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 Abstract 

In cancer treatment, surgery, chemotherapy or radiotherapy are the first option in the 

guideline for cancer treatment. However, those strategies remain limited efficacy in 

tumor eradication as well as the apparent side effects which are the burden for many 

cancer patients. Recently, photothermal therapy (PTT) has withdrawn an intensive 

investigation in the context of treating cancer. Light energy is the main source for heat 

generation in PTT. Various materials have been developed to harness the PTT in the 

way that burns tumor specifically but leave the normal tissue harmless. Besides, cancer 

immunotherapies have evidenced the potential effect in tumor treatment, even 

metastasis. The principle of cancer immunotherapy is to take advantage of immune 

system to fight against cancer. Currently, the approved immunotherapies based on the 

inactivation of immune checkpoint to reverse the immune suppression. On the other 

hand, cancer vaccine was also studied. Although robust and long-term tumor 

suppression was observed, single immunotherapy still suffers from limited efficacy in 

clinic. We, herein, engineered biomaterials as the novel drug delivery system that allow 

the precise and safe treatment using PTT. In addition, these materials are designed as 

drug delivery system boosting the immune response against cancer.  

In chapter 1, I overviewed the current status of photothermal therapy and application of 

photothermal therapy in cancer treatment. The relationship of photothermal therapy and 

immune activation. In additions, the current approached of immunotherapy in cancer 

treatment was also mentioned to provide the insight of limitation of this treatment.  

In chapter 2, I developed a nanoadjuvant system PDL1Ab-IQ/PN that takes advantage 

of combination of immune checkpoint blockade and photothermal therapy-mediated in 

situ cancer vaccine for solid tumor treatment. PDL1Ab-IQ/PN injection followed by 

near infrared (NIR) laser irradiation could completely ablate the primary tumor due to 

the improved accumulation of PDL1Ab-IQ/PN at tumor tissue. In addition, the binding 

between PDL1Ab-IQ/PN nanoadjuvant and heated-induced apoptosis tumor cells 

resembled of adjuvant-antigen system that generated in situ vaccine. Photothermal 

treatment induced immunogenic cell death and facilitate dendritic cells phagocyte the 

whole tumor cell-nanoadjuvant complex, thus successfully inducing a systemic 

antitumor-response. This systemic response, which was attributed mainly by cytotoxic T 

cells, suppressed the distant tumor growth in both subcutaneous and orthotopic tumor 
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models. Furthermore, the systemic response could last long for 150 days to prevent the 

growth of re-challenged tumor, which imply the long-term prevention effect against 

tumor recurrence.  

In chapter 3, molecular engineering technique was used for sitespecific conjugation of 

antibodies to nanoparticles. We designed an anti-claudin 3 (CLDN3) antibody 

containing a single cysteine residue, h4G3cys, then linked it to the maleimide group of 

lipid polydopamine hybrid nanoparticles (LPNs). Because of their negatively charged 

lipid coating, LPNs showed high colloidal stability and provided a functional surface for 

site-specific conjugation of h4G3cys. The activity of h4G3cys was tested by measuring 

the binding of h4G3cys-conjugated LPNs (C-LPNs) to CLDN3- positive tumor cells 

and assessing its subsequent photothermal effects. C-LPNsspecifically recognized 

CLDN3-overexpressing T47D breast cancer cells but not CLDN3-negative Hs578T 

breast cancer cells. High binding of C-LPNs to CLDN3-overexpressing T47D cells 

resulted in significantly higher temperature generation upon NIR irradiation and potent 

anticancer photothermal efficacy.  

In chapter 4, PDA was exploited as coating material for DNA-microflower (DMF). The 

active PDA surface allowed conjugation of T cell stimulating antibodies on DMF in a 

facile manner. Due to the extreme large surface area inheriting from the unique surface 

topology of DMF, the Ab-DMF could serve as the effective T cell activator, compared 

to the control spherical activator prepared from polystyrene microparticles. The 

combination of PTT and Ab-DMF in our studies has provide a novel strategy that not 

only recruited T cell to the tumor by heat-induced immunogenic cell death but also 

amplified the number of cytotoxic T cells in tumor tissues. The dominant increase of 

cytotoxic T cell over regulatory T cell have been observed as the evidenced for effective 

tumor suppression. 

The combination of PTT and immunotherapy by our biomaterials synergized in 

eradicating solid tumor besides generating systemic anti-tumor systemic immune 

response. 
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Chapter 1  Introduction 

1.1 Photothermal therapy in cancer treatment 

Photothermal therapy (PTT) has recently emerged as a powerful tool for cancer 

treatment due to its high selectivity and minimal invasiveness compared to traditional 

surgical methods, radiotherapy, and chemotherapy1. The therapeutic effect of PTT 

occurs via photoresponsive agents accumulated at the tumor sites and localized near-

infrared (NIR) irradiation, resulting in selective hyperthermia of tumor tissue while 

avoiding damage to healthy tissue. This therapy also has several other potential 

advantages over traditional therapies, including easy procedures, fast recovery, reduced 

complications, and shorter hospital stay. 

 Currently, available photoresponsive agents for PTT mainly focused on gold 

nanoparticles (AuNPs)2,3, graphene oxide (GO) nanosheets 4, carbon nanotubes5, and 

others, copper sulfide6. Although these agents showed efficient photothermal efficacy 

for cancer treatment, clinical application has not yet been achieved based on the great 

concern about biosafety. General intracellular and in vivo toxicities from nanoparticles 

are caused by the production of excess reactive oxygen (ROS), thereby inducing 

inflammatory effect7. AuNPs, which are amongst the safest NPs reported to date, were 

mostly accumulated in liver and spleen, and needed long-term safety evaluation8.  

1.2 Immune response in photothermal therapy 

In cancer treatment, phototherapy with light irradiation focusing at tumor tissues has 

been studied to eradicate or halt tumor growing. Depending on the modes of working 

mechanisms, phototherapies can be classified with photodynamic therapy (PDT) and 

photothermal therapy (PTT). In PDT, the irradiation of light can generate reactive 

oxygen species to shrink tumor tissue in various pathways9. In PTT, the conversion of 

light to heat induces the killing of the tumor cells.  

Recently, phototherapies have been reported to strengthen the immune responses 

against the tumor by releasing damaged associated molecular patterns (DAMPs) and 

release tumor-associated tumor antigen. The release of DAMPs was shown to attract 

innate immune cells such as dendritic cells and macrophages, facilitating the 

presentation of tumor-associated antigens by APC to cytotoxic T cells10. With these 

immunological findings on the capability of phototherapy, photo-responsive 
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nanomedicines could be spotlighted for synergistic anticancer effect upon combination 

with immunotherapy 

1.3 Cancer immunotherapy 

1.3.1 Current status of cancer immunotherapy  

Immunotherapy has emerged as a new powerful therapeutic modality against cancer in 

clinical trials. Unlike other existing therapies such as chemotherapy and radiotherapy, 

immunotherapy exploits the immune system of patients, which can specifcally 

recognize the cancer via neo-antigens presented by major histocompatibility complex 

(MHC). This phenomenon, named immunosurveillance, has been reported to eliminate 

tumors by activation of cytotoxic T lymphocytes (CTL)11. However, cancer cells are 

still capable of escaping the immunosurveillance via various survival strategies which 

can suppress the anticancer activity of the immune cells. The strategies include the 

increased expression of programmed cell death ligand 1 (PD-L1),indoleamine 2, 3-

dioxygenase (IDO), interleukin-10 (IL-10) and tumor growth factors. Beside nullifying 

the immune attack by increased expression of negatively working immunomodulators, 

tumor tissues can exhaust immune cells by chronic inflammation, by expressing 

immune checkpoint molecules such as a programed cell death receptor 1 (PD-1) or 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) on T cells. These checkpoint 

molecules have received wide attention as a new class of anticancer targets since 

checkpoint inhibitors could restore immune cells to active state12. The first approved 

immune checkpoint inhibitor, ipilimumab (CLTA-4 antibody), has shown positive 

clinical result in the treatment of melanoma13.  

The first success in cancer immunotherapy flooded the development and approval other 

immune checkpoint inhibitors. Nivolumab or pembrolizumab, both PD-1 antibodies 

have been approved by Food and Drug Administration (FDA, USA) in 2014 followed 

by the approval of atezolizumab, PD-L1 antibody, in 201614,15. However, the single use 

of cancer immunotherapy has suffered from the limited efficacy. Although these 

immunotherapies showed complete regression of some populations of patients, the 

efficacy of immunotherapy alone was limited only to 20–30% of treated population16. 

The unresponsiveness in certain patients reveals the complexity in the interaction of 

immune system and cancer. In the cancer-immunity cycle, from the neo-antigen 

processing by antigen presenting cells (APC) to the specifc recognition of cancer cells 
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by T cells via T-cell receptor (TCR), there appears to exist a number of immune 

checkpoints and mechanisms harnessing the activity of an immune response. Inhibiting 

one of those checkpoints may not give a critical shot to kill tumor completely. The 

combination of two or more therapies may trigger the stronger immune response to 

patients who do not fully take advantages from monotherapy. The limited efficacy of 

cancer immunotherapy underlines the needs to design combination therapy for 

potentiating the anticancer efficacy in patients (Fig. 1.1).  

 

 

Figure 1.1 Combination strategies in immunotherapy with nano-drug delivery system. 

1.3.2 Nanocarriers for combination with cancer immunotherapies 

Nanomedicines, for more than decades, has achieved great strides in the medical 

applications, especially in cancer treatment. Nanotechnology-based anticancer drug 

delivery systems can provide a flexible platform for carrying therapeutic agents and 

deliver them to the targeted tissue. The flexibility of nanocarrier is that it can be 

designed to expose great compatibility, site-specifc targeting ability, immunogenicity or 

therapeutic loading. In addition, a recent study reported that nanosized carriers with 

sizes less than 100 nm could preferably distribute to the draining lymph nodes, resulting 

in the increased efficacy of immunomodulators17. With nanomedicines cleverly 

designed for the purpose, the efficacy and side effect of therapeutic agents can be 

controlled. Recently, many studies reported the feasibility of nanocarriers to deliver 
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cancer vaccines and photo-responsive nanomaterials with immune checkpoint inhibiting 

antibodies. Moreover, anticancer drugs were immunomodulators, cytokines, anticancer 

drugs or photo-responsive material in combination with immunotherapy agents. These 

combinations have shown to result in greater efficacy in preclinical tumor models, as 

listed in Table 1.1.  
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Table 1.1 Nanomaterials in combination with immunotherapy in cancer treatment.  

Combined 

therapy 

Carrier Therapeutics cargo Strategies of 

combination 

Tumor Ref. 

Cancer vaccine Lipid-based nanodisc CpG ODN  

neo-antigen 

peptide 

Vaccine + 

TLR9 agonist  

+ CTLA-4/ PD-

1 antibody 

B16F10 

MC-38 

18 

In situ albumin-based 

nano vaccine (Albivax) 

CpG ODN 

OVA peptide 

Vaccine + 

TLR9 agonist  

+ PD-1 

antibody 

MC-38 19 

lipid/calcium/phosphate MUC-1 mRNA Vaccine + 

CTLA-4 

antibody 

4T1 20 

 

 

Photo-

responsive 

nanomedicine 

Hollow manganese 

dioxide 

Chlorine e6 

Doxorubicin 

PDT + 

chemotherapy + 

PD-L1 antibody 

4T1 21 

core-shell hybrid 

nanoparticles 

oxaliplatin 

Pyropheophorbide-

a 

PDT + 

chemotherapy + 

PD-L1 antibody 

CT-26 22 

micelleplex Pheophorbide-a 

PD-L1 siRNA 

PDT + PD-L1 

siRNA 

B16F10 23 

Prussian blue 

nanoparticle 

 PTT + CTLA-4 

antibody 

Neuro2a 24 

polymeric poly(lactic-

co-glycolic) 

Indocyanine green 

imiquimod 

PTT + CTLA-4 

Ab antibody 

4T1 

CT-26 

25 

hyaluronic coated 

cationic liposome 

IR-7 dye 

CpG ODN 

PTT + TLR9 

agonist 

CT-26 26 
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1.3.3 Immunotherapy modulating dendritic cells 

In the immune system, DCs act as interfacing cells that connect the innate and adaptive 

immune responses27. In the innate immune response, DCs express various types of 

pattern recognition receptors, such as toll-like receptors (TLRs), stimulator of interferon 

genes (STING), nucleotide-binding oligomerization domain (NOD)-like receptors 

(NLRs), retinoicacid inducible gene I (RIG-I)-like receptors (RLRs), and C-type lectins. 

These molecules are responsible for activating DCs upon pathogen exposure or cellular 

damage28. Activated DCs secrete cytokines that recruit and activate NK cells to 

eliminate pathogens and other dangerous factors, such as cancer cells29. In addition, 

DCs are potent professional antigen-presenting cells that act as key immune 

orchestrators via their ability to capture and process antigens for T cell activation. The 

activation of pattern-recognition receptors via the recognition of danger associated 

molecule patterns from dying tumor cells results in the maturation of DCs, leading to 

the spontaneous priming of T cell responses 27.  

In the tumor microenvironment, however, the immunosuppression induced self-

tolerance of cancer cells will limit DC-mediated immune responses30. Numerous 

immunomodulators, such as TLR agonists and STING agonists, have been developed to 

boost the activities of DCs during cancer treatment. Unfortunately, these 

immunomodulators have issues with instability and side effects. To overcome the 

current challenges, researchers have sought to use nanomaterials to deliver these 

immunomodulators. To maximize the effect of immunomodulators, nanomaterials have 

been designed to co-deliver immunomodulators with cancer vaccines18 or combine them 

with photothermal therapy25 (Fig. 2.1) 

Cancer vaccines have been developed for decades to induce the adaptive immune 

response against malignant tumor. The main goal of cancer vaccine is to induce a strong 

tumor directed T cell response. However, there are a number of mechanisms leading to 

the immune tolerance of those vaccines, and limited treatment efficacy. Although some 

cancer vaccines stimulated immune responses in preclinical models, they failed to 

achieve effective anticancer vaccine efficacy in human trials31,32. There are evidences 

that inhibitory immune checkpoint molecules upregulate after vaccination in both 

animal models and in human33,34. The combination of cancer vaccine and immune 

checkpoint inhibitors are expected to increase the outcome efficacy in clinical trials 

(NCT03362060, NCT03362060, NCT02574533). 



7 

 

 

 

Figure 1.2. Strategies of dendritic cell modulation using nano drug delivery system. 

 

1.4 Unmet needs 

Although photothermal therapy have been progressed with numerous advanced 

materials as photothermal agents, the biocompatibility and safety issues of these 

materials remained a big concern in human use. An urgent need to develop 

biocompatible photothermal agents with the acceptable toxicity profile are required to 

boost up the clinical practice of photothermal therapy. Therefore, photothermal agent, 

which is inspired from nature such as polydopamine, could be a promising candidate 

contributing to development of photothermal therapy strategy in cancer treatment. 

One of the advantage of photothermal therapy is the harness of laser beam at the 

targeted tissue. In the case of solid tumor treatment, the borderline distinguishing 

normal tissue and tumor tissue could be unclear, thus increasing the chance of normal 

tissue damage if the irradiated area is expanded. The unexpected burning of normal 

tissue surrounding tumor could be a most challenge for the non-specific delivery of 

photothermal agent. Because non-specific photothermal agent may distribute 

systemically, the contrast of laser absorption between tumor tissue and surround tissue 

is not high enough to narrow the killing effect of NIR laser on tumor tissue only. In 
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some case, the tumor tissue may locate in a sensitive area, such as primary organs: brain, 

lung, liver,… the damage of surround tissue may lead to dysfunction of related organs 

or fatal compliments. Therefore, it is necessary to develop a new generation of 

photothermal agent that selectively accumulate at tumor tissue. By determining the 

markers of tumor tissue depending on tumor type, the specific binding ligand could be 

exploited to engineer the photothermal agent, yielding the tumor-specific targeting 

photothermal material.  

Currently, dendritic cell vaccine requires multi-step process such as: isolation of tumor 

antigen from tumor tissue, isolation of dendritic cell from patient, ex vivo differentiation 

of dendritic cell af tumor antigen to generate tumor antigen-presenting dendritic cells. 

Then these cells are reinfused into patients. Therefore dendritic cell vaccine still face the 

big challenges in time and cost efficiency. In situ cancer vaccine has been achieved by 

injection of immune boosting adjuvant followed by radiation, chemotherapy. This 

strategy generate the in situ vaccine by release of antigen in tumoe tissue. In vivo 

dendritic cell could uptake antigen and adjuvant to become functional antigen 

presenting cells. However, there is the chance that antigen and adjuvant are not taken up 

by same dendritic cells, thus generating non-functional dendritic cell. It is important to 

find a strategy to codeliver antigen and adjuvant together in dendritic cell more 

efficiently. Modifying nanoadjuvant with tumor binding ligand would facilitate the 

integration of adjuvant and tumor antigen, thus increasing the concurrent uptake of 

antigen and adjuvant into dendritic cell.  

Artificial antigen presenting cells have been applied as ex vivo T cell activator to 

amplify the yield of T cell in adoptive T cell therapy. Although certain materials, such 

as iron oxide, polystyrene, or silica… have been used to construct the backbone or 

artificial antigen presenting cell in previous studies, they were mostly applied for ex 

vivo T cell expansion. In additions, due to lack of considering the natural synapse of T 

cell and antigen presenting cells, the activation by those spherical artificial antigen 

presenting cell may be suboptimal and thus, reduced the efficacy of T cell-based 

immunotherapy. The development of new strategy of in vivo T cell activation that 

mimics the natural interface of T cell and artificial antigen presenting cell would not 

only reduce the time of waiting for ex vivo T cell activation but also provide the 

effective tools for in-situ T cell amplification in cancer immunotherapy.  
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Figure 1.3. Advantages of tumor-specific targeting photothermal agent versus non-

specific targeting photothermal agent  

(A) Illustration of distribution of non-specific targeting photothermal agent in tumor 

tissue. Particle could be taken up by both tumor cells and surrounded normal cells. NIR 

irradiation results into killing both tumor cells and normal cells. (B) Illustration of 

distribution of tumor-specific targeting photothermal agent in tumor tissue. 

Phototothermal agent modified with tumor-binding ligand could selectively be taken up 

by tumor cell rather than normal cell, resulting in selective tumor killing effect under 

NIR laser exposure.  
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1.5 Scope of study 

Although photothermal therapy and cancer immunotherapy have been progressed in 

advance in cancer treatment, they are still infancy. More rational strategies are in 

demand to improve vaccine efficacy as well as safety. In our studies, we have developed 

various drug delivery systems based on engineered biomaterial to address current issues 

of photothemal immunotherapy. 

In chapter 2, we developed a nanoadjuvant system that take advantage of combination 

of immune checkpoint blockade and photothermal therapy-mediated in situ cancer 

vaccine for solid tumor treatment. Polydopamine nanoparticle (PN), an efficient 

photothermal agent, was utilized for entrapping toll-like receptor 7/8 agonist, 

imiquimod (IQ). PD-L1 antibody was immobilized on the surface of nanoadjuvant 

IQ/PN to functionalize it with tumor targeting and immune checkpoint blocking abilities. 

Systemic injection of PDL1Ab-IQ/PN followed by near infrared (NIR) laser irradiation 

could completely ablate the primary tumor due to the improved accumulation of 

PDL1Ab-IQ/PN at tumor tissue. In addition, the binding between PDL1Ab-IQ/PN 

nanoadjuvant and heated-induced apoptosis tumor cells resembled of adjuvant-antigen 

system that generated in situ vaccine. Photothermal treatment induced immunogenic 

cell death and facilitate dendritic cells phagocyte the whole tumor cell-nanoadjuvant 

complex, thus successfully inducing a systemic antitumor-response. This systemic 

response, which was attributed mainly by cytotoxic T cells, suppressed the distant tumor 

growth in both subcutaneous and orthotopic tumor models. Furthermore, the systemic 

response could last long for 150 days to prevent the growth of re-challenged tumor, 

which imply the long-term prevention effect against tumor recurrence. Taken together, 

we suggested that PDL1Ab-IQ/PN nanoadjuvant in combination with NIR laser 

irradiation would be a promising therapeutic in situ vaccine strategy to eliminate solid 

tumor and provide long-term prevention against tumor recurrence. 

In chapter 3, we designed claudin-3 (CLDN3)-directed lipo-polydopamine nanoparticles 

for targeting CLDN3-overexpressing cancer. Negatively charged lipid coating of PDA 

had a high colloidal stability and a functional surface for site-specific conjugation of 

cysteine engineered anti-CLDN3 antibody (h4G3cys). The h4G3cys-conjugated lipo-

PDA nanoparticles (h4G3-LPN) specifically recognized CLDN3-overexpressing T47D 
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breast cancer cells in contrast to CLDN3-negative Hs578T breast cancer cells. High 

cellular binding of h4G3-LPN in T47D generated significantly higher temperatures 

upon NIR irradiation and induced most potent anti-cancer photothermal efficacy. 

Consistently, intravenously injected h4G3-LPN in T47D xenograft mouse model 

showed remarkable tumor ablation through high temperature increase after NIR 

irradiation compared to other groups. Taken together, these results indicate that h4G3-

LPN is a promising nanoparticles as a photothermal therapy for CLDN3-

overeexpressing cancer.  

