy. We have demonstrated its 

utility as (1) a versatile chemo-nanoplatform for synergistic photothermal/chemo-therapy 

against orthotopic oral cancer, and (2) a immuno-nanoplatform for synergistic photothermal/

immuno-therapy against metastatic breast cancer. This highly promising nanoplatform 

shows enormous potential for clinical translation against many different tumor types, under 

various clinical scenarios. Although not emphasized above, we envision that CPCI/

imiquimod-NP or CPCI/doxorubicin-NP can also be used as a convenient tumor targeting 

near infrared fluorescent probe for image-guided surgery, followed by intra-operative PTT of 

the surgical bed. For patients with unresectable or metastatic tumors, including the deadly 

glioblastoma, selected tumor sites can be irradiated with light via optical fiber 24 hr after i.v. 

administration of CPCI/imiquimod-NP. We envision that this additional nano-photo-

immunotherapy will greatly increase the response rate of patients undergoing check point 

blockade immunotherapy. It is expected that their efficacy could be further improved by 

introducing tumor targeting ligands or blood brain barrier penetration ligands to the 

nanocarriers.53
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Figure 1. 
Design and characterizations of PCI-NP and CPCI-NP. (a) Schematic self-assembly 

illustration of PCI-NP and CPCI-NP. DLS and TEM imaging of (b) PCI-NP and (c) CPCI-

NP PBS solution (stained with uranyl acetate for TEM; telodendrimer concentration: 1 mg 

mL−1). (d) Continuous dynamic light scattering measurements of PCI-NP and CPCI-NP in 

SDS for 120 min, after which GSH (10 mM) was added. (e) Comparison of the 

photothermal conversion behavior of CPCI-NP and PCI-NP under laser irradiation for 300 s. 

(f) Anti-photobleaching property of CPCI-NP, PCI-NP and ICG in PBS solution, and CPCI-

NP in PBS solution with GSH and SDS during five circles of heating-cooling processes. 

ICGD and ICG concentration: 30 μg mL−1. (g) Near-infrared fluorescence and thermal 

imaging of CPCI-NP in PBS and GSH+SDS solution at the different concentration. (h) 

Analogous instrument and (i) temperature variation of CPCI-NP and PCLC/TBAI&ICG-NP 

under laser irradiation for 30 s to investigate penetration depth and thermal effect. (Laser: 

808 nm, 0.8 W cm−2)
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Figure 2. 
Characterizations of CPCI/DOX-NP in vitro and synergistic cytotoxicity of CPCI/DOX-NP 

plus 808 nm laser irradiation against OSC-3 oral cancer cells. (a) Schematic self-assembly 

illustration of CPCI/DOX-NP and DOX release from CPCI/DOX-NP. (b) Serum stability of 

CPCI/DOX-NP in PBS solution of pH 7.4 with/without 10% FBS was measured by dynamic 

light scattering (incubation temperature: 37 °C; data were mean ± s.d., n = 3). (c) Variation 

of DOX fluorescence intensity and (d) in vitro quantitative DOX release of CPCI/DOX-NP 

aqueous solution at PBS, GSH (10 mM) and laser (3 times, 2 min each) plus GSH (10 mM) 

(Data were mean ± s.d., n = 3). (e) Uptake of DOX (red) loaded CPCI-NP (green) in OSC-3 

oral cancer cell (DOX concentration: 25 μg mL−1; Scale bar = 5 μm). (f) The viability of 

OSC-3 oral cells incubated with CPCI-NP and CPCI-NP plus laser irradiation at the 

different concentration (n = 3). (g) The viabilities and (h) live/dead staining by DiO/PI of 

OSC-3 oral cells after different treatments (DOX concentration: 25 μg ML−1; Scale bar = 10 

μm). (i) The synergistic treatment effect and (j) combination index (CI) between DOX and 

CPCI-NP plus laser irradiation for OSC-3 oral cells treatment (The weight ratio of PCI 

telodendrimer, PCLC telodendrimer and DOX is 10:10:1; CPCI-NP concentration based on 

PCI telodendrimer; Laser: 808 nm, 0.8 W cm−2; Fa: fraction affected, CI: combination 
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index, CI value < 1, = 1 and > 1 represent synergy, additive and antagonism effects, 

respectively).
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Figure 3. 
CPCI/DOX-NP tumor imaging in vivo. (a) In vivo blood pharmacokinetics of CPCI-NP, 