In chapter 4, we developed the novel T cell activator platform using the DNA-based 

microflower (DMF). Owning a unique topology properties of DNA leaflets arranged on 

particles surface, DMF-based activators provide the superior surface area that maximize 

the contact with T cells. By coating DMF with polydopamine (PDA), anti-CD3 

antibody and anti-CD28 antibody was facilely conjugated on DMF particles as T cell 

stimulus. Human interleukin-2 (hIL-2) was entrapped inside the microporous structure 

of DMF to imitate the cytokine release of natural antigen presenting cells and thus 

improve the survival and expansion of activated T cells. Our T cell activator (Ab-

DMF/hIL2) outperformed the spherical microparticle counterpart in term of T cell 

activation and proliferation. On the other hand, due to the high capacity of stimulus 

antibody on flower surface, Ab-DMF/hIL2 preferably activate CD8 T cell but not Treg 

cell in the mixed T cell pool, compared to the Dynabead, a conventional T cell activator. 

Furthermore, coating with PDA rendered the Ab-DMF/hIL2 activator a photothermal 

activity, which was taken advantage for combination of photothermal therapy and T cell 

activation strategies. By intratumoral injection of Ab-DMF/hIL2 in tumor bearing mice 

followed NIR irradiation, we observed the increase  in the recruitment of T cell 

circulating to tumor tissue. The strong activation and proliferation of cytotoxic T cells in 

tumor induced by Ab-DMF/hIL2 eventually resulted in complete primary tumor 

ablation. Besides, photothermal activity of Ab-DMF/hIL2 created systemic immune 

response that inhibit distant tumor growth. 
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Chapter 2   

Photothermal therapy-mediated in situ vaccination using 

tumor-targeting nanoadjuvant as an efficient cancer 

immunotherapy 
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2.1 Introduction 

Unlike conventional therapies, such as chemotherapy, surgery and radiotherapy, which 

use external chemical or physical agents to eradicate tumors, immunotherapeutic 

approaches fight cancer by exploiting the immune system. Among the strategies that are 

being extensively investigated in this context is the use of immune checkpoint inhibitors 

that block the interaction of PD1 (programmed cell death 1) with PDL1 (programmed 

cell death 1 ligand 1)1–4 . Although inhibition of immune checkpoints is a promising 

strategy, when used as monotherapy, this approach has suffered from limited efficacy, 

exhibiting an overall response rate, including partial and complete responses, of less 

than 30%5. To address these limitations, researchers are currently investigating immune 

checkpoint inhibitors in combination with other modalities, such as chemical anticancer 

drugs and immunomodulators, in preclinical studies and clinical trials6–8.  

Despite considerable efforts to design cancer vaccines, clinical translation of such 

vaccines is still in its infancy9. To date, cancer vaccines have mainly consisted of tumor-

specific antigens isolated from tumor tissues of patients, processed ex vivo and 

reinjected into patients together with immune adjuvants. Cancer vaccines have also been 

generated by isolation and ex vivo processing of autologous dendritic cells (DCs), 

which are then reinfused back into the patient10. In addition to the inherent complexity 

and requirement for ex vivo processing of these cancer vaccines, the methods must be 

tailor-made for each patient, Accordingly, they cannot be used for large-scale industrial 

manufacturing11, highlighting the desirability of developing a facile method for 

producing potent cancer vaccines.  

Photothermal immunotherapy has recently gained attention for its potential to generate 

in situ tumor-associated antigens12,13. In some studies, intratumorally administered 

photothermal agents are used to generate tumor-associated antigens upon near-infrared 

(NIR) irradiation, and immune adjuvants are separately co-administered to boost 

immune responses. In other recent studies, various nanoparticles have been studied for 

photo-induced immunotherapy in combination with immune checkpoint blockade12,14–16. 

In these studies, photoresponsive nanomaterials lacked tumor-specific moieties. Such 

plain photoresponsive polymeric12,15 or14,16 nanoparticles may not provide effective or 

selective antitumor phototherapy upon light irradiation. Moreover, the lack of affinity of 
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adjuvant-loaded plain nanoparticles toward tumor antigens may result in ineffective co-

delivery of antigen and adjuvant by the same antigen-presenting cells.  

A crucial consideration in maximizing activation of immune responses is co-delivery of 

antigen and adjuvant. The co-delivery of antigen and adjuvant to the same antigen-

presenting cell has been reported to enhance immune responses17–19. A covalent 

conjugate of CpG adjuvant to antigen was reported to provide higher immunogenicity 

than a mixture of the two components18. Similarly, a nanodisc vaccine carrying both 

adjuvant and peptide antigen was shown to exert stronger antitumor immune responses 

compared with a mixture of adjuvant and antigen19. A more effective approach for 

inducing potent immune responses would thus be an in situ-assembled, all-in-one tumor 

vaccine composed of adjuvant system-bound, inactivated tumor cells.  

In the current study, we sought to produce in situ-assembled tumor vaccines consisting 

of tumor cells bound with the photoresponsive nanoadjuvant carrying imiquimod (IQ). 

For specific recognition of tumor cells and in situ assembly with the photoresponsive 

nanoadjuvant, we modified the surfaces of IQ-entrapped polydopamine nanoparticles 

(IQ/PN) with anti-PDL1 antibodies (PDL1Ab), yielding PDL1Ab-IQ/PN. We 

hypothesized that in situ assembly of PDL1Ab-IQ/PN on tumor cells would enable the 

co-delivery of tumor antigen and nanoadjuvants to the same antigen-presenting cell. 

Moreover, we expected that PDL1Ab existing on the surfaces of PDL1Ab-IQ/PN would 

be capable of blocking the PDL1 immune checkpoint in tumor cells. Our model of in 

situ-assembled tumor vaccines is illustrated in Fig.2.1.  
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Figure 2.1 Illustration of the photothermal-immunotherapeutic mechanism of PDL1Ab-

IQ/PN.  

(A) PDL1Ab-IQ/PN, administered intravenously, accumulate in tumor tissues and 

specifically bind PDL1 expressed on tumor cells. Modification of nanoparticles with 

PDL1Ab serves two functions: it facilitates the formation of in situ vaccine by assembly 

of nanoadjuvant (PDL1Ab-IQ/PN) on tumor antigens, and it blocks the immune 

checkpoint PDL1 in tumor cells. (B) The presence of PDL1Ab-IQ/PN on tumor cell 

surfaces sensitizes cells to NIR irradiation-induced death of primary tumor cells and 

generates antitumor cytotoxic T cells. Upon NIR irradiation, PDL1Ab-IQ/PN–bound 

tumor cells expose the damage-associated molecular pattern such as calreticulin (a so-

called “eat me” signal), on the cell surface, and are phagocytosed by DCs. The 

processing of tumor cell antigens and the release of IQ induces maturation of DCs and 
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differentiation of naïve T cells into cytotoxic T cells. These cytotoxic T cells can kill 

tumor cells in mice challenged with distant tumors, preventing tumor recurrence. 

 

2.2 Material and method 

2.2.1 Immobilization of PDL1Ab onto nanoparticles 

PDL1Ab were immobilized on the surfaces of plain or IQ-loaded nanoparticles. Plain 

PNs were synthesized through self-polymerization of dopamine in alkaline solution, as 

previously described47. Briefly, 50 mg of dopamine hydrochloride (Sigma-Aldrich, St. 

Louis, MO, USA) was dissolved in 25 ml of triple distilled water (TDW). Dopamine 

hydrochloride solution was slowly added with sodium hydroxide solution (1 M) and 

titrated to pH 10.0. The reaction was allowed to proceed at 50°C with vigorous 

magnetic stirring for 12 h. The resulting PN were collected by centrifugation at 

13,500  g for 20 min, and the black PN pellet was washed with 10.0 mM Tris buffer 

(pH 8.5) until the supernatant was colorless. After the final wash, PN were resuspended 

in Tris buffer (pH 8.5) for further functionalization.  

IQ-loaded PN (IQ/PN) were prepared by adding 0.625 ml of 4 mg/ml IQ (Sigma-

Aldrich) in dimethyl sulfoxide to a dopamine hydrochloride solution, after which the pH 

was immediately adjusted to 9.7. The mixture was ultrasonicated for 30 min and 

vigorously stirred for 12 h. Aggregates of unloaded IQ were removed by centrifugation 

at 200  g. The supernatant containing IQ/PNs was centrifuged at 13,500  g for 20 min 

and repeatedly washed with 10.0 mM Tris buffer (pH 8.5). IQ/PNs in the pellet were 

resuspended in Tris buffer (pH 8.5) for further functionalization. 

For modification of plain PNs or IQ/PNs with PDL1Ab, 1 ml of PN or IQ/PN 

suspension (2 mg/ml) in 10 mM Tris buffer (pH 8.5) was mixed with 40 µl of rat 

PDL1Ab (5 mg/ml, clone 10F.9G2; Bio X Cell, West Lebanon, NH, USA) and stirred 

for 12 h at room temperature. After the removal of unbound antibody by centrifugation, 

the resulting PDL1Ab/PN PDL1Ab-IQ/PN were washed three times with TDW and 

resuspended in TDW. The amount of immobilized PDL1Ab on nanoparticles was 

calculated by measuring the amount of unbound antibody in supernatants using a rat 

IgG enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen, Carlsbad, CA, USA). 

 



21 

 

2.2.2 IQ loading and release 

The loading of IQ in PNs was quantified using high-pressure liquid chromatography 

(HPLC). Briefly, 200 l of IQ/PN or PDL1Ab/IQ/PN solution was centrifuged at 

13,500  g for 20 min. The pellet was resuspended in 1 ml of a 1:1 (v/v) solution of 

acetonitrile and acetate buffer (25 mM, pH 4.0) and sonicated for 10 min. The samples 

were filtrated through a 0.2-µm filter and analyzed by HPLC. The mobile phase was a 

1:1 (v/v) mixture of acetonitrile and acetate buffer (25 mM, pH 4.0) containing 0.5% 

triethyl amine. The cumulative release of IQ from nanoparticles was examined at 

various pH conditions.   

 

2.2.3 Characterization of nanoparticles 

Nanoparticles were characterized with respect to morphology, size, zeta potential, and 

photothermal properties. The morphology of PDL1Ab/IQ/PNs was examined by TEM 

using a JEM1010 transmission electron microscope (JEOL, Tokyo, Japan). Elemental 

mapping of sulfur and nitrogen in PDL1Ab-IQ/PNs was performed using energy 

dispersive X-ray spectroscopy-scanning transmission electron microscopy (EDS-

STEM) using a JEM-2100 F transmission electron microscope (JEOL Ltd.). The sizes 

of nanoparticles were measured using a dynamic light scattering method. The zeta 

potential of nanoparticles was measured by laser Doppler microelectrophoresis at an 

angle of 22° using an ELS8000 instrument (Photal, Osaka, Japan). For measurement of 

photothermal properties, nanoparticles were serially diluted in TDW and irradiated with 

an 808-nm continuous-wave NIR diode laser beam (BWT Beijing LTD, Beijing, China) 

with an output power of 1.5 W. Changes in the temperature of samples during NIR 

irradiation were recorded using an infrared thermal camera (FLIR T420; FLIR System 

Inc., Danderyd, Sweden).  

 

2.2.4 Characterization of the physical and thermal stability of PDL1Ab-

IQ/PN nanoadjuvant 

The physical stability of PDL1Ab-IQ/PN was tested in TDW, 10% FBS-supplemented 

RPMI and FBS. Changes in particle size, measured as the appearance of particle 

dispersion over time, were monitored for 7 days by dynamic light scattering (ELS8000; 
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Photal). The thermal stability of PDL1Ab and PDL1Ab-IQ/PN nanoadjuvant was tested 

by examining temperature-dependent cancer cell-binding ability. PDL1Ab or PDL1Ab-

IQ/PN were heated at different temperatures for 5 min using a temperature-controlled 

heat block. In some experiments, PDL1Ab-IQ/PN were NIR-irradiated at 808 nm for 5 

min, and then incubated with CT26 cells for 2 h. The binding of heated PDL1Ab and 

PDL1Ab-IQ/PN to CT26 cells was tested by flow cytometry. 

2.2.5 In vitro cell-binding affinity  

The binding affinity of nanoparticles to tumor cells was measured by flow cytometry. 

Murine colon carcinoma CT26 cells (American Type Culture Collection, Rockville, MD, 

USA) were cultured in RPMI medium supplemented with 10% fetal bovine serum, 100 

units/ml penicillin, and 100 mg/ml streptomycin (complete RPMI medium). CT26 cells 

were seeded in 24-well plates at a density of 0.5  105 cells per well and cultured 

overnight. The next day, cells were treated with various nanoparticle formulations 

diluted in complete RPMI medium to a concentration of 0.5 mg/ml. After 2 h, cells were 

washed with cold phosphate-buffered saline (PBS) and incubated for 1 h with Alexa 

Fluor 647-conjugated goat anti-rat IgG antibody (BioLegend, San Diego, CA, USA). 

The cells were washed with PBS, fixed with 4% paraformaldehyde for 15 min, and 

stained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich). 

Cellular fluorescence was observed under an LSM 710 laser-scanning confocal 

microscope (Carl Zeiss, Jena, Germany), and nanoparticle binding to the cell surface 

after NIR irradiation was confirmed by flow cytometry using a BD FACSCalibur flow 

cytometer (BD Bioscience, San Jose, CA, USA) and Cell Quest Pro software. The 

presence of PDL1Ab-IQ/PNs on the surface of cells was detected before and after NIR 

irradiation for 5 min by staining with Alexa Fluor 647-conjugated goat anti-rat IgG 

antibody (BioLegend).  

 

2.2.6 TEM   

The binding of nanoparticles on tumor cells was visualized by TEM. CT26 cells were 

cultured to ~70% confluence in 100-mm cell culture dishes, after which cells were 

treated for 2 h with various nanoparticle formulations at a concentration of 0.5 mg/ml. 

The cells were then harvested, and pellets were fixed with Karnovsky’s solution20 for 2 

h at 4°C. After washing with cold sodium cacodylate buffer (0.05 M), the cell pellets 
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were post-fixed with 1% osmium tetroxide and stained with 0.5% uranyl acetate. After 

dehydration in a graded ethanol series, cell pellets were immersed in propylene oxide 

for 10 min and treated with Spurr’s resin as previously described (Eom 2014)48. 

Samples were then cut into thin sections (60 nm thick) and observed by TEM (Talos 

L120C; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 

 

 

 

2.2.7 Assay of immune checkpoint blockade  

The immune checkpoint-blocking activity of PDL1Ab-IQ/PN was examined by 

measuring the levels of IL-2 secreted by activated T cells in the presence of PDL1 

protein. Briefly, T cells were purified from the splenocyte population using a nylon 

column method, as previously described21. Then, a 96-well plate was precoated with 10 

µg/ml anti-CD3 antibody (BioLegend) and 15 µg/ml of recombinant mouse PDL1-Fc 

chimera (BioLegend) overnight. After washing, the plate was left untreated or incubated 

with different concentrations of PN, IQ/PN, or PDL1Ab-IQ/PN in RPMI containing 

10% FBS for 2 h. The plate was then washed with PBS, seeded with 5 × 105 splenocytes, 

and cultured in RPMI supplemented with 10% FBS and 2 µg/ml anti-CD28 antibody 

(BioLegend). After culturing for 48 h, the cell supernatant was collected for 

measurement of IL-2 secretion using an IL-2 ELISA (R&D Systems).  

 

2.2.8 In vitro photothermal efficacy 

The in vitro photothermal anticancer efficacy of nanoparticles was tested using CT26 

cells. Cells were seeded in 12-well plates at a density of 1 × 105 cells per well and 

incubated until reaching approximately 70% confluence. After treating for 4 h with 

various nanoparticle formulations (0.5 mg/ml), cells were washed, harvested using 

trypsin-EDTA (Sigma-Aldrich), and centrifuged at 500  g for 3 min to obtain cell 

pellets. Cell pellets were irradiated for 5 min with an 808-nm NIR diode laser beam 

(BWT Beijing LTD) with an output power of 1.5 W. Temperature and thermal images 

of cell pellets were recorded using a thermal camera (FLIR T420). After irradiation, the 

cell pellets were resuspended in complete RPMI and seeded in 96-well plates at a 
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density of 5  104 cells per well. Cells were cultured for an additional 24 h, and then cell 

viability was assessed using 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT; Sigma-Aldrich) assays. Cell viability was further assessed using a 

live/dead cell staining approach, by treating cells for 15 min with calcein (2 µM) and 

ethidium homodimer-1 (4 µM), followed by observation under a fluorescence 

microscope (Leica DM IL).  

 

2.2.9 In vitro measurement of IQ-mediated DC activation 

Immune adjuvant activity was tested by studying the activation of DCs by flow 

cytometry and measuring cytokine secretion. BMDCs were differentiated from 

monocytes as previously described22, with minor modifications. Briefly, femurs and 

tibiae were isolated from female, 6-week-old Balb/c mice (Orient Bio, Inc. Seungnam, 

Republic of Korea) and cleaned of muscle tissue. The bone marrow was then flushed 

out with complete RPMI, after which red blood cells were lysed, and the monocyte 

pellet was collected and suspended in Iscove’s Modified Dulbecco’s medium (IMDM) 

supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 mg/ml 

streptomycin, 20 ng/ml recombinant mouse GM-CSF (GenScript, New Jersey, USA), 

20 ng/ml recombinant mouse interleukin (IL)-4 (GenScript) and 50 µM β-

mercaptoethanol (Sigma-Aldrich), and cultured for 7 days. The medium was changed 

every 3 days. On day 7, BMDCs were harvested and seeded in 24-well plates at a 

density of 105 cells per well. After culturing overnight, cells were treated with IQ (5 

µg/ml)-containing nanoparticles and incubated for 48 h. Cells were then analyzed by 

flow cytometry for the expression of CD11c, CD40, CD80 and CD86 by staining with 

anti-mouse CD11c (FITC-conjugated), CD40 (APC-conjugated) CD80 (APC-

conjugated), or CD86 (APC-conjugated) antibodies, respectively (BioLegend). In 

parallel, ELISA collected conditioned medium from nanoparticle-treated DCs for 

evaluation of the cytokines IL-6 (eBioscience, San Diego, CA, USA) and tumor 

necrosis factor (TNF)-α (R&D Systems, Minneapolis, MN, USA). All animals in our 

study were maintained and used in accordance with the Guidelines for the Care and Use 

of Laboratory Animals of the Institute of Laboratory Animal Resources, Seoul National 

University (Seoul, Republic of Korea; approved animal experimental protocol number, 

SNU- 170608-3). 
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2.2.10 In vitro measurement of DC activation by cancer cell-nanoadjuvant 

assembly  

Activation of DCs was tested by assessing the expression of specific surface markers on 

DCs and by measuring cytokine secretion. CT26 cells (5  105 cells/well) were treated 

with various nanoparticle formulations, irradiated with NIR for 5 min, and then co-

cultured with DCs (5  105 cells) in a 6-well plate for 48 h. Co-cultured cells were then 

harvested and stained with FITC-conjugated anti-mouse CD11c antibody or APC-

conjugated anti-mouse antibodies for CD40, CD80, or CD86 (BioLegend). The 

expression of surface markers on DCs in co-cultured cells was analyzed by gating on 

the CD11c-positive population. In parallel with flow cytometry, the supernatants of co-

cultured cells were tested by ELISA for the secretion of IL-6 (eBioscience) and TNF-α 

(R&D Systems). 

 

 

2.2.11 Assay of tumor cell phagocytosis by DCs 

CT26 cells (5  105 cells/well) were treated with various nanoparticle formulations, 

irradiated with NIR for 5 min, and co-cultured with DCs (5  105 cells) for 6 h in 100 

mm-cell culture dishes. The phagocytosis of nanoparticle-treated, NIR-irradiated cancer 

cells by DCs was examined by TEM, confocal imaging, real-time monitoring, and flow 

cytometry. For TEM analyses, co-cultured cells were harvested, fixed, and stained as 

described above.  

For confocal imaging, PDL1Ab-IQ/PN–treated CT26 cells were stained with 

CellTracker Green CMFDA Dye (green labeling of cancer cells) and NIR irradiated for 

5 min. Treated cancer cells were then labeled with Alexa Fluor 647-conjugated goat 

anti-rat IgG (red labeling of PDL1Ab-IQ/PN) and co-cultured with DCs. After 6 h, co-

cultured cells were fixed with 4% paraformaldehyde and their nuclei were stained with 

DAPI (Sigma-Aldrich). Phagocytosis was monitored by confocal fluorescence 

microscopy (LSM 710; Carl Zeiss).  

For real-time monitoring of phagocytosis, PDL1Ab-IQ/PN-treated CT26 cells were 

stained with CellTracker Green CMFDA dye (Thermo Fisher Scientific) and NIR-
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irradiated for 5 min. Irradiated CT26 cells were then co-cultured with DCs labeled with 

CellTracker Red CMTPX dye (Thermo Fisher Scientific). Phagocytosis was recorded in 

real time using an Operetta High-Content Imaging System (PerkinElmer, Waltham, MA, 

USA). Video recordings commenced immediately at the start of co-culture and 

continued throughout the 6-h co-culture period.  

For flow cytometry, CellTracker Green CMFDA Dye-stained and nanoparticle (+NIR)-

treated CT26 cells were co-cultured with DCs stained with CellTracker Red CMTPX 

Dye (Thermo Fisher Scientific). After 6 h, co-cultured cells were harvested and 

analyzed using a BD FACSCalibur flow cytometer. Cells were gated on the red-dyed 

cell population and the percentage of those cells showing a green shift, corresponding to 

cancer cell-phagocytosing DCs, was analyzed. 

 

2.2.12 Assay of immunogenic cell death through calreticulin exposure 

Exposure of calreticulin on tumor cell surfaces was assayed as a marker of NIR 

irradiation-induced immunogenic cell death. CT26 cells were treated with various 

nanoparticle formulations and irradiated for 5 min with an 808-nm NIR laser at an 

output power of 1.5 W. After NIR irradiation, treated cells were incubated overnight, 

then collected and incubated first with an anti-calreticulin primary antibody (1:100; 

Santa Cruz Biotechnology, TX, USA) and then with Alexa Fluor 647-conjugated goat 

anti-mouse IgG secondary antibody (BioLegend). Calreticulin exposure levels were 

analyzed using a BD FACSCalibur flow cytometer. 

 

2.2.13 Assay of antigen cross-presentation and T cell priming 

An ovalbumin peptide, OVA257-264 (SIINFEKL), was used as model antigen for cross-

presentation19. Splenocytes isolated from C57BL mice were pulsed with OVA257-264 in 

the presence of various nanoparticle formulations for 24 h. Splenocytes were stained 

with FITC-conjugated CD11c antibody (BioLegend) and PE-conjugated H-

2Kb/OVA257-264 antibody (BioLegend) for 1 h. Splenocytes were washed and analyzed 

using a BD FACSCalibur flow cytometer. The DC population was obtained by gating 

for CD11c+ cells. The median fluorescence intensity of PE-conjugated H-2Kb/OVA257-

264 was used as the reference level of antigen cross-presentation. 
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To evaluate in vivo T cell priming assisted by nanoparticles, we immunized C57BL 

mice by intravenously administering 20 g of OVA257-264 and various nanoparticle 

formulations. Successful antigen presentation and T cell priming would generate 

cellular T cell responses against OVA257-264. Ten days after immunization, splenocytes 

were isolated, seeded onto an INF-γ ELISPOT plate, and re-stimulated with OVA257-264 

(5 µg/ml). INF-γ secreting cells were detected according to the manufacturer’s 

instructions, and the developed spots were quantified using an ELISPOT automated 

counting system.  

 

2.2.14 Expression of PDL1 in tumor and normal tissues 

For cellular expression studies, CT26 cells were harvested and incubated with cold PBS 

containing 3% bovine serum albumin at 4°C for 30 min. After washing, cells were 

incubated at 4°C for 1 h with anti-mouse PDL1 antibody or control IgG (BioLegend), 

diluted to 10 µg/ml in cold PBS containing 2% fetal bovine serum. Cells were then 

washed and incubated with Alexa Fluor 647-conjugated anti-rat IgG antibody at 4°C for 

1 h, and then tested for PDL1 expression levels by flow cytometry.  

The expression of PDL1 in tumor tissue-derived tumor cells was evaluated in an 

allograft tumor model created by subcutaneously injecting 1  106 CT26 cells into the 

right flank of 6-week-old Balb/c mice. In some experiments, mice were subcutaneously 

injected with 1  106 4T1 cells. When tumor volumes reached 150 mm3, tumor tissues 

were isolated and dissociated in RPMI medium containing 1 mg/ml collagenase. Tumor 

cells obtained from dissociated tumor samples were washed with cold PBS, filtered 

through a sterilized 40-µm strainer, and incubated first with rat anti-mouse PDL1 

primary antibody and then with Alexa Fluor 647-conjugated anti-rat IgG antibody. In 

some experiments, isolated tumor and normal organ tissues were fixed and sectioned for 

immunohistochemistry using rat anti-mouse PDL1 primary antibody and horseradish 

peroxidase (HRP)-conjugated anti-rat IgG antibody (GBI Lab, Bothell, WA, USA). 

 

2.2.15 Analysis of nanoparticle biodistribution in vivo 

The in vivo distribution of various nanoparticles was studied in mice by molecular 

imaging. Six-week-old Balb/c mice were subcutaneously injected in the left flank with 1 
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× 106 CT26 cells. On day 7 after tumor inoculation, mice were intravenously 

administrated various nanoparticle formulations at a PN dose of 2 mg/mouse. For 

molecular imaging, all nanoparticles were labeled with cyanine 5-PEG2000-thiol 

(Biochempeg, Watertown, MA, USA). The biodistribution of fluorescent nanoparticles 

to each organ and tumor tissue was analyzed 1 h and 24 h post-dose using an IVIS 

Spectrum In Vivo Imaging System (PerkinElmer).  

 

2.2.16 Depletion of immune cells 

The indicated immune cell types were depleted in vivo by injecting PDL1Ab-IQ/PN–

immunized and NIR-irradiated Balb/c mice with the appropriate antibodies, as follows: 

CD4+ T cells, anti-CD4 antibody (Bio X Cell); CD8+ T cells, anti-CD8a antibody (Bio 

X Cell); NK cells, anti-Asialo GM1 antibody (Wako Chemicals, Osaka, Japan); and 

neutrophils, anti-Ly6G antibody (Bio X Cell)23. Macrophages were depleted using 

clodronate liposomes (FormuMax, Sunnyvale, CA, USA)24,25. The antibodies (200 µg) 

were administered intraperitoneally on days 12, 15, 17, 19, 23, 30, and 37 after the first 

inoculation of primary tumor cells51. Clodronate liposomes (150 µl) were administered 

intraperitoneally twice weekly beginning on day 12 for a total of 3 weeks24,25. 

 

2.2.17 In vivo study of anticancer efficacy in primary and distant tumor 

models  

In vivo immunophotothermal anticancer efficacy was tested in primary and distant 

tumor models after treatment of primary tumor-bearing mice with nanoparticles and 

NIR irradiation. Six-week-old Balb/c mice were subcutaneously injected in the right 

flank with 1  106 or 3  106 CT26 cells. On day 7 after tumor cell inoculation, mice 

were randomized to groups and intravenously administered nanoparticles at a PN dose 

of 2 mg/mouse and an IQ dose of 24 µg/mouse. Except PN or IQ/PN-treated groups, 

mice were further injected three times with PDL1Ab (100 µg/mouse, intraperitoneally) 

at 3-day intervals. One day after the injection of nanoparticles, mice were anesthetized 

and positioned in a mouse holder for irradiation. The tumor sites were irradiated with an 

808-nm continuous-wave NIR laser at an output power of 1.5 W for 10 min. Light-

induced changes in temperature were recorded using an infrared thermal imaging 
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system (FLIR T420). Tumors were measured using calipers, and tumor volumes were 

calculated according to the equation, a  b2  0.5, where a is the largest and b is the 

smallest dimension.  

Immunotherapeutic anticancer efficacy with respect to prevention of distant tumors was 

tested by re-challenging primary tumor-bearing mice with the same tumor cells at a 

different site. On day 14 after primary tumor inoculation, mice were re-challenged with 

3  105 or 1  106 CT26 cells, subcutaneously injected into the left flank. In some 

experiments, mice were re-challenged with 1  106 4T1 cells, subcutaneously injected 

into the left flank. Free PDL1Ab (100 g/mouse) were given every 3 days after re-

challenge. The volumes of distant tumors were measured at 3-day intervals. 

The long-term protective effect of endogenous vaccine was examined by challenging 

PDL1Ab-IQ/PN–treated mice with 3  105 CT26 cells, injected into the left flank at day 

150. PDL1Ab (100 µg) were intraperitoneally given at 3-day intervals beginning on day 

3 after re-challenge. Naïve mice treated with or without PDL1Ab were included as 

control groups.  

 

2.2.18 Anticancer efficacy test in orthotopic tumor models 

The orthotopic breast tumor model was established by implanting 1 × 106 4T1-Luc 

(PerkinElmer) cells in the left breast pad of 6-week-old Balb/c mice as the primary 

tumor. On day 7 post-inoculation, mice were left untreated or were treated with 

PDL1Ab-IQ/PNs followed by NIR irradiation. On day 14, mice were implanted in the 

right breast pad with 3 × 105 4T1-Luc cells as a distant orthotopic tumor. Mice were 

administered PDL1Ab (100 µg/mouse) four times at 3-day-intervals beginning the day 

of distant tumor inoculation. On day 21, the primary tumor in the untreated group was 

surgically removed to confirm the establishment of the distant orthotopic breast tumor. 

Orthotopic breast tumor growth was monitored by injecting luciferin at each time point 

and imaging by IVIS (PerkinElmer). 

The anticancer efficacy of PDL1Ab-IQ/PNs was also tested in distant orthotopic tumor 

models, established by subcutaneously implanting 1 × 106 CT26-Luc cells in the right 

flank of 6-week-old Balb/c mice as the primary tumor. On day 7 post-inoculation, mice 

were left untreated or were treated with PDL1Ab-IQ/PN followed by NIR irradiation. 



30 

 

On day 14, mice were surgically inoculated with 1 × 106 CT26-Luc cells in the cecum 

for the distant orthotopic tumor. Mice were administered PDL1Ab (100 µg/mouse) four 

times at 3-day intervals beginning the day of orthotopic tumor inoculation. Orthotopic 

tumor growth was monitored by injecting luciferin at each time point and imaging by 

IVIS. 

 

2.2.19 T cell infiltration assay  

The infiltration of immune cells into distant tumor tissues was monitored by flow 

cytometry and immunohistochemical staining. For flow cytometry assays, distant tumor 

tissues were isolated and digested in RPMI supplemented with 1 mg/ml collagenase 

(Sigma Aldrich). The tumor cell suspension was then stained with FITC-conjugated 

anti-mouse CD3 antibody (BioLegend) and PerCP/cyanine5.5-conjugated anti-mouse 

CD8a antibody. The percentage of CD3+CD8a+ cells in the distant tumor tissues was 

analyzed using a BD FACSCalibur flow cytometer and BD CellQuest Pro software. For 

immunofluorescence staining, subcutaneous distant CT26 tumors from mice treated 

with various nanoparticle formulations were harvested on day 7 following distant 

inoculation of tumor cells, then fixed in formalin and embedded in paraffin. Tissue 

samples were rehydrated, washed with Tris-EDTA buffer (pH 9.0), and stained with a 

rat anti-mouse CD8a primary antibody (Bio X Cell) and rat anti-mouse CD4 primary 

antibody (Bio X Cell), diluted 1:100. Samples were then incubated with HRP-

conjugated anti-rat secondary antibody (GBI Lab) and stained using an OPAL 

Multiplex IHC kit (PerkinElmer).  

 

2.2.20 Ex vivo study of the tumor-killing effect of activated T cells 

The activation of T cells was tested ex vivo by measuring the killing effect of antigen-

expressing tumor cells. Splenocytes were isolated from mice that showed complete 

regression of distant tumors. T cells were purified from the splenocyte population using 

a nylon column method as previously described50, and labeled with 2 µM 

carboxyfluorescein succinimidyl ester (CFSE) (BioLegend) for 5 min at room 

temperature. CT26 cells were labeled with CellTracker Red CMTPX Dye (Invitrogen) 

at room temperature and then co-cultured with CFSE-labeled T cells in a 24-well plate 

at a T cell:target cell ratio of 100:1. After 2 days, fluorescence images of cells were 
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recorded using a fluorescence microscope (Leica DM IL). In some experiments, the 

killing activity of T cells against CT26 cells was video-recorded using an Operetta 

High-Content Imaging System (PerkinElmer).   

 

2.2.21 Measurement of memory T cell populations 

Seven days after challenging mice with a distant CT26 tumor, the inguinal lymph nodes 

near the tumor were isolated and dissociated into single cells by mashing through cell 

strainer (40 um). The cell suspension was stained with FITC-conjugated anti-mouse 

CD3 antibody (BioLegend), PerCP/cyanine5.5-conjugated anti-mouse CD8a 

(BioLegend), PE-conjugated anti-mouse CD62L (BioLegend), and APC-conjugated 

anti-mouse CD44 (BioLegend). The percentage of CD3+CD8+CD44highCD62low cells, 

corresponding to effector memory T cells12, was analyzed. 

 

2.2.22 In vivo toxicity studies 

Six-week-old Balb/c mice were administrated PDL1Ab-IQ/PN at a dose of 2 mg/mouse. 

At various days post-dose, whole blood and serum samples were collected for 

determination of hematological parameters and the cytokines, IL-6 and TNF-α, the latter 

of which were measured using an IL-6 ELISA kit (eBioscience) and TNF-α ELISA KIT 

(R&D Systems). One day post-injection, mice were sacrificed and organs (heart, lung, 

liver, kidney, spleen) were collected for hematoxylin and eosin staining. 

 

2.2.23 Statistics 

A two-side analysis of variance (ANOVA) with Student-Newman-Keuls post hoc test 

was applied for statistical evaluation of experimental data. All statistical analyses were 

carried out using SigmaStat software (version 12.0; Systat Software, Richmond, CA, 

USA). A P-value less than 0.05 was considered statistically significant.  
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2.3 Results 

2.3.1 Design and characterization of PDL1Ab-IQ/PN 

PDL1Ab was conjugated to the surfaces of PN or IQ/PN (Fig.2.2A). For IQ/PN, IQ was 

entrapped into PN during the dopamine self-polymerization process. The amount of 

PDL1Ab conjugated was 81.3±1.1 µg per milligram PN for PDL1Ab-PN and 83.3 ± 3.3 

µg per milligram PN for PDL1Ab-IQ/PN. Modification of nanoparticle surfaces with 

PDL1Ab did not affect the morphology (Fig.2.2b), or zeta potential values of 

nanoparticles. The size of PDL1Ab-IQ/PN was 104.1 ± 11.8 nm (Fig. 2.2C). Elemental 

mapping images indicated the presence of elemental sulfur owing to conjugation of 

antibody to IQ/PN (Fig. 2E, 2F).  

Upon NIR irradiation, PDL1Ab-IQ/PN exhibited dose-dependent photothermal activity 

(Fig. 2.2G). The UV spectrum of PDL1Ab-IQ/PN showed peaks at wavelengths of 227, 

245 and 318 nm, which are distinct from peaks of free IQ (Fig. 2.2H). HPLC analyses 

showed that the IQ loading content in PN was 6.4% ± 1.1% (Fig. 2.3). The release of IQ 

from PNs was pH-dependent; under acidic conditions (pH 5.0), 76.5% ± 1.1% of IQ 

was released from PNs over 2 days, whereas little IQ was liberated from PN at pH 6.8 

and 7.4 (Fig. 2.2I). PDL1Ab-IQ/PNs were stable in water, culture media and serum, and 

their size remained less than 200 nm over 7 days of storage at room temperature (Fig. 

2.4).  
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Figure 2.2 Characterization of PDL1Ab-IQ/PN nanoparticles.  

(A) Schematic illustrations of PN, IQ/PN, and PDL1Ab-IQ/PN. (B) Morphologies of 

PN, IQ/PN, and PDL1Ab-IQ/PN, revealed by transmission electron microscopy (TEM). 

Scale bar: 200 nm. (C) Particle size of PDL1Ab-IQ/PN, measured by dynamic laser 

scattering. (D-F) Elemental mapping images, obtained by EDS-STEM for nitrogen (D), 

sulfur (E), and merged (F, red, nitrogen; green, sulfur). Scale bar: 50 nm. (G) 

Photothermal activity of PDL1Ab-IQ/PNs at different concentrations, shown after 5 min 

of 808-nm NIR irradiation. (H) Comparison of UV spectra of free IQ, PDL1Ab-PN, and 
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PDL1Ab-IQ/PN. (I) Release of IQ from PDL1Ab-IQ/PNs, measured under different pH 

conditions (***P < 0.005). 

 

Figure 2.3 HPLC profile of IQ entrapped in PN. 

IQ loading in PN was determined by measuring the amount of IQ by HPLC. HPLC 

profiles of IQ (25 µg/ml) in free form (A) and entrapped in PDL1Ab-IQ/PN (B). 

 

 

Figure 2.4 Physical stability of PDL1Ab-IQ/PN. 

The dispersion stability of nanoparticles was evaluated over the course of 7 days in 

triple-distilled water (TDW), serum, and culture media. Particle size was measured by 

dynamic light scattering (A) on days 1, 3, 5 and 7, and the appearance (B) of PDL1Ab-

IQ/PN samples was monitored visually on days 1 and 7. 
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2.3.2 Cancer cell binding and internalization of nanoparticles  

Surface modification with PDL1Ab enhanced nanoparticle binding and internalization 

in CT26 cancer cells. The expression of PDL1 on the surface of CT26 cells was 

confirmed by flow cytometry (Fig. 2.5A). The association of PDL1Ab-modified 

nanoparticles with CT26 cells was at least two orders of magnitude greater than that of 

unmodified plain PN (Fig. 2.5B). Phase-contrast microscopy (Fig. 2.5C) and 

fluorescence microscopy (Fig. 2.5D) analysis of cells probed with Alexa Fluor 647-

labeled anti-IgG antibody revealed the presence of PDL1Ab-PN and PDL1Ab-IQ/PN in 

CT26 cells (Fig. 2.5D). Dark field microscopy indicated the higher binding of PDL1Ab-

PN and PDL1Ab-IQ/PN in CT26 cells (Fig. 2.5E). TEM images showed greater binding 

and internalization of both PDL1Ab-PN and PDL1Ab-IQ/PN compared with 

unmodified PN and IQ/PN (Fig. 2.5F). 
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Figure 2.5 Binding of PDL1Ab-IQ/PN nanoparticles to cancer cells.  

(A) Surface expression of PDL1 in CT26 cells, as confirmed by flow cytometry. (B) 

Flow cytometry analysis of CT26 cells treated with various nanoparticles and stained 

with fluorescence-tagged anti-rat IgG antibody. (C) CT26 cells, incubated with various 

nanoparticle formulations (PN, IQ/PN, PDL1Ab-PN, PDL1Ab-IQ/PN) or vehicle 

(untreated), and observed under a phase-contrast microscope. Scale bar: 20 µm. (D) 

CT26 cells, incubated with various nanoparticles and stained with fluorescence-tagged 

anti-rat IgG antibody to visualize PN modified with PDL1Ab. Scale bar: 20 µm. (E,F) 

CT26 cells, treated with various PN formulations or left untreated, were fixed and 

observed by dark field microscopy (E) and TEM (F). Scale bar: 20 µm (E) and 500 nm 

(F). Red arrows in F indicate cell membrane-bound nanoparticles. 



37 

 

The biological immune checkpoint-blocking function of PDL1Ab-IQ/PN was also 

characterized by assessing interleukin (IL)-2 secretion following association of 

untreated T cells, IQ/PN-treated T cells or PDL1Ab-IQ/PN–treated T cells with 

immobilized PDL1 and anti-CD3 antibody (Fig. 2.6A). For untreated T cells, binding of 

surface-expressed PD1 to PDL1 following addition of T cells to an ELISA plate coated 

with PDL1 and anti-CD3 antibody resulted in minimal levels of IL-2 secretion; IQ/PN-

treated T cells produced similar levels of IL-2 upon association with PDL1 and anti-

CD3 antibody (Fig. 2.6B). In contrast, IL-2 secretion by PDL1Ab-IQ/PN–treated T cells 

was 14.3- and 6.9-fold greater than that by untreated and IQ/PN-treated cells, 

respectively (Fig. 2.6B). 

 

Figure 2.6 Immune checkpoint-blocking activity of PDL1Ab-IQ/PN. 

(A) Illustration of the experimental design. The interaction of PDL1 with PD1 induces T 

cell suppression. In the presence of PDL1Ab-IQ/PN, inhibition of the immune 

checkpoint by PDL1Ab-IQ/PN rescues the IL-2–release function of T cells. (B) 

PDL1/CD3 antibody-coated plates were incubated with IQ/PN or PDL1Ab-IQ/PN for 2 
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h, after which T cells were added to the plate. After 48 h, the levels of secreted IL-2 

were measured by ELISA.  

2.3.3 In vitro photothermal antitumor effect of PDL1Ab-IQ/PN 

Consistent with the enhanced cellular internalization, PDL1Ab-modified PN showed 

greater photothermal anticancer effects. Following NIR irradiation for 5 min, the 

temperature of cells treated with PDL1Ab-IQ/PNs or PDL1Ab-PNs increased to 

59°C ± 0.6°C and 60°C ± 1.1°C, respectively (Fig. 2.7A, B)—more than 10°C higher 

than cells treated with PNs or IQ/PNs. Nanoparticle treatment had no effect on the 

viability of cells in the absence of NIR irradiation. However, notable photothermal 

anticancer effects of PDL1Ab-IQ/PN and PDL1Ab-PN were visualized using a 

fluorescence live/dead cell staining assay (Fig. 2.7C). MTT assays revealed that, after 

NIR irradiation, fewer than 7.5% of cells treated with PDL1Ab-IQ/PN or PDL1Ab-PN 

were viable (Fig. 2.7D).  

2.3.4 Cell surface exposure of calreticulin after NIR-irradiation 

To test whether NIR-mediated heating of tumor cells caused immunogenic cell death, 

we measured cell surface exposure of calreticulin, a damage-associated molecular 

pattern. NIR irradiation of cells treated with various nanoformulations resulted in 

different levels of calreticulin exposure on the cell surface. Calreticulin exposure levels 

were higher in groups treated with PDL1Ab-PN(+NIR) or PDL1Ab-IQ/PN(+NIR) 

compared with group treated with PN(+NIR), IQ/PN(+NIR), or with the physical 

mixture of PDL1Ab and IQ/PN (+NIR) (Figures 2.7E,F).  
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Figure 2.7 NIR irradiation-induced photothermal anticancer effects and cell surface 

exposure of calreticulin.   

CT26 cells were treated with various PN formulations or left untreated. (A,B) The next 

day, cells were exposed to NIR irradiation for 5 min, and thermal images were acquired 
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(A) and temperature changes were monitored (B). (C) The viability of cells treated with 

various nanoparticle formulations and NIR-irradiated, was visualized by live (green) 

and dead (red) cell staining. Scale bar, 200 µm. (D) The viability of cells treated with 

various nanoparticle formulations, without or with NIR irradiation, was tested by MTT 

assay (***P < 0.005). (E,F) CT26 cells were treated with various nanoparticle 

formulations and NIR irradiated for 5 min with an 808-nm NIR laser at an output power 

of 1.5 W. Calreticulin exposure on CT26 cells was analyzed by flow cytometry (E), and 

the average percentage of calreticulin-exposed cells was analyzed using BD CellQuest 

Pro software (F) (***P < 0.005). 