PCLC/TBAI&ICG-NP and free ICG at a dose of 5 mg kg−1 body weight (Data were mean ± 

s.d., n = 3 for each group). (b) ICGD fluorescence imaging showing tumor accumulation at 

different time points after tail vein injection and (c) representative in vivo imaging of nude 

mice bearing orthotopic OSC-3 oral cancer labeled by GFP (DOX dose: 2.5 mg kg−1; total 

telodendrimer dose: 50 mg kg−1; ICGD dose: 7 mg kg−1). The red arrow points to the tumor 

site. (d) Representative ex vivo ICGD fluorescence imaging of the organs and tumor excised 

at 48 h post-injection time from the same animal. (e) Imaging of the distribution of CPCI/

DOX-NP in OSC-3 tumor tissue at 48 h after injection (Red: DOX, Green: ICGD, scale bar 

= 25 μm). (f) Quantitative analysis of ICGD fluorescence signal intensity inside organs and 

tumor at 48 h post injection of CPCI/DOX-NP. (g) DOX distribution in organs and tumors 

tissues of orthotopic OSC-3 oral cancer mice 24 h, 48 h and 5 d post injection of CPCI/

DOX-NP. Dose of DOX: 2.5 mg kg−1; data were mean±s.d., n = 3 for each time point.
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Figure 4. 
Synergistic anti-tumor activity of photothermal-/chemotherapy in nude mice bearing 

orthotopic OSC-3 oral cancer. (a) IR thermal images and (b) mean tumor temperature under 

808 nm laser local irradiation (0.8 W cm−2) at 24 h post intravenous administration of PBS, 

PCI-NP, CPCI-NP, or CPCI/DOX-NP (n = 3). (c) Schematic illustration of CPCI/DOX-NP 

based PTT and chemotherapy to inhibit orthotopic oral tumor growth. (d) Tumor growth 

curves of mice (n = 5 per group) bearing orthotopic OSC-3 oral tumors. (e) Representative 

photos of tumor volume variation in the group treated by CPCI/DOX-NP plus 808 nm laser. 

Dose of DOX: 2.5 mg kg−1 and ICGD: 7 mg kg−1. *p < 0.05 by comparing CPCI/DOX-NP 

+ 808 nm laser irradiation group with control groups. Data are presented as the mean ± s.d..
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Figure 5. 
Synergistic anti-tumor activity of photothermal-/immunotherapy in the mice bearing 

orthotopic 4T1 breast cancer (both sides). (a) Schematic illustration of the proposed 

mechanism of anti-tumor immune responses induced by CPCI/Imiquimod-NP in 

combination with anti-PD-1 therapy. (b) Schematic illustration of synergistic therapy effect 

of photothermal-/immunotherapy to inhibit tumor growth at primary and distant sites. (c) 

Primary tumor and (d) distant tumor growth curves of different groups mice bearing 4T1 

breast tumors (n = 6 per group; dose of imiquimod: 1.25 mg kg−1, total telodendrimer: 50 

mg kg−1 and ICGD: 7 mg kg−1, intraperitoneal injection of anti-PD-1 200 μg per mouse on 

day 2 and 8). **p < 0.01 in (d) by comparing group 5 (CPCI/Imiquimod-NP + α-PD-1) with 

group 7 (CPCI/Imiquimod-NP + 808 nm laser + α-PD-1); **p < 0.01 in e by comparing 

group 5 (CPCI/Imiquimod-NP + α-PD-1) with group 7 (CPCI/Imiquimod-NP + 808 nm 

laser + α-PD-1) and comparing group 4 (CPCI/Imiquimod-NP) with the group 3 (CPCI/

Imiquimod-NP + 808 nm laser). (e) Representative photo of tumor volume variation in the 

mouse treated by CPCI/Imiquimod-NP plus 808 nm laser plus anti-PD-1. The red circle and 

blue circle shows primary and distant tumor, respectively. (f) The expression of CD11b, 

IFN-γ, TNF-α, IL-4, IL-6 and IL-12 with different treatments in both sides tumor tissues 

evaluated by RT-PCR (mean ± s.d., n = 3).

Zhang et al. Page 20

Nano Lett. Author manuscript; available in PMC 2019 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Schema 1. 
Schematic illustration of high-performance photothermal nanoparticle (CPCI-NP) with in 
situ encapsulation and controlled release capability of cytotoxic agents and 

immunomodulatory agents against orthotopic oral cancer and metastatic breast cancer.
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