 

In addition to photothermal anticancer effects, the maturation of DCs is crucial for 

immune system activation. Before co-culturing DCs with PDL1Ab-IQ/PN-bound, NIR-

irradiated tumor cells, we first tested whether heating denatures the structure of the 

PDL1Ab or alters the binding affinity of fluorescence-labeled PDL1Ab-IQ/PN for 

tumor cells. The binding of PDL1Ab to CT26 cells was not affected after heating up to 

60oC (Fig. 2.8A). PDL1Ab-IQ/PN retained the ability of binding to CT26 cells after 

heating (Fig. 2.8B). Flow cytometry analyses revealed that the binding of fluorescence-

labeled PDL1Ab-IQ/PN to CT26 cells was similar before and after NIR irradiation (Fig. 

2.8C).  
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Figure 2.8 Thermal stability of PDL1Ab-IQ/PN.    

PDL1Ab (A) or PDL1Ab-IQ/PNs (B) were heated for 5 min using a temperature-

controlled heat block and then incubated with CT26 cells for 2 h. The binding of 

PDL1Ab or PDL1Ab-IQ/PN to cells was measured by flow cytometry. (C) PDL1Ab-

IQ/PN were NIR-irradiated with an 808 nm laser for 5 min to reach 60°C, after which 

unirradiated or NIR-irradiated PDL1Ab-IQ/PN were incubated with CT26 cells for 2 h. 

The binding of PDL1Ab-IQ/PN to cells was measured by flow cytometry. 

 

 

2.3.5 Maturation of DCs by co-culture with NIR-irradiated tumor cells 

To mimic the in vivo conditions under which nanoparticle-bound, photothermally 

damaged tumor cells are taken up by nearby DCs in a tumor microenvironment, we 

treated CT26 cells with PDL1Ab-IQ/PN, exposed them to NIR irradiation, and co-

cultured them with bone marrow-derived dendritic cells (BMDCs) (Fig. 2.9A). TEM 
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imaging showed that CT26 tumor cells assembled with PDL1Ab-IQ/PN were taken up 

by the same DC and digested (Fig. 2.9B,C). To observe the co-delivery of PDL1Ab-

IQ/PN and tumor cells by DCs, we labeled PDL1Ab-IQ/PN with red fluorescent dye 

and tumor cells with green fluorescence dye, and observed subsequent interactions of 

DCs with fluorescent dye-labeled tumor cell–nanoadjuvant assemblies by confocal 

microscopy. Red fluorescence, attributable to red dye-labeled PDL1Ab-IQ/PN, was 

initially observed as spots on tumor cells, but exhibited a diffuse after digestion in DCs 

(Fig. 2.9D).  

To visualize the co-delivery of CT26 cells and PDL1Ab-IQ/PN to DCs, we labeled 

CT26 cells with CellTracker Green dye, and labeled PDL1Ab-IQ/PN with red 

fluorescent dye. Still images from the video file (Fig. 2.9E,F) showed binding of green 

dye-labeled CT26 cells with DCs. In DCs that took up CT26 cells, the red fluorescence 

of PDL1Ab-IQ/PN exhibited a predominantly diffuse distribution, whereas the green 

fluorescence of CT26 cells disappeared rapidly.  
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Figure 2.9. Phagocytosis of in situ-assembled PDL1Ab-IQ/PN–bound tumor cells by 

DCs. 

(A) Illustration of DC binding, phagocytosis, and digestion of tumor cells treated with 

PDL1Ab-IQ/PN and exposed to NIR. PDL1Ab-IQ/PN-treated CT26 cells were 

irradiated for 5 min with an 808-nm NIR laser with an output power of 1.5 W. (B) TEM 

images of the phagocytosis of in situ-assembled PDL1Ab-IQ/PN-bound, NIR-irradiated 

tumor cells upon co-culture with DCs show the binding, phagocytosis, and digestion of 

CT26 cancer cells by DCs. The yellow dotted lines indicate in situ-assembled PDL1Ab-

IQ/PN-bound, NIR-irradiated tumor cells. The skyblue dotted lines indicate the shape of 

DCs. Scale bar, 2 µm. (C) Enlarged images of corresponding blue-lined box areas in B. 

Scale bar, 200 nm. (D) The illustration shows the interaction of DCs with red 

fluorescent dye-labeled nanoparticles bound to green fluorescent dye-labeled tumor 

cells. Green fluorescent dye-labeled CT26 cancer cells were treated with red fluorescent 

dye-labeled PDL1Ab-IQ/PN, and NIR-irradiated. Upon co-culture with BMDCs, 

PDL1Ab-IQ/PN-bound, NIR-irradiated tumor cells were phagocytosed and digested. 

(E) Merged phase-contrast and fluorescence microscopy images show the stages of 

phagocytosis of green fluorescent dye-labeled CT26 cancer cells by DCs. Blue indicates 

DAPI-stained nuclei. White arrows indicate DCs. Scale bar, 5 µm. (F) The interaction 

between CT26 cells and BMDCs was recorded real time using an automated live-cell 
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imaging system. Scale bar: 15 µm. Representative image at each time point taken from 

a video file. The light or dark yellow dotted circles indicate DC phagocytosis.  

Next, DC-mediated phagocytosis of CT26 cells treated with various nanoformulations 

was tested by labeling DCs and CT26 cells with different CellTracker dyes. The 

presence of PDL1Abs on nanoparticles significantly increased the phagocytosis of 

CT26 cells by DCs. Upon co-culture with DCs, PDL1Ab-IQ/PN-treated, NIR irradiated 

cancer cells showed greater phagocytosis by DCs compared with cancer cells treated 

with IQ/PNs (+NIR) or a mixture of PDL1Abs and IQ/PNs (+NIR) (Figures 2.10A, B). 

 

 

Figure 2.10 Phagocytosis of nanoformulation-treated tumor cells by DCs. 

CT26 cells were treated with various nanoformulations, NIR-irradiated, and co-cultured 

with BMDCs. (A) Changes in fluorescence signals of BMDCs (red) were analyzed 

using flow cytometry. DC-phagocytosed CT26 cells (green) at 6 h of co-culture are 
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indicated by black-lined boxes (B) and were quantified with BD CellQuest Pro software 

(b). *P < 0.05; ***P < 0.005. 

 

 

The co-culture of BMDCs with nanoparticle-treated and NIR-irradiated CT26 cells 

revealed that DC maturation markers were expressed to different extents. BMDCs co-

cultured with PDL1Ab-IQ/PN-treated and NIR-irradiated CT26 cells showed the 

highest expression of CD40, CD80, and CD86 compared with other groups (Fig. 2.11A). 

Specifically, these BMDCs showed 2.4-, 1.5- and 2.7-fold higher expression of CD40, 

CD80, and CD86 compared with BMDCs co-cultured with untreated CT26 cells (Fig. 

2.11B). In addition to the expression of maturation markers, secreted levels of the 

cytokines, tumor necrosis factor (TNF)- (Fig. 2.11C) and IL-6 (Fig. 2.11D), were 

highest in BMDCs co-cultured with PDL1Ab-IQ/PN–treated CT26 cells. 
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Figure 2.11 DC maturation upon co-culture with NIR-irradiated tumor cells.  

(A,B) CT26 cells were treated with various formulations, irradiated with an 808-nm 

laser, and co-cultured with BMDCs. After 2 days, the surface expression of CD40, 

CD80, and CD86 on BMDCs was measured by flow cytometry (A), and cell 

populations positive for each marker were compared by quantitative measure of median 

fluorescence intensity (B). (C,D) Secretion of TNF- (C) and IL-6 (D) from DCs, 

measured by ELISA (*P < 0.05; ***P < 0.005). 
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2.3.6 In vivo photothermal effects and tumor tissue distribution of 

nanoparticles   

The surface modification of nanoparticles with PDL1Ab enhanced both the distribution 

to tumor tissues and the photothermal effect. The greater photothermal effect observed 

with PDL1Ab-modified nanoparticles was correlated with enhanced tumor tissue 

distribution. Upon NIR irradiation, cell temperature was 58.5°C ± 1.2°C and 58.7°C ± 

1.8°C for groups treated with PDL1Ab-IQ/PNs and PDL1Ab-PNs, respectively (Figures 

2.13A,B)—more than 8°C higher than that in groups treated with plain PNs (49.2°C ± 

1.2°C) or IQ/PNs (50.0°C ± 1.2°C). TEM imaging showed a notable distribution of 

nanoparticles to tumor tissues after treatment with PDL1-PN or PDL1-IQ/PN (Fig. 

2.13C). Biodistribution studies revealed a greater distribution of PDL1Ab-IQ/PN to 

tumor tissues compared with the heart, lung, liver, and spleen (Fig. 2.13D). Moreover, 

the accumulation of PDL1Ab-IQ/PN in tumor tissue was 5.4-fold higher than that of 

IQ/PN or the mixture of PDL1Ab and IQ/PN (Fig. 2.13E).   

 

 

Figure 2.12 PDL1 expression on CT26 tumors. 
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Surface expression of PDL1 on CT26 cells was measured in cells cultured in vitro and 

cells isolated from in vivo tumor tissues. Expression levels were compared by flow 

cytometry (A), and mean intensity values of cells were quantified (B). 

 

 

Figure 2.13 In vivo photothermal effect and biodistribution. 

CT26-bearing mice were intravenously injected with various PN formulations. The 

tumor sites of CT26-bearing mice were irradiated with an 808-nm laser at 24 h after 

administration of PN formulations. (A,B) Ten min post irradiation, thermal images were 

obtained (A) and the temperature of tumor sites was monitored (B; ***P < 0.005). (C) 

Twenty-four h after intravenous administration, tumor tissues were fixed, sectioned, and 

observed by TEM. Red arrows indicate nanoparticles. Scale bar: 500 nm. (D,E) For the 
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biodistribution study, CT26-bearing mice were intravenously injected with fluorescent 

dye-labeled PN formulations. (D) Ex vivo images of tumor tissues and organs extracted 

24 h post-dose. (E) Summary data showing photon counts of organs and tumor tissues. 

2.3.7 In vivo antitumor effects and long-term prevention of tumor 

recurrence 

Systemic administration of PDL1Ab-IQ/PN followed by NIR irradiation, and repeated 

dosing with PDL1Ab exerted antitumor effects against primary tumors as well as 

secondarily challenged distant tumors. The experimental scheme is shown in Fig. 2.14A. 

Immune checkpoint blockade was produced by three injections of PDL1Ab. Consistent 

with the enhanced photothermal effect, primary tumors in mice treated with PDL1Ab-

PN or PDL1Ab-IQ/PN were completely ablated upon NIR irradiation (Fig. 2.14B). 

Treatment with PN or IQ/PN partially inhibited primary tumor growth, whereas 

repeated injections of PDL1Ab alone did not cause ablation of the primary tumor. 

Notably, using a physical mixture of PDL1Ab with IQ/PN, the photothermal effect was 

only strong enough to reduce tumor growth by 54.3% at day 30 after tumor inoculation, 

suggesting the importance of conjugation of PDL1Ab on the particle surface for 

efficient photothermal therapy (Fig. 2.16).  

Although both PDL1Ab-PN and PDL1Ab-IQ/PN completely ablated primary tumors 

upon NIR irradiation, the percentage of treated animals that exhibited complete 

regression (CR) of distant tumors differed. In these experiments, a distant tumor was 

inoculated in the other site of mice 14 days after inoculation of the primary tumor. In 

the PDL1Ab-PN-treated group, 70% of mice (7/10) exhibited CR (Fig. 2.14C). In 

contrast, 100% of mice exhibited CR following treatment with PDL1Ab-IQ/PN. In 

groups treated with PDL1Ab only, PN or IQ/PN, distant tumors exhibited continued 

growth. A survival analysis showed 100% survival in mice treated with PDL1Ab-IQ/PN 

(Fig. 2.14D).  

To test whether PDL1Ab-IQ/PN could prevent the recurrence of distant tumors, we 

used an orthotopic 4T1-Luc breast tumor model. In this animal model, a 4T1-Luc tumor 

was orthotopically established in the left breast pad, and mice were re-challenged with 

4T1-Luc in the right breast pad as a distant orthotopic tumor (Fig. 2.15A). In the 

absence of treatment, 100% of mice bearing orthotopic 4T1-Luc breast tumors died by 
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day 42 after the first inoculation of 4T1-Luc tumors (Fig. 2.15B). However, survival 

among mice treated with PDL1Ab-IQ/PN on day 42 was 100% (Fig. 2.15C).  

PDL1Ab-IQ/PN also prevented the recurrence of distant orthotopic CT26-Luc 

colorectal tumors. In this model, mice bearing a primary CT26 tumor in the 

subcutaneous region were challenged in the colon with a CT26-Luc tumor (Fig. 2.15D). 

Molecular imaging revealed continued growth of distant tumors in untreated mice, and 

100% of mice in this group died by day 35 after challenge with an orthotopic CT26-Luc 

colorectal tumor. In contrast, 80% of mice treated with PDL1Ab-IQ/PN showed a lack 

of distant orthotopic colorectal tumor growth on day 35 (Figures 2.15E,F).  

 

 

Figure 2.14 In vivo antitumor effects of PDL1Ab-PN against primary and distant 

tumors.  
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(A) Outline of tumor inoculation and dosing regimen. CT26-bearing mice were 

intravenously injected with various PN formulations on day 7 and irradiated with an 

808-nm laser on day 8. Fourteen days after the first tumor inoculation, CT26 cells were 

inoculated at a site distant from the primary tumor. Free PDL1Ab were intraperitoneally 

injected three times on day 3 after re-challenge except PN- and IQ/PN-treated groups. 

(B) The volumes of primary tumors, measured periodically until day 32 after tumor 

inoculation (***P < 0.005). (C) The volumes of distant tumors, measured periodically 

until day 25 after tumor inoculation. “CR” indicates complete regression. (D) Survival 

rates of mice, monitored for 100 days. 
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Figure 2.15 In vivo antitumor efficacy of PDL1Ab-PN against orthotopic tumors.  

(A) Outline of 4T1 orthotopic breast tumor inoculation and dosing regimen. 4T1 

orthotopic breast tumor-bearing mice were intravenously injected with PDL1Ab-IQ/PNs 

on day 6 after inoculation and irradiated with an 808-nm laser on day 7. Twelve days 

after the first tumor inoculation, 4T1 cells were inoculated at a site distant from the 

primary tumor. In the untreated group, primary tumors were surgically removed on day 

18 for observation of distant orthotopic tumor growth. PDL1Ab (100 µg) were 

administered on days 15, 18, 21, and 24. (B) The formation of orthotopic tumors was 

observed by luminescence imaging. Black panels in images correspond to mice that 

died. (C) Survival rates of mice, monitored for 80 days. (D) Illustration of CT26-Luc 

orthotopic colorectal tumor inoculation and dosing regimen. Mice were intravenously 

injected with PDL1Ab-IQ/PN 7 days after inoculation with CT26 primary tumor and 

irradiated with an 808-nm laser the next day. Fourteen days after the first tumor 

inoculation, an orthotopic colorectal tumor was produced by inoculating the cecum with 

luciferase-expressing CT26-Luc cells. PDL1Ab (100 µg) were administered on days 3, 

6, 9, and 12 after inoculation with the orthotopic distant tumor. (E) The growth of 

orthotopic tumors was observed by luminescence imaging until day 35 after orthotopic 

tumor inoculation. (F) Survival rates of mice, monitored for 80 days.  
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Figure 2.16 Photothermal anticancer efficacy of IQ/PN in combination with free 

PDL1Ab. 

CT26-bearing mice were intravenously injected with PDL1Ab-IQ/PNs or with IQ/PN 

plus free PDL1Ab on day 7 after CT26 tumor inoculation. Mice were irradiated with an 

808-nm laser on day 8. (A) Ten min after NIR irradiation, the temperature of tumor sites 

was monitored (***P < 0.005). (B) The volumes of tumors were measured periodically 

until day 32 after tumor inoculation (***P < 0.01; ***P < 0.005).  
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We further tested whether PDL1Ab-IQ/PN were able to provide long-term protection 

against tumor recurrence. In these experiments, mice were challenged with a second 

tumor 150 days after the primary tumor (Fig. 2.17A). Treatment with PDL1Ab alone 

did not protect against the growth of these second tumors. In contrast, treatment with 

PDL1Ab/IQ-PN provided complete protection against tumor recurrence (Fig. 2.17B,C). 

To investigate the potential utility of this treatment strategy for long-term prevention of 

tumor recurrence, we tested the induction of effector memory T cells 

(CD3+CD8+CD44highCD62Llow). Naïve mice treated with PDL1Ab showed no 

significant increase in the effector memory T cell population compared with untreated 

naïve mice (Figures 2.17D, E). In contrast, treatment with PDL1Ab-IQ/PN and 

PDL1Ab induced a 2.9-fold increase in the population of effector memory T cells (Fig. 

2.17E). 
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Fig. 2.17 Long-term prevention of tumor recurrence.  

(A) Outline of tumor inoculation and treatment regimen. CT26-bearing mice were 

intravenously injected with PDL1-Ab-IQ/PN on day 7, and irradiated with an 808-nm 

laser on day 8. At 150 days after the first inoculation, mice were re-inoculated with 

CT26 cells, and intraperitoneally injected with free PDL1Ab three times with 3 days of 

interval. (B) Volumes of secondary inoculated distant tumors were measured over 20 

days. (C) On day 175 (25 days after the second tumor inoculation), the appearance of 

mice in each group was assessed. (D,R) Seven days after the distant tumor inoculation, 

inguinal lymph nodes were isolated and stained with various antibodies for memory T 

cell analysis (D). The percentage of effector memory T cell 

(CD3+CD8+CD44highCD62Llow) was analyzed using BD CellQuest Pro software (e, 

***P < 0.005). 
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2.3.8 Immune response-enhancing mechanism of PDL1Ab-IQ/PN 

To elucidate the mechanisms by which PDL1Ab-IQ/PN produced a 100% CR rate in a 

distant tumor-challenged model, we evaluated the infiltration of cytotoxic T cells into 

distant tumor tissues and assessed the cancer cell-killing effects mediated by 

splenocyte-derived T cells. The flow cytometry analysis (Figures 2.18A,B), and 

immunohistochemical analysis (Fig. 2.18C) of distant tumor tissue sections revealed 

that CD8+ T cells infiltrated tumor tissues to a greater extent in mice treated with 

PDL1Ab-IQ/PN and NIR irradiated.  

T cell-mediated killing of cancer cells was further tested by co-culturing cancer cells 

with splenocyte-derived T cells from naïve mice and from mice treated with PDL1Ab-

IQ/PNs and NIR irradiated. Differential fluorescence labeling of CT26 cancer cells and 

T cells revealed no T cell-mediated killing of CT26 cancer cells after co-culture of 

CT26 cancer cells with splenocyte-derived T cells from naïve mice (Fig. 2.18D). In 

contrast, splenocyte-derived T cells from PDL1Ab-IQ/PN–treated and NIR-irradiated 

mice aggressively killed co-cultured CT26 cancer cells (Fig. 2.18E). Notably, merged 

images of co-cultures showed co-localization of red-stained cancer cells and green-

stained T cells, indicating lysis of cancer cells by T cells.  

To determine the major types of immune cells involved in the recurrent antitumor 

immune responses, we monitored the antitumor effects of immune cell-depletion 

strategies. In mice depleted of neutrophils, macrophages or CD4+ T cells, distant tumors 

failed to grow over time (Fig. 2.18F). In the case of natural killer (NK) cell depletion, 

tumor growth was observed in 20% of mice. However, in the group depleted of CD8+ T 

cells, notable growth of distant tumors was evident in 80% of mice on day 40. Moreover, 

to test the specificity of tumor antigens in the prevention of tumor recurrence, CT26 

tumor-inoculated mice treated with PDL1Ab-IQ/PN were irradiated with NIR, and 

challenged with 4T1 cells. Even after three times of free PDL1Ab injections, the mice 

showed no prevention of 4T1 tumor growth (Fig. 2.18G). 
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Fig. 2.18 T cell infiltration and T cell-mediated killing of CT26 tumor cells.  

CT26-bearing mice were intravenously injected with various PN formulations on day 7 

and irradiated with an 808-nm laser on day 8. A second tumor was inoculated on day 14. 

Seven days after this second inoculation, tumor-infiltrating lymphocytes in extracted 
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tumor tissues were assessed. (A) CD3+CD8+ T cells, analyzed using flow cytometry. 

(B) Tumor-infiltrating CD8+ T cells were quantified using BD CellQuest Pro software 

(***P < 0.005). (c) CD4+ and CD8+ T cells in distant tumor tissues were stained by 

immunofluorescence. Blue, DAPI-stained nuclei; red, CD4+ T cells; yellow, CD8+ T 

cells. Scale bar: 100 µm. (D,E) CT26 cells (red) were co-cultured with splenocyte-

derived T cells (green) from naïve mice (D) or mice treated with PDL1Ab-IQ/PNs and 

NIR irradiated (E). Interactions between CT26 cells and T cells were recorded in real 

time using an automated live-cell imaging system. Scale bar: 10 µm. (F) A second 

tumor was inoculated on day 14 after implantation of the primary CT26 tumor. Mice 

were intraperitoneally administered various immune cell-depleting agents, and the 

volumes of distant tumors were measured periodically until day 40. (G) Each mouse 

was subcutaneously inoculated with 1 × 106 CT26 primary tumor cells. On day 14, 4T1 

tumor cells (1 × 106) were inoculated at a distant site. The volumes of secondary distant 

tumors were measured over time.  
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Figure 2.19 Antigen cross-presentation and T cell priming. 

Splenocytes from C57BL mice were pulsed with OVA257-264 alone or with 

nanoformulations for 24 h. (A) Cross-presentation of OVA257-264 on CD11c+ dendritic 

cells was detected by staining with PE-anti-mouse H-2Kb/OVA257-264 antibody which 

specifically reacted with OVA257-264 bound to H-2Kb of MHC class I using flow 

cytometry. (B) Quantification of the median fluorescence intensity of PE-conjugated 

anti-mouse H-2Kb/OVA257-264 antibody which specifically reacted with OVA257-264 

bound to H-2Kb of MHC class I. (C) Splenocytes from mice immunized with OVA257-

264 and various PN formulations were isolated and re-stimulated with the OVA antigen 

peptide. Activation of T cells was tested by measuring IFN- using an ELISPOT assay. 

(D) Quantification of IFN- ELISPOT-positive cells. (**P < 0.01; ***P < 0.005). 
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2.3.9 Toxicity profile of PDL1-IQ/PN  

We observed that intravenous administration of PDL1Ab-IQ/PNs did not cause overt 

toxicity. To assess toxicity in greater detail, we tested hematological parameters, 

proinflammatory serum cytokines, liver and kidney function, and histology of various 

organs. A 7-day observation of hematological parameters revealed no significant 

differences between the untreated group and PDL1Ab-IQ/PN–treated group (Fig. 

2.20A). Notably, the numbers of neutrophils, white blood cells, and lymphocytes were 

all within normal ranges. Serum levels of the proinflammatory cytokines, TNF- and 

IL-6, were little different between PDL1Ab-IQ/PN–treated and untreated groups on 

days 1 and 7 (Fig. 2.20B). The liver toxicity parameters, aspartate amino transferase 

(AST), and alkaline phosphatase (ALP), and kidney toxicity parameter, blood urea 

nitrogen (BUN), were all in the normal range after treatment of mice with PDL1Ab-

IQ/PNs (Fig. 2.21A). Histological analyses showed no visible signs of abnormality in 

normal tissues (Fig. 2.21B). 
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Figure 2.20. Hematological parameters and serum cytokines after treatment with 

PDL1Ab-PN. 

(A) Mice were intravenously administered PDL1Ab-IQ/PN, and blood was collected 1, 

3, and 7 days after administration for analysis of hematological parameters and serum 

cytokines. Upper and lower limits of the normal range, depicted as red and blue dotted 

lines, respectively, for each parameter are from Charles River Laboratories 

(https://www.criver.com/products-services/research-models-services). (B) Serum TNF-
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α and IL-6 levels from mice treated as in A were evaluated by ELISA on days 1 and 7. 

“ns” indicates not significant (p>0.05). 
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Figure 2.21 Organ toxicity and histology of various organs. 

(A) Mice were intravenously administered PDL1Ab-IQ/PNs, and serum was collected 1, 

3, and 7 days after administration for analysis of hematological parameters related to 

liver and kidney function. Upper and lower limits of the normal range, depicted as red 

and blue dotted lines, respectively, for each parameter are from Charles River 

Laboratories (https://www.criver.com/products-services/research-models-services). (B) 

Mice were intravenously administered PDL1Ab-IQ/PNs. One day after administration, 

organs were extracted and fixed for hematoxylin and eosin staining. Scale bar: 100 µm. 
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2.4 Discussion 

We demonstrated that targeted delivery of PDL1Ab-IQ/PN to tumor cells 

overexpressing PDL1 in conjunction with NIR irradiation ablated primary tumors and 

also inhibited the growth of secondarily challenged distant tumors. PDL1Ab-IQ/PN 

accumulated in tumor tissues and increased the photothermal effect of NIR irradiation. 

PDL1Ab-IQ/PN-bound, photothermally disrupted cancer cells served as an endogenous 

tumor vaccine, enhancing the maturation of DCs and secretion of cytokines. Treatment 

of mice with PDL1Ab-IQ/PN, NIR irradiation, and injection with PDL1Ab as an 

immune checkpoint blockade evoked infiltration of T cells to distant tumors and 

promoted killing of cancer cells by splenocyte-derived T cells.  

In this study, PDL1-expressing tumor cells were targeted by conjugating PDL1Ab to the 

surface of PN or IQ/PN via Michael addition reaction, utilizing the reaction of catechol 

groups (in polydopamine) with amine/thiol groups (in PDL1Ab), as has previously been 

reported26. This simple reaction proceeds without the requirement for nonspecific 

catalysts, such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-

hydroxysuccinimide. Moreover, this facile process might be beneficial in scaling up the 

production process in future translational studies.  

Functionalization of PN with PDL1Ab offers several advantages over the use of plain 

PN. First, modification with PDL1Ab provides enhanced delivery of IQ and PN to 

tumor tissues. The efficiency of nanoparticle binding, and thus targeted delivery of 

nanoparticles, is largely governed by the density of the targeted molecule. Interestingly, 

we found that the expression of PDL1, the target molecule in this case, was even higher 

in CT26 cells obtained from tumor tissue than in CT26 cells in culture. These 

observations are in agreement with previous studies reporting overexpression of PDL1 

on CT26 tumors27,28 and 4T1 tumors29. This increase in PDL1 expression on tumor cells 

in vivo might be attributable to stimulation by cytokines in the tumor microenvironment. 

Consistent with this, it was recently reported that interferon (IFN)- induces the 

expression of PDL1 during tumorigenesis30. Thus, the increased expression of PDL1 on 

CT26 cells under in vivo conditions would enhance both PDL1-mediated delivery of IQ 

and PN to tumor tissues and photo-responsiveness to NIR irradiation. Our 

biodistribution study supports the greater accumulation of PDL1Ab-IQ/PN in tumor 

tissues compared with co-treatment with PDL1Ab and IQ/PN, administered as a mixture. 
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Our observation that the photothermal anticancer efficacy of PDL1Ab-IQ/PN is greater 

than that of separate co-treatment with PDL1Ab plus plain IQ/PN could be attributable 

to differences in their distribution to tumor tissues, and further to tumor cells in the 

tumor microenvironment.  

Secondly, modification of IQ/PNs with PDL1Ab provides co-delivery of tumor antigen 

and nanoadjuvants to DCs. We observed that PDL1-IQ/PN–tumor antigen assemblies 

were taken up by the same DC and digested. It has previously been reported that 

simultaneous uptake of antigen and adjuvant by the same antigen-presenting cell exerts 

greater immunogenicity compared with separate delivery of antigen and adjuvant to 

different immune cells17–19. For example, vaccine nanodiscs co-encapsulating protein 

antigens and CpG adjuvant were shown to exert greater anticancer immune responses 

than a simple mixture of the two components19. The greater maturation of DCs upon co-

culture with CT26 cells treated with PDL1-IQ/PN compared with DCs treated with the 

mixture of plain IQ/PN and PDL1Ab supports the conclusion that co-delivery of tumor 

antigens and nanoadjuvant more effectively activates DCs.  

Thirdly, the PDL1Ab on PNs also acts as an immune checkpoint blocker. Blocking 

PDL1 on tumor cells by PDL1Ab on nanoparticles interferes with the interaction 

between PDL1 on tumor cells and PD1 on T cells, reversing the suppression of T c. 

Fourthly, the presence of PDL1Ab allows targeting of PNs to various tumor types. High 

expression of PDL1 has been reported in other tumors, including melanoma, colorectal 

cancer, non-small-cell lung cancer, head and neck squamous cell carcinoma, and renal 

cell carcinoma31. Although we used CT26 colorectal cancer cells and 4T1 breast cancer 

cells in this study, the overexpression of PDL1 on diverse cancer cells indicates that 

PDL1Ab-IQ/PNs could be applied to photothermal immunotherapy against a variety of 

tumors.  

IQ is a toll-like receptor-7 (TLR-7) agonist approved by the Food and Drug 

Administration for use in topical cream formulations to treat basal cell carcinoma of the 

skin32. Development of an injectable formulation of IQ has been hampered by the poor 

solubility of IQ33, and by the systemic toxicity of IQ towards normal organs. Although a 

few studies have investigated encapsulation of IQ in polymeric nanoparticles34, the lack 

of targeting capability has further limited the development of IQ as an injectable. 

Modification of IQ/PN with PDL1Ab reduces the toxicity of IQ to other organs and 

increases distribution to tumors.  
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Encapsulation of IQ in PN allowed systemic administration of IQ. The driving force for 

encapsulation of IQ in PN may be hydrophobic interactions and - stacking between 

the aromatic ring in the polydopamine backbone and IQ. It has previously been reported 

that other hydrophobic drugs, such as doxorubicin and curcumin, can be entrapped in 

PN using a “post-loading” method. In these previous studies, hydrophobic drugs were 

mixed with PN and incubated to allow physical adsorption of drug molecules onto the 

surfaces of PN35,36. In the current study, we loaded IQ by entrapping IQ during the 

dopamine polymerization process, a method termed “in situ polymerization loading”. 

This method for loading IQ in PN reduces the initial burst release of IQ from PN before 

the nanoparticles reach tumor tissues in vivo.  

We observed liberation of IQ at an acidic pH of 5.0. The pH of the tumor 

microenvironment is thought to be in the range of 6.837. Upon binding of PDL1Ab to 

tumor cells expressing PDL1, the tumor antigen–nanoadjuvant assembly is 

phagocytosed by nearby DCs. Subsequent fusion of phagosomes with lysosomes 

decreases the pH of phagosomes to pH 4.5–5.038, which is expected to facilitate the 

acidic pH-dependent release of IQ from PNs. The enhanced DC maturation effect of 

PDL1Ab-IQ/PN compared with PDL1Ab-PN supports the conclusion that IQ is 

liberated within the endosomal environment of DCs and induces the maturation of DCs.  

We observed that PDL1-IQ/PN were bound on the surfaces of cancer cells or were 

endocytosed by them. The presence of PDL1-IQ/PN on the cell membrane might be 

attributable to the slow kinetics of PDL1 internalization39. The presence of PDL1-IQ/PN 

on the cancer cell membrane might help weaken the immune-suppressing signal of 

cancer cells by producing a sustained blockade of PDL1 that prevents the interactions 

between PDL1 on cancer cells and PD1 on T cell. On the other hand, because they form 

an assembly by virtue of their binding affinity, PDL1Ab-IQ/PN and tumor cells would 

act as an endogenous in situ vaccine. Once taken up by DCs, IQ would exert its 

functions in promoting DC maturation, thereby inducing tumor antigen cross-

presentation and resulting in stronger T cell priming. In addition, the association of 

PDL1-IQ/PNs with the tumor cell membrane would increase the likelihood of the 

adjuvant IQ being phagocytosed together with tumor cells by the same antigen-

presenting cells. Several studies have reported that simultaneous uptake of antigen and 

adjuvant in a single carrier by the same antigen-presenting cell induces stronger and 

more durable immune responses than separate treatment with antigen and adjuvant18,19. 



67 

 

In situ-assembled PDL1Ab-IQ/PN–bound tumor cells thus serve as an efficient all-in-

one tumor antigen and adjuvant system.  

We found that PDL1Ab-IQ/PN bound to the plasma membranes of CT26 cells. 

Although NIR irradiation of PDL1Ab-IQ/PN on CT26 cells caused an increase in 

temperature, it did not notably affect the binding of nanoparticles to cells through 

PDL1– PDL1Ab interactions. We further found that PDL1Ab in free form and IQ/PN 

still maintained their ability to bind CT26 cells upon heating to 60°C. Moreover, 

PDL1Ab-IQ/PN bound CT26 cells to a similar extent after NIR irradiation. Several 

previous studies have investigated the thermal stability of antibodies, reporting that the 

general thermal resistance threshold of an antibody is 70°C; beyond this point, the 

antibody structure is completely unfolded and denaturized40,41. In the current study, we 

maintained the temperature of tumor tissues at ≤ 60°C, which may conserve the 

structure and avidity of PDL1Ab. 

The mechanism of NIR-induced immune responses might be explained by the heat-

induced exposure of calreticulin on the tumor cell surface. It has been reported that 

immunogenic cell death is mediated by damage-associated molecular patterns, which 

include cell surface exposure of calreticulin, and secretion of ATP and high mobility 

group protein B142. During the early course of immunogenic cell death, pro-apoptotic 

calreticulin (known as “eat-me” signal)43 is reported to be translocated to the cell 

surface44. We observed the highest levels of calreticulin exposure on tumor cells treated 

with PDL1Ab-IQ/PN. The enhanced surface exposure of calreticulin on tumor cells 

following treatment with PDL1Ab-PNs or PDL1Ab-IQ/PNs (+NIR) compared with 

other treatments is attributable to the higher temperature achieved upon NIR irradiation 

is supported by the temperature dependence of calreticulin exposure. Our observation is 

in agreement with a previous report showing that temperatures higher than 52.5°C 

induce cell surface exposure of calreticulin45. Notably, calreticulin exposure is reported 

to play a major role in the phagocytosis of damaged tumor cells by DCs43. The 

enhanced exposure of calreticulin on NIR-irradiated cells bound with PDL1Ab-PN or 

PDL1Ab-IQ/PN may thus facilitate phagocytosis by DCs. Indeed, we observed greater 

DC-mediated phagocytosis of tumor cells treated with PDL1Ab-PNs or PDL1Ab-IQ/PN.  

The co-delivery of IQ with irradiated cancer cells containing tumor-associated antigens 

(mediated by binding of PDL1Ab-IQ/PN) may also enhance antigen processing and 

presentation by DC. IQ would be released from PN in the endosomes of DCs, where the 
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pH is acidic. The release of IQ from PN may be attributable to protonation of the 

primary amine group of IQ (pKa 7.3) at acidic pH. This protonation reduces the 

hydrophobicity of IQ, thereby loosening the - stacking interaction of IQ with PDA 

and causing the release of IQ from PN34.  

We found that treatment of mice with PDL1Ab-IQ/PN and NIR irradiation ablated 

primary tumors and also caused complete regression of secondarily challenged distant 

tumors. Immunohistochemical staining of primary tumor tissues revealed infiltration of 

T cells, which can be activated by mature DCs that present tumor-associated antigens. 

Our in vitro co-culture of BMDCs with PDL1Ab-IQ/PN-treated, NIR-irradiated cancer 

cells provided evidence of DC maturation through upregulated expression of the co-

stimulatory molecules CD40, CD80 and CD8646, and pro-inflammatory cytokines.  

The TLR-7 agonist, IQ, has been reported to increase antigen cross-presentation and 

priming of T cells, and is known to promote the maturation of DCs and increase the 

ability of DCs to cross-present antigen47. IQ leads to the priming of tumor antigen-

specific CD8+ T cells46. TLR-7 agonists have been investigated for their potential to 

mediate cross-priming of T cells by regulating cross-presentation of DCs in the type I 

IFN-dependent pathway48. Consistent with these previous reports on IQ, our results 

indicate that IQ entrapped in PN contributes to the enhancement of immune responses 

through several mechanisms. First, IQ increased the maturation of DCs. DCs co-

cultured with CT26 cells treated with PDL1Ab-IQ/PN (+NIR) showed the highest 

expression of the DC maturation markers, CD40, CD80 and CD86, compared with other 

groups. Secondly, direct treatment of DCs with IQ in nanoformulations increased 

secretion of the proinflammatory cytokines, TNF- and IL6, from DCs. Thirdly, IQ in 

PDL1Ab-IQ/PNs enhanced the cross-presentation of specific antigens with MHC class I 

molecules from DCs. Fourthly, IQ increased the priming of naïve T cells, possibly 

through cross-presented antigens on DCs. In the group immunized with the model 

antigen ovalbumin and PDL1Ab-IQ/PN, the activation of T cells resulted in more than a 

3-fold increase in the number of IFN-–secreting cells compared with the group treated 

with PDL1Ab-PN alone.  

The prevention of distant tumor growth by PDL1Ab-IQ/PN and NIR irradiation can be 

explained by invoking an orchestrated immune networking mechanism. Under in vivo 

conditions, the NIR-induced disruption of tumor cells may broadcast inflammatory 
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signals that recruit immune cells, such as macrophages and immature DCs, to eliminate 

dying cells or dead cell debris. Upon maturation, DCs would activate T cells, converting 

them to tumor-associated antigen-specific cytotoxic T cells. Activated T cells, in turn, 

proliferate and differentiate into tumor-associated antigen-specific cytotoxic T cells. 

These tumor-associated antigen-specific cytotoxic T cells circulate in the lymphatic 

system and recognize the distant tumor cells inoculated at another site. Moreover, 

because the high expression of the immune checkpoint inhibitor PDL1 on cancer cells 

could exhaust the activation and proliferation of cytotoxic T cells, we administered 

PDL1Ab after the challenge with distant tumors to maximize the immunotherapeutic 

effect of activated T cells.  

 In situ tumor vaccines generated using PDL1Ab-IQ/PN and NIR irradiation may have 

advantages over currently studied cancer cell vaccine strategies. Current cancer cell 

vaccine concepts entail extracting cancer cells from tumor tissues by biopsy. In our 

system, the painful biopsy step is eliminated; instead, injection of PDL1Ab-IQ/PN and 

noninvasive NIR irradiation are all that is needed. In situ vaccines generated using our 

system are also advantageous from a manufacturing perspective. Currently studied 

cancer cell vaccines require stimulation of cancer cells using an ex vivo processing step 

and reinjection into patients to activate immune responses49,50. Similarly, in DC-based 

vaccines, DCs must be isolated from patients for ex vivo manipulation and subsequently 

reinjected into patients10,51. Unlike these cancer vaccines, our PDL1Ab-IQ/PN system is 

convenient and safe, since it does not require ex vivo processing or reinjection of 

processed cells.  

Although we tested the feasibility of PDL1Ab-IQ/PNs and NIR irradiation using CT26 

colon cancer cells, the concept can be applied to the treatment and prevention of other 

tumors that highly express PDL1. Moreover, the concept of conjugating a tumor-

targeting antibody with photothermal nanoparticles entrapping immune adjuvants can 

be applied to the design of various other systems tailored to combat specific tumor types. 

For example, IQ/PN can be modified with antibodies against other markers that are 

highly expressed on tumor cells, such as epidermal growth factor receptor52. In addition, 

hydrophobic immune adjuvants other than IQ can be loaded into PN for activation of 

DCs for in situ-assembled tumor vaccines. 
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2.5 Conclusions 

In conclusion, this study provided evidence that PDL1-Ab-IQ/PN–bound, NIR-

inactivated, PDL1-expressing tumor cells function as in situ-assembled tumor vaccine 

composed of tumor antigens and adjuvant in an all-in-one system. The decoration of 

IQ/PN with PDL1-Ab enabled the specific in situ assembly of nanoparticles with tumor 

cells. The photothermal-responsive properties of PNs were exploited to inactivate 

PDL1-Ab-IQ/PN–bound tumor cells using NIR irradiation. The presence of IQ in the 

nanoparticles promoted the activation of DC, which phagocytosed the in situ-assembled 

tumor vaccine and converted naïve T cells to cytotoxic T cells. The co-culture study and 

associated video files demonstrated the active tumor-killing activity of cytotoxic T cells 

derived from the splenocytes of mice treated with in situ-assembled tumor vaccines. 

This study indicates that the simple intravenous injection of PDL1-Ab-IQ/PN induces a 

potent in situ-assembled tumor vaccine upon NIR irradiation. This concept can be 

applied to various tumor tissues that overexpress PDL1, or extended to tumors that 

overexpress other markers by making the appropriate change in conjugated antibody. 

Moreover, the long-term protection against tumor recurrence observed in mice with 

induced in situ-assembled vaccine suggests that problematic tumor recurrence issues 

can be resolved by immunotherapy, without the need to resort to side-effect–causing 

chemotherapy.  
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Chapter 3   

Site-specific conjugation of antibody on hybrid-lipid 

polydopamine nanoparticle for tumor-targeted PTT 
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3.1 Introduction 

Photothermal therapy (PTT) has recently emerged as a powerful tool for cancer 

treatment due to its high selectivity and minimal invasiveness compared to traditional 

surgical methods, radiotherapy, and chemotherapy. The therapeutic effect of PTT occur 

via photoresponsive agents accumulated at the tumor sites and localized near-infrared 

(NIR) irradiation, resulting in selective hyperthermia of tumor tissue while avoiding 

damage to healthy tissue. This therapy also has several other potential advantages over 

traditional therapies, including easy procedures, fast recovery, reduced complications, 

and shorter hospital stays. 

Currently, available photoresponsive agents for PTT mainly focused on gold 

nanoparticles (AuNPs), graphene oxide (GO) nanosheets, carbon nanotubes, and others, 

copper sulfide (CuS). Although these agents showed efficient photothermal efficacy for 

cancer treatment, clinical application has not yet been achieved based on the great 

concern about biosafety. General intracellular and in vivo toxicities from nanoparticles 

are caused by the production of excess reactive oxygen (ROS), thereby inducing 

inflammatory effect. AuNPs, which are amongst the safest NPs reported to date, were 

mostly accumulated in liver and spleen, and needed long-term safety evaluation. Due to 

these limitations, naturally derived materials would be highly suitable for in vivo 

application, and polydopamine (PDA), known as synthetic melanin, has recently 

received considerable interests. PDA-based NPs is  promising biomolecules for PTT 

owing to its biocompatibility, biodegradability, strong NIR absorption, and high 

photothermal conversion efficiency of 40%. In addition, PDA can be used as a carrier 

for loading drugs through catechol groups on the PDA, which allows for PTT-

chemotherapy synergistic treatment. Although these advantages of PDA have led to 

enthusiastic studies for use in cancer treatment, they had limitation on normal-to-tumor 

selectivity due to its non-specific cellular uptake. To reduce the effective doses and 

maximize the efficacy, PTT with PDA should be able to specifically target cancer cells.  

Overexpression of CLDN3 has been reported in various cancers including ovarian, 

breast, gastric, colorectal, prostate, and pancreatic cancer. CLDN3 is a tight junction 

protein and an attractive cancer biomarker due to its accessibility in cancer cells 

compared to normal cells. During the tumorigenesis of epithelia, misorientation of the 
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cell division axis causes out-of-plane division and exposes CLDN3 out of the tight 

junction. Hence, the accessbility of CLDN3 in cacner cells is increased while it is 

limited in normal epithelial cells. For targeting CLDN3 in cancer, Clostridium 

perfringens enterotoxin (CPE), known as a ligand of CLDN3, and its fragment were 

used, and antibodies against CLDN3 have been developed. Our group also previously 

developed a human monocloanl antibody (h4G3) which recognized native conformaiton 

of CLDN3 and specifically targeted CLDN3-positive tumor in vivo. The use of CLDN3 

antibody as a targeting moiety for PDA-based NPs has not been yet investigated. 

A limited number of studies have explored about targeted PTT using antibody and PDA 

conjugation. Gold nanorods surrounded by PDA were conjugated with epidermal 

growth factor receptor (EGFR) antibody (cetuximab) via michael addition between 

amine group of antibody and catechol group of PDA for cancer-targeted imaging and 

PTT. In another study, PDA-coated Fe3O4 was conjugated with mouse anti-human 

EGFR antibody via amine coupling using NH2-polyethylene glycol (PEG)-COOH 

linker, and loaded with doxorubicin for MRI and chemo-PTT. For enhancing 

pharmacokinetic properties in systemic circulation and in vivo efficacy, there is a need 

to develop targeted PTT using homogenous site-specific conjugation and a human 

monoconal antibody.  

Antibodies have been used for controlling the distribution of functional nanoparticles to 

target tissues1-5. Trastuzumab, a human epidermal growth factor receptor 2 (HER2)-

targeting antibody, has been used to enhance the delivery of liposomes to breast cancer 

cells2,5. An anti-CD44v6 antibody was shown to improve the photothermal efficacy of 

gold nanoparticles toward gastric cancer stem cells compared with a non-modified 

carrier1. In another study, a single chain variable fragment (scFv) of HER-2 was used to 

enhance the imaging of silica nanoparticles accumulated in tumor tissues3. Recently, an 

antibody against PD-L1 (programmed death-ligand 1) was used to direct the binding of 

nanoparticles to PD-L1-expressing tumor cells6. 

A common feature of these studies is that the antibodies used were covalently tethered 

on the nanoparticle surface, typically accomplished using a coupling method7,8. Despite 

forming a stable covalent amide bond9, carbodiimide coupling chemistry is non-specific, 

generating heterogeneous conjugation of antibodies on the surface of nanoparticles. 
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Such nonspecific modifications make it difficult to control the orientation of conjugated 

antibodies on nanoparticles and can reduce the target specificity of the antibody10. 

A number of chemical linker approaches have been investigated for achieving site-

specific conjugation of antibodies onto nanoparticles. For example, an alkyne–nitrone 

cycloaddition method has been used to conjugate scFv antibody to super paramagnetic 

nanoparticles11, antibody light chains have been coupled to gold nanoparticles using an 

indole-derived linker12; and heterobifunctional linkers have been used to conjugate anti-

ephrin type-A receptor 2 Fab moieties to polymeric micelles13. Although these methods 

have made progress in site-specific conjugation of antibodies to nanoparticles, the 

multiple, complicated synthesis steps required to achieve specificity remain a challenge.  

In this study, as an alternative to a complex chemical linker strategy, we used molecular 

engineering of the antibody for simple, site-specific conjugation to nanoparticles. As a 

model antibody, we chose the antibody h4G3, which targets claudin 3 (CLDN3), a 

cancer biomarker that is overexpressed in various cancers14,15, and engineered the 

antibody by genetically modifying it to introduce a cysteine group in its light chain 

constant region, yielding the modified antibody, h4G3cys. Genetic introduction of a 

cysteine group in the antibody enabled site-specific conjugation onto maleimide groups 

of lipid and polydopamine (PDA) hybrid nanoparticles. Here, we report that the site-

specific conjugation of h4G3cys to nanoparticles improves binding to CLDN3-positive 

tumor cells, and provides the photo-responsive tumor-ablation effect (Fig. 3.1). 
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Figure 3.1 Schematic illustration of C-LPNs preparation and targeted photothermal 

therapy (PTT) mechanism. 

 (A) PDA core nanoparticles (PNs) were coated with a thin lipid film containing lipid-

PEG-maleimide and then conjugated with the cysteine-engineered anti-CLDN3 

antibody. Site-specific conjugation at the cysteine group resulted in immobilization of 

the antibody on the PNs surface in an orientation that maintains antigen-recognition 

ability. (B) CLDN3-positive tumor cells were targeted by intravenously injected C-

LPNs and were ablated by high temperatures induced by NIR irradiation of C-LPNs. 
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3.2 Materials and methods 

3.2.1 Expression and purification of a cysteine-engineered anti-CLDN3 

human monoclonal antibody  

For site-specific antibody conjugation, residue Q124 in the light chain of h4G3 was 

replaced with cysteine16. Stable h4G3cys-expressing CHO-S cells were subsequently 

established by cloning the light chain containing the cysteine mutation (Q124C) and 

heavy chain of h4G3 into a Freedom pCHO 1.0 vector (Thermo Fisher Scientific, Inc., 

Waltham, MA, USA) and transfecting it into Freedom CHO-S cells (Thermo Fisher 

Scientific, Inc.) in accordance with the manufacturer’s instructions. The resulting 

h4G3cys-transfected CHO-S cells were incubated at 37 °C in an orbital shaker (130 

rpm) with a humidified atmosphere of 8% CO2 for 2 weeks, with feeding of 4 g/L 

glucose on Days 3 and 5, and 6 g/L glucose on Day 7. The culture supernatant was then 

loaded onto MabSelect SuRe Protein A resin (GE Healthcare, Piscataway, NJ, USA) 

and washed with five column volumes of 35 mmol/L sodium phosphate and 500 

mmol/L NaCl (pH 7.2), after which bound antibody was eluted with five column 

volumes of 0.1 mol/L sodium citrate (pH 3.6) and neutralized using 1 mol/L Tris-HCl 

(pH 8.0). Buffer exchange and concentration were accomplished using an Amicon 

Ultra-15 centrifugal concentrator (Merck Millipore, Billerica, MA, USA). The antibody 

was quantified using a Cedex Bio Analyzer (Roche, Indianapolis, IN, USA), and the 

molecular weight of the antibody was confirmed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) under reducing and non-reducing 

conditions. 

 

3.2.2 Synthesis of polydopamine core nanoparticles 

Polydopamine (PDA) was synthesized by polymerizing dopamine under alkaline 

conditions, as described previously6. Briefly, 50 mg dopamine hydrochloride 

(Sigma−Aldrich) was dissolved in 25 mL triple distilled water (TDW), and the resulting 

dopamine solution was slowly mixed with 1 mol/L sodium hydroxide solution until a 

pH of 9.6 was reached. The polymerization reaction was maintained at room 

temperature for 18 h with vigorous magnetic stirring, and then was centrifuged (Merck 
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Millipore) at 13,000g for 20 min. The pellet was washed with TDW by repeating three 

cycles of centrifugation, and the resulting PDA core nanoparticles (PNs) were dispersed 

in TDW and stored at 4 °C until use.  

3.2.3 Preparation of antibody-conjugated lipid-polydopamine hybrid 

nanoparticles 

For site-specific conjugation of antibody onto nanoparticles, PNs were first shelled with 

a layer of maleimide-functionalized lipid using a co-extrusion technique16. All lipids—

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphorylglycerol (DPPG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] (ammonium salt, DSPE-malPEG2000), 

fluorescein isothiocyanate-conjugated PEG lipid (DSPE-PEG2000-FITC), cyanine 5-

conjugated PEG lipid (DSPE-PEG2000-Cy5)—were purchased from Avanti Polar Lipids 

(Birmingham, AL, USA). DPPC, DPPG and DSPE-malPEG2000 were dissolved in co-

solvent (chloroform:methanol, 4:1, v/v) at a molar ratio of 7:3:0.1. In some experiments, 

DSPE-PEG2000-FITC was added to the lipid mixture at 0.02% (mol/mol) of total lipids 

to allow nanoparticle tracking. For in vivo distribution study, DSPE-PEG2000-Cy5 was 

added to the lipid mixture at 0.1% (mol/mol) of total lipids. The lipid solution was 

evaporated under vacuum to generate a thin lipid film, which was subsequently 

rehydrated with 1 mL of a 10 mg/mL PN solution. The resulting solution was extruded 

through a 0.4 μmol/L polycarbonate membrane (Merck Millipore), yielding hybrid lipid 

polydopamine nanoparticles (LPNs). For antibody conjugation with LPNs, 100 μL of 

isotype IgG (Q124C) or h4G3cys (10 mg/mL) was mixed with 1 mL of LPNs, and the 

reaction was left overnight at 4 °C. For the same thiol-maleimide conjugation reaction 

between antibody and LPNs, we used the isotype IgG, Q124C, which is also genetically 

engineered to express cysteine at Q124 residue. After the reaction, free antibody was 

removed by centrifugation at 13,000g for 10 min (Merck Millipore). The pellet was 

rehydrated with 1 mL 5% glucose and extruded using a 0.4 μmol/L polycarbonate 

membrane. The resulting isotype IgG antibody-modified LPNs (IG-LPNs) and anti-

CLDN3 antibody h4G3cys-modified LPNs (C-LPNs) were collected and stored at 4 °C. 

 

3.2.4 Characterization of h4G3-lipid-coated PDA nanoparticles (C-LPNs) 
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C-LPNs were characterized with respect to morphology, elemental mapping, size, zeta 

potential, lipid coating, and antibody conjugation efficiency. The morphology of C-

LPNs was visualized by transmission electron microscopy (TEM) using a JEM1010 

system (JEOL, Tokyo, Japan). Prior to visualization, C-LPNs were briefly stained with 

a 1% uranyl acetate solution. Elemental mapping of carbon, oxygen, nitrogen and 

phosphorus present in C-LPNs was performed using energy dispersive X-ray 

spectroscopy-scanning transmission electron microscopy (EDS-STEM) using a JEM-

2100F system (JEOL). Hydrodynamic size, size distribution, and zeta potentials were 

measured using dynamic light scattering and laser Doppler microelectrophoresis at an 

angle of 22° using an ELS8000 instrument (Photal, Osaka, Japan). The lipid content of 

nanoparticles was quantified by measuring phosphorus content using a phosphate 

assay18. The content of immobilized antibody on nanoparticles was measured using a 

Cedex Bio Analyzer (Roche). The photothermal ability of LPNs was investigated by 

irradiating with a 808 nm laser using a diode laser beam (BWT Beijing Ltd., Beijing, 

China) at an output power of 1.5 W. Real-time temperatures were measured using an 

infrared camera (FLIR E60; FLIR Systems Inc., Danderyd, Sweden).  

 

3.2.5 2.6. Measurement of photothermal conversion efficiency 

To measure the photothermal efficiency, 500 µL of samples (0.4 mg/mL) in a Quartz 

cuvette was irradiated with NIR laser (808 nm) at a power 1.5 W using a diode laser 

beam (BWT Beijing Ltd., Beijing, China). When the temperatures of the samples 

reached maximum steady-state, the laser was turned off. The change of temperatures 

during laser irradiation period was recorded. Photothermal conversion efficiency (η) of 

samples was calculated from the following Eqs. (1)−(4)19: 

   (1) 

    (2) 

    (3) 

           (4) 
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where h is the heat transfer coefficient, s is the surface area of the container. The values 

of hs were obtained from Eqs. (2)–(4). In Eq. (2), τs is the time constant measured from 

the slope of linear regression line plotted by time t and –ln(θ). Tmax is the maximum 

steady-state temperature, and Tsurr is the surround temperature. QDis is the heat 

associated with the light absorbance of control sample (water). I is the input power, and 

A808 is the absorbance of sample at 808 nm. 

 

3.2.6 Cell lines 

The human breast cancer cell lines, Hs578T, T47D, MCF-7, and ovarian cancer cell 

lines, OVCAR-3 and Caov-3, were purchased from the Korean Cell Line Bank (KCLB; 

Seoul, Republic of Korea). The human ovarian cancer cell line TOV-112D was from 

American Type Culture Collection (ATCC; Manassas, VA, USA). TOV-112D cells 

were transfected for stable expression of CLDN3 as described in previous study43. 

TOV-112D cells was cultured in 1:1 mixture of Media199/MCDB medium (HyClone, 

Logan, UT, USA) containing 15% FBS, 100 unit/mL penicillin, and 100 µg/mL 

streptomycin. T47D, MCF-7, OVCAR-3 cells were cultured in RPMI-1640 medium 

(HyClone) supplemented with 10% fetal bovine serum (FBS; HyClone), 100 U/mL 

penicillin, and 100 μg/mL streptomycin. Caov-3 and Hs578T cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, HyClone) supplemented with 10% FBS 

(HyClone), 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were 

incubated at 37 °C in a humidified 5% CO2 atmosphere.  

 

3.2.7 Cell-based binding kinetics 

The binding kinetics of h4G3cys against CLDN3 on the cell membrane were 

determined using LigandTracer Green (Ridgeview Instruments AB, Vänge, Sweden). 

The CLDN3-negative TOV-112D cells were used as reference cells, and CLDN3-

expressing CLDN3/TOV-112D cells were for target cells. The cells were seeded on 100 

mm culture dish at a density of 3×105 cells/mL. Next day, the cells were placed in the 

LigandTracer Green device. After baseline equilibrium, DyLight dye 488-labeled 

h4G3cys was sequentially added to the cells with 3 and 9 nmol/L. Data were analyzed 

by TraceDrawer (Ridgeview Instruments AB). For antibody affinity test, 2.5×105 cells 
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were incubated for 1 h with 2.5 μg/mL of h4G3 or h4G3cys. Cells were stained with 

FITC-conjugated goat anti-human IgG (Jackson Immunoresearch Laboratories, West 

Grove, PA, USA) at 1:100 ratio. Stained cells were analyzed using a BD FACSCalibur 

system equipped with Cell Quest Pro software (BD Biosciences). 

 

3.2.8 Cellular uptake assay 

Cellular uptake of C-LPNs was evaluated using flow cytometry, immunofluorescence, 

and TEM imaging. For flow cytometry, Hs578T and T47D cells were seeded on a 24-

well plate at a density of 2×105 cells/well. After 48 h, cells were treated with 50 μg/mL 

of FITC-labeled IG-LPNs or C-LPNs for 1 h at 37 °C. The cells were then detached 

using an enzyme-free, phosphate-buffered saline (PBS)-based cell dissociation buffer 

(Thermo Fisher Scientific, Inc.) and incubated for 1 h with Alexa Flour 647-conjugated 

goat anti-human IgG (Biolegend Inc., San Diego, CA, USA), diluted 1:500. Stained 

cells were washed three times and analyzed using a BD FACSCalibur system equipped 

with Cell Quest Pro software (BD Biosciences, San Jose, CA, USA). 

For immunofluorescence, Hs578T and T47D cells were seeded on a 4-well slide, grown 

to 80% confluence, and treated with 100 μg/mL of FITC-labeled IG-LPNs or C-LPNs 

for 1 h at 37 °C. Cells were then fixed by incubating with 4% formaldehyde for 15 min 

and then were incubated with Alexa 555-conjugated anti-human IgG antibody (Thermo 

Fisher Scientific, 1:500) for 1 h. Cells were counterstained with the nuclear dye, 

Hoechst 33342 (Invitrogen, Carlsbad, CA, USA), and coverslip-mounted using 

Fluoromount Aqueous Mounting Medium (Sigma−Aldrich). Images were observed 

using an LSM 700 ZEISS laser-scanning confocal microscope (Carl Zeiss, Jena, 

Germany), and the data were processed using ZEN confocal software (Carl Zeiss). 

For cellular TEM images, Hs578T and T47D cells were cultured to ~80% confluence in 

100 mm cell culture dishes and then treated with 300 μg/mL of C-LPNs for 1 h at 37 °C. 

Cells were washed with PBS and harvested, and the resulting cell pellets were fixed 

with Karnovsky’s solution overnight at 4 °C. After washing with 0.05 mol/L sodium 

cacodylate buffer, cell pellets were fixed with 1% osmium tetroxide and stained with 

0.5% uranyl acetate. Pellets were then dehydrated using a gradual series of ethanol and 

immersed in propylene oxide, which was gradually replaced with Spurr’s resin. The cell 
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pellets were then cut into thin sections and observed by TEM (TalosL120C; Thermo 

Fisher Scientific, Inc.). 

 

3.2.9 In vitro photothermal anticancer efficacy 

The Hs578T and T47D cells were seeded on a 24-well plate at a density of 2×105 

cells/well. After a 48 h incubation, cells were treated with 300 μg/mL of IG-LPNs or C-

LPNs for 1 h at 37 °C. Thereafter, cells were detached with enzyme-free, PBS-based 

cell dissociation buffer (Thermo Fisher Scientific, Inc.) and centrifuged at 3000 rpm for 

5 min (Merck Millipore). The cell pellets were irradiated for 5 min with an NIR laser 

(808 nm) at 1.5 W power using a diode laser beam (BWT Beijing Ltd.). Temperature 

was measured using an infrared camera (FLIR E60). The irradiated cells were seeded on 

a 96-well plate and incubated for 24 h at 37 °C. The viability of cells was measured 

using a water soluble tetrazolium salt (WST) assay and visualized by staining live cells 

and dead cells using calcein-AM (Biolegend Inc.) and propidium iodide (Biomax, 

Gongneung-dong, Seoul, Korea), respectively. 

 

3.2.10 In vivo distribution in a nude mouse xenograft model 

Animal studies were conducted according to Guidelines for the Care and Use of 

Laboratory Animals of the Institute of Laboratory Animal Resources in Seoul National 

University (approved animal experimental protocol number, SNU-190216-1). A mouse 

xenograft model was prepared by subcutaneously injecting T47D cells (1×107 cells in 

100 μL PBS) into athymic nude mice (Orient Bio Inc., Seongnam, Republic of Korea) 

implanted with 17β-estradiol pellets (Innovative Research of America, Sarasota, FL, 

USA). After tumor volumes reached 300 mm3, tumor-bearing mice were intravenously 

administered with 2 mg of Cy5-labelled IG-LPNs or Cy5-labelled C-LPNs per mouse. 

For the fluorescence labelling, Cy5-conjugated lipid was used. Whole body distribution 

of the Cy5-labelled nanoparticles was imaged by near infrared fluorescent imaging 

system AMI-HT (Spectral Imaging Instruments, Tucson, AZ, USA) at various time 

points. At 48 h post-injection, main organs and tumor tissues were collected for ex vivo 

imaging. 
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3.2.11 In vivo photothermal anticancer efficacy in a nude mouse xenograft 

model 

A mouse xenograft model was prepared by subcutaneously injecting T47D cells (1×107 

cells in 100 μL PBS) into athymic nude mice (Orient Bio Inc.) implanted with 17β-

estradiol pellets (Innovative Research of America). After tumor volumes reached ~300 

mm3, tumor-bearing mice were intravenously administered 2 mg of IG-LPNs or C-

LPNs per mouse. Twenty-four hours later, mice were irradiated at three sites on the 

tumor with NIR (808 nm) for 5 min at a power of 1.2 W using a light-emitting diode 

(BWT Beijing), and then the temperature of mice was measured using an infrared 

camera (FLIR Systems Inc.). Tumor volume and body weight were measured twice a 

week. Tumor volume was calculated according to Eq. (5):  

Tumor volume=Length×Width2/2 (5) 

 

3.2.12 Histological staining and in vivo cell apoptosis assay  

A mouse xenograft model was prepared by subcutaneously injecting T47D cells (1×107 

cells in 100 μL PBS) into athymic nude mice (Orient Bio Inc.) implanted with 17β-

estradiol pellets (Innovative Research of America). After tumor volumes reached 300 

mm3, T47D tumor-bearing mice were intravenously administered with 2 mg of IG-

LPNs or C-LPNs per mouse. One day post-dose, mice were irradiated with NIR. Next 

day, tumors were extracted, fixed in 4% paraformaldehyde for 24 h, and embedded in 

paraffin. Tumor tissues were sectioned at a thickness of 3 μmol/L and stained with 

hematoxylin and eosin (H&E). Apoptotic cells in vivo were detected by terminal deoxy 

nucleotidyl transferase-mediated dUTP Nick end labeling (TUNEL) assay using 

ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore) according to 

the manufacturer’s protocols. The tumor tissues were observed using a Pannoramic 

MIDI digital slide scanner (3DHISTECH Ltd., Budapest, Hungary). 

 

3.2.13 Statistical analysis 

Two-way analysis of variance (ANOVA) was used for assessing the significance of 

differences between groups. Data were analyzed using GraphPad Prism 7 (GraphPad 

Software), and a P-value <0.05 was considered statistically significant. 
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3.3 Result 

3.3.1 Preparation and physical characterization of C-LPNs 

C-LPNs were prepared using the one-step site-specific conjugation property of h4G3cys 

in which h4G3cys-conjugated lipid vesicles and PNs fused together after extruding, as 

shown in Fig. 1A. Plain PNs and the resulting lipid-coated particles exhibited a 

homogeneous, spherical morphology (Fig. 3.2A and B). TEM imaging of C-LPNs 

revealed dark, spherical shapes covered by a thin bright layer. The thin layer was 

approximately 15 nmol/L thick, indicating successful coverage of PNs by the lipid layer 

(Fig. 3.2B). Despite the existence of a thin lipid layer in LPNs, the mean size of LPNs 

did not significantly differ from that of PNs (Fig. 3.2C).  

Elemental mapping of C-LPNs suggested the presence of carbon and oxygen, the basic 

backbone elements of PNs. Again, the presence of elemental phosphorus provided 

reinforcing evidence for lipid coating on the surface of PNs (Fig. 3.2D). The highest 

lipid content on particles was obtained at a ratio of 10: 27 (w/w). Further increases in the 

lipid above 10:27 (w/w) did not significantly change the lipid content of particles (Fig. 

3.2E). Antibody conjugation efficiency increased with increased feeding concentration 

of antibody, an effect that saturated when the antibody/PN reaction ratio reached 0.5:1 

(w/w, Fig. 3.2F). At 400 μg/mL of sample concentration, the maximum steady-state 

temperature and surround temperature of C-LPNs was 48.2 and 28.0 °C, respectively 

(Fig. 3.2G). Calculated hs was given as 20.3 mW/°C based on the time constant 

obtained from Fig. 3H. The calculated photothermal conversion efficiency (η) of PNs, 

LPNs, and C-LPNs was 44.1%, 41.7%, and 40.1%, respectively. No significant 

difference was observed in appearance of PNs, LPNs, and C-LPNs (Fig. 3.2I). 



92 

 

 

 

Figure 3.2 Characterization of nanoparticles.  

Samples were negatively stained and observed by TEM. TEM images of PNs (A) and 

C-LPNs (B) reveal a light circle around the PNs particle surface, indicating the presence 

of a lipid membrane (yellow dashed line). Right Panel: magnified image of black-

dashed square in B, which is further magnified in the inset. (C) Average sizes of PNs, 

LPNs and C-LPNs were measured by dynamic light scattering. Data represents 

mean±SD (n=3). (D) EDS-TEM images of C-LPNs mapping elemental carbon (C), 
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oxygen (O), and phosphorus (P). (E) Quantification of lipid content in each C-LPNs 

formulated at different lipid:PNs ratios. Data represents mean±SD (n=3) (F) Antibody 

conjugation efficiency was quantified at different feeding antibody:PNs ratios. Data 

represents mean±SD (n=3) (G) Temperatures of samples were recorded during NIR 

laser irradiation and post irradiation. (H) Time was plotted with ‘–Lnθ’ obtained from 

cooling interval of C-LPNs. (I) Photographs of nanoparticles dispersed in culture media.  

 

3.3.2 Cellular uptake of C-LPNs in CLDN3-positive cells 

Cellular binding of C-LPNs to CLDN3-positive cells was monitored by flow cytometry 

and immunofluorescence. Flow cytometry analysis showed the different expression 

levels of CLDN3 between Hs578 T cells (Fig. 3.3A) and T47D cells (Fig. 3.3B). As 

compared to Hs578T cells, T47D cells revealed 32-folds higher expression of CLDN3 

(Fig. 3.3C). To visualize whether C-LPNs could target CLDN3-positive cells via 

specific binding of tethered h4G3cys, FITC-labeled lipid was incorporated in the lipid 

layer of LPNs. Cell surface was stained with an Alexa 555-labeled anti-human IgG 

antibody. In Hs578T cells lacking CLDN3, FITC and Alexa 555 signals of untreated 

cells were similar to those of cells treated with IG-LPNs or C-LPNs (Fig. 3.3D). In 

contrast, FITC and Alexa 647 signals of T47D cells were higher in the group treated 

with C-LPNs (Fig. 3.3E). The FITC (Fig. 3.3F) or Alexa 647 (Fig. 3.3G) signals of cells 

treated with C-LPNs were 33.7- or 53.3-fold higher than those of cells treated with IG-

LPNs, respectively. Antibody binding to cell surfaces was further tested by 

immunostaining with an Alexa 555-labeled anti-human IgG antibody. Fluorescence 

images of Hs578T cells were similar following treatment with IG-LPNs or C-LPNs (Fig. 

3.3D). In contrast, T47D cells showed differences in fluorescence between the two 

groups. Binding of Alexa 555-labeled anti-human IgG antibody was intense only in 

T47D cells treated with C-LPNs, and not those treated with IG-LPNs (Fig. 3.3E). TEM 

showed that attachment of C-LPNs onto CLDN3-negative Hs578T cells was negligible, 

revealing few nanoparticles per image (Fig. 3.3G). In contrast, dozens of C-LPNs were 

observed on CLDN3-positive T47D cells (Fig. 3.3H). 

Moreover, the pellet color of cells treated with nanoparticles was different depending on 

cell type and nanoparticle type. For CLDN3-negative Hs578T cells, there was no clear 

difference in the color of cell pellets between IG-LPNs and C-LPNs treatments (Fig. 4I). 
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However, for CLDN3-positive T47D cells, the pellets of cells treated with C-LPNs were 

much darker than those treated with IG-LPNs (Fig. 3.3J).  

 

Figure 3.3 In vitro cell-specific binding efficacy of C-LPNs. 

 Expression of CLDN3 in Hs578T (A) and T47D cells (B) was evaluated by flow 

cytometry. (C) The relative expression of h4G3 over IgG was provided. Data represent 

mean±SD (n=3, **P<0.01). Hs578T (D) and T47D cells (E) were treated with FITC-

labeled IG-LPNs or C-LPNs for 1 h at 37 °C and harvested. LPNs-conjugated 

antibodies were detected with an Alexa 647-conjugated anti-hIgG secondary antibody 

and analyzed by flow cytometry. FITC-positive (F) or Alexa 647 (G)-positive 

population was analyzed. Data represent mean±SD (n=3, n.s.: not significant, **P<0.01, 

***P<0.001). 
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Figure 3.4 CLDN3-positive cell binding of nanoparticles.  

T47D cells were treated with LDN modified with wild type h4G3 (C-WT-LPN), or with 

C-LPN. For flow cytometry, the nanoparticles were labeled with FITC. After treatment 

of T47D cells with fluorescent nanoparticles for 1 h, flow cytometry analysis was done. 

The relative mean fluorescence intensity (MFI) was determined by dividing with 

untreated MFI. Data represent means ± SD (n = 3; ***P < 0.001). 
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3.3.3 In vitro photothermal activity of C-LPNs in CLDN3-positive and -

negative cells 

The photothermal activity of C-LPNs depended on the expression levels of CLDN3 on 

tumor cells. Consistent with cell binding results, the increase in temperature of Hs578T 

cells upon NIR irradiation did not differ between groups treated with IG-LPNs or C-

LPNs (Fig. 3.4A). However, in T47D cells, there was a notable increase in the NIR-

responsive temperature increase in the group treated with C-LPNs, but not that treated 

with IG-LPNs (Fig. 3.4B).  

Quantification of temperature data showed that the temperature upon NIR irradiation 

reached less than 40 °C in Hs578T cells treated with C-LPNs (Fig. 3.4C). In contrast, 

the temperature of C-LPNs-treated T47D cells upon NIR irradiation increased to more 

than 60 °C—a temperature 26.5 °C higher than that in cells treated with IG-LPNs (Fig. 

3.4D). 

 

Figure 3.5 In vitro photothermal activity of C-LPNs upon NIR irradiation. 

Representative thermal images of Hs578T (A) and T47D (B) cell pellets obtained using 

an infrared thermal camera. Hs578T (C) and T47D (D) cell pellets were irradiated with 
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a NIR laser (808 nm) for 5 min, and temperature changes were monitored every minute 

using an infrared thermal camera. Data represent mean±SD (n=3). 

 

The photothermal activity of C-LPNs was correlated with the anticancer efficacy 

against T47D cells. In the absence of NIR irradiation, neither cell line exhibited 

significant cell death in either treatment group. Regardless of NIR irradiation and types 

of treatments, Hs578T cell retained the viability higher than 80% (Fig. 3.5A). In 

contrast, the viability of T47D cells was significantly reduced to lower than 2% after 

treatment with C-LPNs followed by NIR irradiation (Fig. 3.5B). In CLDN3-negative 

Hs578T cells, fluorescent cell staining data show that the viability of all groups was not 

affected by the type of nanoparticles, and NIR irradiation (Fig. 3.5C). However, 

consistent with WST data, CLDN3-positive T47D cells revealed that the viability was 

reduced only after the treatment with C-LPNs and NIR irradiation (Fig. 3.5D). Thus, C-

LPNs display photothermal efficacy against CLDN3-positive cancer cells. 

 

Figure 3.6 In vitro anticancer efficacy of C-LPNs-mediated PTT. 

 Hs578T (A, C) and T47D (B, D) cells were treated with IG-LPNs or C-LPNs for 1 h 

and harvested by centrifugation. The resulting pellets were irradiated with a NIR laser 

(808 nm) for 5 min, seeded on a 96-well plate, and incubated for 24 h. (A) and (B) The 

viability of cells was determined using a WST assay. (C) and (D) Live and dead cells 
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were visualized by staining with calcein-AM and propidium iodide, respectively. Scale 

bar=300 μmol/L. Data represent mean±SD (n=3). 
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3.3.4 In vivo photothermal efficacy of C-LPNs in CLDN3-positive tumor 

bearing mice 

In agreement with our in vitro data, the photothermal activity of C-LPNs was enhanced 

in vivo in a T47D tumor-bearing mouse model. Tumor accumulation of C-LPNs is 

demonstrated by in vivo imaging of Cy5-labelled nanoparticles (Fig. 3.6). At one day 

after injection, C-LPNs showed higher distribution to the tumor tissues than IG-LPNs 

(Fig. 3.6A). The ex vivo imaging for extracted organs and tissues at 2 days post-dose 

reveal the higher distribution of C-LPNs to the tumor tissues (Fig. 3.6B). The 

fluorescence intensity of tumor tissues was 3.4-fold higher in the group treated with C-

LPNs as compared with the group treated with IG-LPNs (Fig. 3.6C). 

 

Figure 3.7 In vivo distribution in a mouse xenograft model.  

Mice bearing T47D tumors were intravenously injected with Cy5-labelled IG-LPNs or 

Cy5-labelled C-LPNs. (A) Molecular imaging of mice was done at various time point 

post-dose. The dotted circle marks the tumor site. (B) Ex vivo imaging of organs and 

tumor tissues at 48 h post-dose. (C) The mean image intensity of each organ was 

quantified. (n=3, n.s.: not significant, *P<0.05). 
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Figure 3.8 In vivo photothermal efficacy in a mouse xenograft model.  

Mice bearing T47D tumors were intravenously injected with IG-LPNs or C-LPNs. (A) 

Schematic illustration of the tumor inoculation and treatment schedule. After 24 h, the 

tumor was irradiated with an NIR laser (808 nmol/L) for 5 min, and the temperature was 

visualized (B) and quantified (C) every minute using an infrared thermal camera. (D) 

After NIR irradiation, tumor sizes were monitored twice a week, as described in 

Methods section. (E) Representative photographs of mice bearing T47D tumors before 

and after irradiation on Days 2, 8, and 20. (F) Body weights of mice were monitored 
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twice a week after single NIR irradiation. Data represent means ± SEM (n=4; *P<0.05, 

**P<0.01, ***P<0.001).  

 

Twenty-four hours after intravenous injection of IG-LPNs or C-LPNs, tumors were 

irradiated with NIR. Thermal images also displayed heat spread throughout the tumor 

area in C-LPNs-treated mice, whereas thermal images of untreated and IG-LPNs-treated 

mice showed that heat was localized at the point of irradiation (Fig. 3.7B). Upon NIR 

irradiation, the temperature of tumor sites reached as high as 60 °C in mice treated with 

C-LPNs, a temperature 10.9 and 14.8 °C higher than that mice treated with IG-LPNs or 

left untreated, respectively (Fig. 3.7C).  

T47D tumors continued to grow after NIR irradiation in groups treated with IG-LPNs 

(Fig. 3.7D). Moreover, T48D tumor growth was observed in the group treated with C-

LPNs without NIR irradiation. However, upon NIR irradiation, tumors treated with C-

LPNs did not show increased growth and were completely ablated at day 30 after a 

single exposure to NIR (Fig. 3.7D). Representative photographs of mice in different 

treatment groups showed that tumor sites turned black, forming a scab at Day 8. At Day 

20, the black scab had detached from the irradiated site, revealing a clean, tumor-ablated 

site (Fig. 3.7E). Body weight data show that the NIR irradiation and administration of 

various LPNs did not reduce body weights of mice (Fig. 3.7F), indicating that LPNs 

treatments are relatively non-toxic.  
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Figure 3.9 Histology and apoptosis of tumor tissues.  

T47D tumor-bearing mice were irradiated with a NIR laser (808 nm) at one day post-

dose of nanoparticles. One day after NIR irradiation, the tumor tissues were subjected to 

H&E staining and TUNEL assay. Scale bar=50 μmol/L. 

 

H&E staining revealed the different histology of the group treated with C-LPNs plus 

NIR (Fig. 3.8A). Compared with other groups, the group treated with C-LPNs plus NIR 

showed darker and fragmented nuclear staining. TUNEL assay showed the highest 

population of apoptotic cells in the group treated with C-LPNs plus NIR (Fig. 3.8B). In 

other groups, there was little sign of apoptosis. 
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3.4 Discussion 

In this study, site-specific conjugation of an anti-CLDN3 antibody to the surfaces of 

LPNs was demonstrated to provide greater nanoparticle uptake into CLDN3-positive 

tumor cells and in vivo tumor ablation upon NIR irradiation. LPNs were used for 

conferring NIR photoresponsiveness and cysteine-directed maleimide conjugation of 

antibody.  

As a photoresponsive core material, we chose PDA-synthesized by a facile pH-

dependent polymerization process from dopamine6,owing to its simplicity, 

biodegradability, and biocompatibility. PDA has been exploited in recent studies as 

stable material for biocapacitor20 or drug carriers for cancer photothermal therapy21,22. 

PNs formed from PDA are expected to degrade to dopamine monomers, quinine, and 

PNs segments23,24. The degradation of melanin with a PNs-like structure has been 

shown to take more than 8 weeks in vivo23. It has been reported that PDA is degraded in 

the cytoplasm via the reducing catalytic activity of glutathione25. It has been shown that 

intravenous injection of PNs does not cause histological or hematological toxicity in 

mice6. 

Despite the merits of PNs, their catechol-rich surfaces are not suitable for specific 

conjugation with cysteine groups of anti-CLDN3 antibodies containing a genetically 

introduced cysteine group. In this study, we coated the surfaces of polydopamine 

nanoparticles with maleimide-functionalized polyethyleneglycol lipid derivative. The 

surface coating with polyethyleneglycol can provide the higher stability in the 

bloodstream. In addition, the surface coating can prevent the nonspecific conjugation of 

h4G3cys to the catechol moieties of polydopamine nanoparticles. The surface coating 

with a maleimide-functionalized polyethyleneglycol can hinder the access of amine or 

thiol groups of h4G3cys to the catechol moieties of polydopamine. Moreover, the 

external maleimide end of pegylated lipid enables the preferential binding with thiol 

group at the genetically introduced cysteine residue of h4G3cys. Thus, the surfaces of 

PNs were modified with lipids containing maleimide functional groups. A number of 

catechol, amine, and carboxylic groups, as well as the hydrophobic backbone of a 

polyaromatic ring, are exposed on the surface of PNs26. Lipid molecules 

hydrophobically adhere to the surfaces of PNs. Conjugation of specific cysteine groups 



104 

 

in h4G3cys to maleimide may result in a covalent carbon-sulfur bond. A maleimide 

linker has been used for the approved antibody-drug conjugate, Adcetris27.  

As lipid components of LPNs, we tested lipid maleimide derivatives as well as DPPC, 

DPPG, and DSPE-PEG2000. DPPC, DPPG, and DSPE-PEG2000 have been used as 

components of clinically approved liposome products28-30. DPPG is a negatively 

charged lipid that stabilizes the dispersion of LPNs in aqueous solutions. PEGylated 

lipid was used to provide hydrophilic “clouds” on LPNs surfaces, which can reduce the 

adhesion of nonspecific opsonins in the blood circulation in vivo31,32. 

One advantage of cysteine-specific conjugation of antibodies in C-LPNs is its ability to 

control orientation of the antibody. The conjugation of antibody to the surface of 

nanoparticles is typically accomplished through free amine or carboxyl groups on 

antibodies using cross-linking agents. However, this approach generates heterogeneous 

immunoconjugates and cannot guarantee the optimal orientation and functionality of the 

conjugated antibody owing to non-specific coupling. For site-specific conjugation, we 

used an antibody in which a cysteine residue was genetically introduced by replacing 

Q124 in the light chain of h4G3. The free thiol reactivity of the cysteine residue in the 

h4G3 antibody allows direct site-specific conjugation16. Indeed, we observed that the 

molecularly engineered cysteine-containing anti-CLDN3 antibody was conjugated to 

LPNs to a greater extent than a non-engineered anti-CLDN3 antibody. This observation 

supports the conclusion that cysteine-specific conjugation of h4G3cys antibody on 

LPNs creates optimal orientation and functionality. 

Although h4G3cys has cysteine at each light chain, our data support that there was low 

chance of conjugation with other nanoparticles. Fig. 3C shows that the mean sizes of 

LPNs and C-LPNs did not significantly differ. The low reactivity of unconjugated 

cysteine with maleimide groups on other particles would be explained in part by the 

hydrophilic clouding effect of PEG shell. Once conjugated, the other cysteine residue 

will be buried inside the hydrophilic shell, with limited chances to interacting with 

maleimide groups of other particles. In addition, our antibody conjugation condition 

was established to saturate the maleimide groups on nanoparticles. Fig. 3F shows that 

the conjugation efficiency reached to the saturation level at the ratio of antibody to PNs 

(0.5:1). The consumption of available maleimide groups on nanoparticles may have 

contributed to minimize the interaction with the unreacted cysteine residue of other 

nanoparticles. 
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The genetic engineering of cysteine introduction to h4G3 did not affect the binding to 

CLDN3 receptors. To introduce cysteine residues for direct conjugation, we chose the 

mutation Q124C in the light chain. Q124C is positioned in light chain constant region, 

and known to be not involved in antigen binging capacity. To confirm whether the 

genetic introduction of cysteine residue did not alter the binding affinity to the target 

receptor, we compared the binding of h4G3 and h4G3cys to cell lines with different 

extents of CLDN3 receptor expression levels. Regardless of CLDN3 receptor 

expressions, similar binding patterns were observed for h4G3 and h4G3cys in CLDN3-

negative cells (TOV-112D, Hs578T), CLDN3-expressing stable cells (CLDN3/TOV-

112D), and CLDN3-positive (T47D, OVCAR-3, Caov-3 and MCF-7) cells. Notably, in 

CLDN3-positive cells, both h4G3 and h4G3cys similarly showed higher binding to the 

cells compared to control IgG antibody.  

In this study, for comparison with C-LPNs, we used IG-LPNs made with genetically 

cysteine-introduced IgG, rather than wild type h4G3-conjugated nanoparticles (C-WT-

LPN). Indeed, we compared the cell binding of C-LPNs with that of C-WT-LPNs. The 

CLDN3-positive cell binding of C-WT-LPNs was negligible to that that of C-LPNs 

(Supporting Information Fig. S3.1). The difference could be due to the lower antibody 

amounts on the nanoparticle surface rather than to the higher targeting ability of C-

LDNs. To test the targeting ability of h4G3cys, we genetically engineered the IgG 

isotype Q124C to express cysteine residue. The genetic introduction of cysteine group 

in Q124C may allow similar binding of antibodies to LPNs via maleimide and thiol 

chemistry, and enable to test only the targeting function of h4G3cys.  

The integrity of the Fab conformation could result in efficient binding to CLDN3 on 

tumor cell surfaces. A recent report describing tethering of an antibody to Fc-binding 

peptides on the surfaces of liposomes highlights the importance of antibody 

orientation33. In this latter study, the controlled orientation of antibody binding was 

shown to provide higher binding to target cell surfaces compared to nanoparticles with a 

nonspecifically conjugated antibody.  

C-LPNs were effectively taken up by CLDN3-positive tumor cells, but not by CLDN3-

negative tumor cells. There was some non-specific binding to Hs578T cells, as 

evidenced by the similar cellular uptake of C-LPNs and IG-LPNs. This phenomenon 

would be in part attributed to nonspecific biding and endocytosis of anionic liposome by 

cancer cells via micropinocytosis34. However, non-specific binding to the cell 
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membrane did not result in significant in vitro photothermal activity in the CLDN3-

negative cell line, whereas C-LPNs induced high temperature and cell death after NIR 

irradiation in the CLDN3-positive cell line. Since the efficacy of C-LPNs is exerted by 

local NIR irradiation of the tumor site, side effects of modest non-specific binding to 

normal cells or tissues would be limited. 

We observed the dark brown color of the cells treated with C-LPNs (Fig. 4M). The 

brown color is due to the dark brown color of C-LPNs. Fig. 3I shows the dark brown 

colors for both types of nanoparticles. The different brown colors of cell pellets 

visualize the extent of brown nanoparticle binding. The darker brown color of the cells 

treated with C-LPNs supports the higher binding of brown C-LPNs to CLDN3-positive 

cells. 

In mice bearing CLDN3-positive tumors, a single exposure to NIR irradiation 

completely ablated tumors in mice treated with C-LPNs. Such potent photothermal 

efficacy is attributable to enhanced uptake of C-LPNs by tumor cells. Mice treated with 

C-LPNs without NIR irradiation showed continued growth of tumors, indicating that it 

is unlikely that anti-CLDN3 antibody conjugation alone exerts a notable anticancer 

effect, further highlighting the importance of NIR irradiation.  

Although in this study we used T47D breast cancer cells as a model of CLDN3-positive 

tumor cells, C-LPNs could be used for other types of CLDN3-positive tumors. It has 

been reported that CLDN3 is overexpressed in a variety of cancers, including ovarian, 

gastric, colorectal, prostate, and pancreatic cancer14,35-37. Notably, overexpression of 

CLDN3 is related to a poor clinical outcome38-41. In addition, CLDNs, which are tight 

junction proteins, are attractive cancer biomarkers owing to their accessibility in cancer 

cells compared with normal cells. During epithelial tumorigenesis, misorientation of the 

cell division axis causes out-of-plane division and exposes CLDNs that are normally 

inaccessible in tight junctions. Hence, the accessability of CLDNs is increased in cancer 

cells but is limited in normal epithelial cells, allowing CLDNs to act as cancer-specific 

biomarkers42. Previously, our group developed a human monoclonal antibody (h4G3) 

against CLDN3 and demonstrated the possibility of using immunoconjugates against 

CLDN3-overexpressing carcinomas43. In the study, we identified that the extracellular 

loop 2 domain of CLDN3 is involved in the recognition of h4G343. 
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CLDN3 could be a viable target for future clinical translation. Ongoing clinical trials 

use antibodies specific for various CLDNs, including IMAB027 and IMAB362, which 

target CLDN6 and CLDN18.2, respectively. A first-in-humans phase I/II dose-

escalation study of IMAB027 against recurrent advanced ovarian cancer was recently 

completed (NCT02054351). In the case of IMAB362, a single dose safety study (phase 

I), a safety study in combination with zoledronic acid and interleukin-2 (phase I), a 

repeated monotherapy study (phase IIA), and an efficacy/safety study (phase IIB) in 

combination with the EOX (epirubicin, oxaliplatin, and capecitabine) regimen for 

advanced gastric cancer have also been completed44. Patients are currently being 

recruited for a phase III efficacy study of IMAB362 in combination with capecitabine 

and oxaliplatin (CAPOX), or mFOLFOX6 chemotherapy for gastric and 

gastroesophageal junction (GEJ) cancer (NCT03653507 and NCT03504397). These 

cases underscore the clinical applicability of targeting CLDN3 and support the 

expectation of favorable results.  

For clinical translation, NIR phototherapy can be applied to the treatment of localized 

and light-accessible tumors. One concern is the limited tissue penetration of NIR light. 

Diverse types of NIR light sources such as fiber optic diffusers have been reported to 

provide light penetration to deeper tumors. Irradiation of light in NIR-II window has 

been shown to penetrate deeper tissues45,46. C-LPNs could be relevant to the treatment 

of CLDN3-positive and NIR light-accessible tumors, such as ovarian and prostate 

tumors. For example, C-LPNs in conjunction with NIR irradiation may help to remove 

residual ovarian cancer peritoneal metastasis remaining after surgery. In addition, 

prostate cancer could be treated by C-LPNs injection and NIR irradiation without 

requiring a biopsy. Previously, PTT using gold nanoparticles revealed favorable 

outcomes in men with low- or intermediate-risk, localized prostate cancer47. PTT has 

been reported to induce systemic antitumor responses that prevent metastasis or tumor 

recurrence6,48. On the other hand, various studies have reported that PTT can synergize 

with chemotherapy to provide a more efficacious regime49. Therefore, our C-LPNs 

would be promising agents for clinical approaches as a single therapy or as combined 

strategies with immunotherapy and chemotherapy.  

 

3.5 Conclusion 
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In conclusion, the site-specific conjugation of h4G3cys to maleimide groups of LPNs in 

C-LPNs enabled controlled antibody orientation and higher target cell uptake. The 

complete ablation of tumors in C-LPNs-treated mice by a single exposure to NIR 

irradiation suggests the potential translation of this platform to laser light-induced PTT 

of CLDN3-positive cancers. 
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4.1 Introduction 

Cancer immunotherapy has emerged as an effective strategy taking advantage of 

immune system to eradicate tumor. Among the immune cells contributing to the battle 

between cancer and tumor immunity, T cell play an indispensable role in scavenging 

and kill the tumor cells1. In tumor immunity, “the size is matter”. The ratio of effector T 

cell and the cancer cells are critical factors deciding fraction of tumor finally wiped out. 

Therefore, the baseline of tumor infiltrating lymphocytes are one of important 

prognostic marker in different type of solid tumor. Previous studies have indicated that 

good clinical outcome of tumor treatment is associated with presence of high CD8+ T 

cell ratio and low Treg cell2,3.  The out balance between cancer cells and T cells as well 

as the high level of regulatory T cell in tumor led to the outgrowth of tumor tissue in 

previous reports4. Hence, it is quite conceivable that the poor tumor infiltrating 

cytotoxic T cells as well as low cytotoxic T cell/Treg cell ratio can be the key factor 

limiting the current immunotherapy. 

In order to address the low lymphocyte infiltration in tumor tissue, various strategies 

have been suggested in recent studies. For example, combination of anti-angiogenesis 

therapy to normalize the tumor vasculature, which eventually promoted the T cell 

infiltration5. In other attempt, adoptive T cell therapy have been intensively investigated 

due to the promising result in clinical trial1. Systemic injection of these T cell may lead 

to increase number of systemic circulating T cell and were showing effective in B-cell 

lymphoma6. However, the practical evidences have revealed that adoptive T cell 

therapies still stay at humble outcome in solid tumor treatment. Solid tumors present the 

physical barrier, such as extracellular matrix, stromal cell together with abnormal 

vasculature system prevent the proper filtration and expansion of cytotoxic T cells7–9.  

Other attempt of increasing tumor infiltrating T cells was the use of T cell activators, or 

artificial antigen presenting cells. These strategies focus on activation and expansion of 

baseline tumor infiltrating lymphocytes using activators made of nano- or micro-

particles or scaffold10–15. The principle of artificial antigen presenting cell mimics the 

biology of T cell-antigen presenting cell immune synapse.  Typical artificial antigen 

presenting cells present at least two signals to activate T cells. Signal 1 is provided via 

the interaction of MHC-peptide with TCR:CD3 complex on T cells. The TCR:CD3 
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engagement results to cascade of intracellular signal transduction that activates T cells 

and induces clonal expansion of antigen-specific T cells. Alternative to MHC-peptide 

molecules, anti-CD3 antibody was exploited to achieved the non-specific clonal 

expansion in previous studies. Besides, the signal 2 provided as engagement of 

CD80/86 costimulatory molecules with CD28 receptor on T cell is also critical in T cell 

activation. Besides, the additional signal 3, such as IL-2, is also important for the long-

term survival of activated T cells16,17. Not only the signal types are required, also does 

the strength of signal and the contact area contribute to the efficiency of T cell activator. 

Various materials have been fabricated into nano-sized or micro-sized aAPC for ex vivo 

or in vivo expansion. However, the current techniques for aAPC development mostly 

limited at fine-tuning the size and shape of particles to achieve the optimal T cell 

stimulation. In general, the micro-sized particles are more effective than nanoparticles 

due to the larger contact area with T cells16,17. Some attempts have used the ellipsoidal 

shape particles to improve the contact of T cell and aAPC13,18. Iron oxide nanoparticles-

based T cell activators was exploited to promote T cell therapy via assistance magnetic 

field for particle clustering11. Most current T cell activators were used for ex vivo 

expansion of T cell rather than in vivo treatment due to the requirement of particle 

removal, big size or non-biodegradation10,13,19. Although previous studies have 

evidenced the feasibility of aAPC for tumor treatment, these therapies just stopped at 

the tumor growth inhibition rather than complete ablation of tumo11,12. The low efficacy 

could be explained by the suboptimal activation of those aAPC systems as well as the 

initial low T cell infiltration in tumor tissue.  

Photothermal therapy (PTT) has withdrawn attraction in cancer immunotherapy 

nowadays. Photothermal therapy have been used intensively in recent studies to 

eradicate the tumor based on heat generation, which is converted from light energy20,21. 

The heat induction cause tumor cell death following the change in tumor immune-

environment. Photothermal therapy have been proved that it was able to induce 

immunogenic tumor cell death and provoke the anti-tumor immune response20,21 

Previous studies have also revealed that photothermal treatment caused tumor 

inflammation and recruited more peripheral antigen-specific T cell into tumor tissue22. 

Herein, we have developed the novel aAPC platform based on the DNA material. A 

DNA-based micro-flower (DMF) made of rolling circle amplification was exploited due 

to its unique surface flower topology23. DMF was coated with a layer of polydopamine 
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(PDA), which acted as photothermal agent and provided the active surface for T cell-

stimulating antibody mounting. Anti-CD3 antibody and anti-CD28 antibody were 

conjugated on DMF, providing signal 1 and signal 2 for T cell activation. Human 

interleukin-2 (h-IL2) was entrapped in the microporous structure of DMF as the 

reservoir of signal 3 release, mimicking the natural antigen presenting cells (Fig. 4.1A). 

DMF-based T cell activators allowed T cell interaction with larger surface area via 

insertion of T cell microvilli into DMF pores made of surface leaflets (Fig. 4.1B).   

DMF-based T cell activator performed the superior T cell activation and expansion in 

both in vitro and in vivo study. Combination of PTT and DMF-based T cell activator 

synergize in tumor eradication, resulting in complete primary tumor ablation. In 

addition, successful tumor irradiation also came with generation of systemic anti-tumor 

immune response that inhibiting distant tumor growth.  
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Figure 4.1 Schematic illustration of structure of DNA-based micro-flower (DMF) based 

T cell activator and its surface topology role in T cell activation.  

(A) Construction of T cell activator using DMF and its microstructure explanation. 

DMF was synthesized by rolling circle amplification. DMF was coated with 

polydopamine (PDA). Anti-CD3 Ab and anti-CD28 Ab were conjugated on DMF 

particle via PDA layer. hIL-2 was entrapped in micro-cavity inside DMF for a sustain 

release. (B) Mechanism of Ab-DMF/hIL2 in T cell interaction and activation. Ab-

DMF/hIL2 have multi-leaflet forming porous surface allowing the insertion of T cell 

microvilli during interaction. Compare to smoothly spehrical surface of Ab-PS, Ab-

DMF/hIL2 provide larger contact area, thus providing stronger stimulus for T cell 

activation.  
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4.2 Material and method 

4.2.1 Rolling circle amplification 

DMF was prepared by rolling circle amplification (RCA) with a DNA template. To 

generate pre-circular RCA template before RCA reaction, 0.5mM of DNA template 

(ATCTGACTAGTATATACAAAACTAATGAGGCGTTGGAAGTGTAGTGGGGCG

GTGCGCTCGGTCATAGTAAT ;Macrogen Inc., Daejeon, Republic of Korea) was 

annealed with 0.5mM corresponding primer (5’-TATATACTAGTCAGATATTACT-

3’; Macrogen Inc.) in hybridization buffer (1 mM EDTA, 10 mM Tris.HCl, 100 mM 

NaCl, pH 8.0). Pre-circular RCA template was reacted with T4 DNA ligase (125 

units/mL) (Thermo Scientific, Waltham, MA, USA) for 12 h at 4°C to close the nick, 

resulting in circular RCA template. The circular RCA templates were incubated for 5 

min at 70°C for inactivation of T4 DNA ligase. The resulting circular templates was 

incubated with phi29 DNA polymerase (100 units/mL) (Thermo Scientific) and 2 mM 

dNTPs (ELPIS-Biotech. Inc., Daejeon, Republic of Korea) for 48 h at 30°C. The 

collected RCA products were heated for 10 min at 70°C for inactivation of phi29 DNA 

polymerase. After centrifugation at 8,000 ×g for 5 min, supernatant was eliminated for 

removing residual dNTPs from RCA product. The pellet was centrifugally washed 

(8000 ×g, 3min) with TDW for 3 times. The final DMF pellet was resuspended in TDW 

and stored at 4 ºC.  

4.2.2 Preparation of Ab-DMF 

First, 2×107 DMFs were dispersed in 1ml of 10 mM Tris buffer pH 9.2 for 

polydopamine coating. In that 1ml dispersion, 3ul of 10 mg/ml dopamine hydrochloride 

solution was added. The reaction was left for 30 min at 25 ºC followed by shaking at 

1000 rpm. The PDA-coated DMF was collected and washed 3 times with Tris buffer by 

centrifugation at 6000 rpm for 3 min. In order to conjugate antibody on the surface, the 

PDA-coated DMF was then reconstituted in 50 ul of Tris buffer containing 50 ug/ml 

anti-CD3e mouse IgG (Bio X Cell, West Lebanon, NH, USA)and 100 ug/ml anti-CD28 

mouse IgG (BioX cell). The conjugation was left at room temperature overnight. The 

Ab-DMF was purified by washing with Tris buffer 3 times by centrifugation at 6000 

rpm for 3 min. Pelleted Ab-DMF was then reconstituted with 100 ul TDW and stored at 

4 ºC for further use. Antibody-conjugated polystyrene microparticle (Ab-PS), which 
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was used as the control particle, were prepared in the similar process using polystyrene 

microparticle (Sigma Aldrich, Missouri, United States)   

Human IL-2 (hIL-2) loading on Ab-DMF was performed via complexation with poly-L-

lysine (PLL). First, 2 ug of IL-2 (BioLegend, San Diego, CA, USA) was added to 100 

ul of 2×107 Ab-DMF and briefly vortexed and sonicated. 2 ul of 1 mg/ml PLL (Sigma) 

prepared in water was added to the mixture followed by pipetting and sonication for 10 

sec. The IL-2 loading was left overnight at 4 ºC. The purification of Ab-DMF/hIL2 was 

performed via centrifugal washing using TDW. At last, Ab-DMF/hIL2 was then 

reconstituted in 5% glucose and stored at 4 ºC for other testing.  

4.2.3 Quantification of antibodies and h-IL2 loaded in DMF 

The amount of antibody conjugated on DMF was quantified using micro-BCA assay 

(Thermo Fisher Scientific, Waltham, MA, USA). After conjugating with antibody, the 

supernatants of centrifugal wash were collected for quantification. 25 ul of supernatant 

was subjected to the micro BCA assay following the manufacturer’s protocol. The 

amount of antibody conjugated on DMF was quantified by subtracting the amount of 

antibody in supernatant from the initial amount of antibody added into reaction.  

Tha amount of hIL-2 loaded in Ab-DMF was quantified using hIL-2 ELISA (R&D 

Systems, Minneapolis, USA). After hIL-2 loading overnight, the supernatant was 

collected by centrifugal wash and subject to quantification. The supernatant was diluted 

at appropriate dilution factor and quantified using h-IL2 ELISA. The loading amount of 

hIL-2 was determined by subtracting the amount in supernatant from the feeding 

amount of hIL-2. In some experiment, hIL-2 was labeled with Alexafluor 680 using 

Alexa Fluor™ 680 NHS Ester (Thermo Fisher Scientific) for visualization by confocal 

microscopy.  

The presence of antibodies and hIL-2 in particle was visualized using confocal imaging. 

Fisrt, particles were stained with FITC conjugated-Syrian Hamster antibody (dilution 

factor 1:100, Biolegend), Alexafluor 594-conjugated anti-Armenian Hamster (dilution 

factor 1:100, Biolegend) in 2%FBS/PBS for 1 hour. Particles were washed with PBS 

and stained with 10 ug/ml Hoechst in PBS for 30 min. After washing with PBS, 

particles were mounted on polyamine-coated coverslip for confocal imaging.   

4.2.4 Characterization of morphology and physical properties 
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The morphology of various particles, such as: Ab-PS, DMF, PDA-coated DMF (pDMF), 

Ab-conjugated PDA-coated DMF (Ab-DMF), Ab-DMF/IL2 was visualized using SEM. 

The internal microstructure of microparticles was characterized by cross-sectioning 

using a focused ion beam field emission scanning electron microscope (FIB-SEM). 

Size of particles were identified using dynamic light scattering method. Zeta potential of 

particles were measured by laser Doppler microelectrophoresis at an angle of 22°. Size 

and zeta potential measurement were performed using an ELS8000 instrument (Photal, 

Osaka, Japan) 

4.2.5 Visualization of T cell and particle interaction 

CD8+ T cells were isolated from splenocytes of Balb/c mouse by negative seletion 

method using magnetic isolation kit (Company). 200 ul of 4×105 T cells was plated in 

96-well plate in complete DMEM media. 8×105 of Ab-PS or Ab-DMF/hIL2, were 

added in each well and incubated overnight. For the positive control sample, Dynabead 

(Thermo Fisher Scientific, Waltham, MA, USA) particles was added into T cell as 1:1 

ratio of cell per particle following manufacture protocol.  T cells and particle mixtures 

were collected by centrifugal wash with pre-warmed PBS (3000 ×g, 5 min). The 

binding of T cell and particles were visualized by SEM and confocal microscopy. 

For SEM visualization, T cells and particles mixture were firstly mounted on polyamine 

coated cover slip for 15 min. After T cells and particles mixtures were successfully 

mounted, T cell-particles mixture were washed with PBS and then fixed with pre-

warmed Karnovsky fixative solution at 37 ºC for 2 hours. After fixation, the T cell-

particles mixtures were rinsed with 0.05 M Cacodylate buffer for 3 times. 500 ul of 1% 

OsO4 solution was added into mixture and left for staining for 1 hours at 4 ºC. The T 

cell-particles mixtures were then rinsed with TDW for 3 times. Then the cover slips 

were then dehydrated with serial ethanol solutions (50, 70, 90, 100%). Dehydrated T 

cell-particles mixtures was then dried in critical point drier (Company). The dried T 

cell-particles mixtures were sputter-coated with 1-2 nm gold-palladium and subjected to 

SEM imaging using field-emission scanning electron microscope (Supra 55VP, Carl 

Zeiss, Oberkochen, Germany). 

For confocal imaging, the T cells and particles mixture was stained with FITC 

conjugated anti-Syrian Hamster antibody (dilution factor 1:100, Biolegend), Alexafluor 

594-conjugated anti-Armenian Hamster (dilution factor 1:100, Biolegend) and 
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Alexafluor 647-conjugated anti-CD8 antibody (Biolegend) in 2%FBS/PBS for 1 hour. 

The T cell-particles mixture were washed with 2%FBS/PBS for 3 times and 

resuspended in PBS. T cell-particles mixtures were mounted on polyamine-coated cover 

slips. The cover slips were rinsed with PBS, fixed with 4% paraformaldehyde and 

nuclear stained with Hoechst dye (Sigma-Aldrich). After washing, the binding of T cell 

and particles was observed using an SP8 confocal laser microscope (Leica 

Microsystems, Wetzlar, Germany). 

4.2.6 In vitro T cell activation  

Activation of T cells was tested via proliferation rate and cytokine secretion. Total T 

cells were isolated from splenocytes of Balb/c mouse using nylon column as previously 

described [Ref]. The purity of T cells was more than 90% based on FACS analysis of 

CD3-positive population. For activation testing, 200 ul of 4×105 T cells was plated in 

96-well plate in complete DMEM media. 8×105 of microparticles, were added in each 

well and incubated for 4 days. Media was refreshed every 2 days or when the media 

color became orange. For the positive control sample, Dynabead (Thermo Fisher 

Scientific, Waltham, MA, USA) particles was added into T cells at 1:1 ratio of cell per 

particle following manufacture protocol. 

For proliferation assay, T cells were stained with CFSE (Biolegend) following 

manufacture’s protocol. After 4 day-activation, T cells were collected and stained with 

PE-conjugated anti-mouse CD4 antibody (Biolegend, 1:100 diltution), Percp-Cy5.5-

conjugated anti-mouse CD8 antibody (Biolegend, 1:100 dilution) and APC-conjugated 

anti-mouse CD3 antibody (Biolegend, 1:100 dilution). The stained T cells were then 

analyzed using FACS Calibur flow cytometer (BD Biosciences, CA, USA). The 

proliferation of CD3+CD4+ T cell and CD3+CD8+ cells were assessed based on CFSE 

signal dilution. The proliferation index of T cells was calculated using Flowjo software 

(BD Biosciences, CA, USA).  

For T reg cell quantification, 4 day-activated T cells were collected and stained with 

FITC-conjugated anti-mouse CD25 antibody (Biolegend, 1:100 diltution), PE-

conjugated anti-mouse CD4 antibody (Biolegend, 1:100 dilution). Then T cells was 

fixed and permeabilized with intracellular staining kit (Biolegend). Cell was 

intracellularly stained with APC-conjugated anti-mouse FoxP3 antibody (R&D Systems, 

1:100 diltution). The stained cell was subjected to analysed by  FACS Calibur flow 
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cytometer. The Treg cells were gated via CD4+CD25+FoxP3+ T cells and the 

percentage of Treg cells was analysed by Flowjo software (BD Biosciences, CA, USA). 

For cytokine secretion assay, the supernatant of activated cell were collected after 48 

hour-Activation with testes particles. The quantification of IL-2 and interferon-γ (IFN- 

γ) was performed using enzyme-linked immunosorbent assay (ELISA) using mouse IL-

2 ELISA (R&D Systems) kit and IFN-γ ELISA (R&D Systems) kit following 

manufacture’s protocols. 

4.2.7 In vitro anti-cancer effect mediated by activated T cells 

The in vitro anticancer effect was examined using the coculture model of cancer-

reactive T cells and cancer cells. Total T cells were isolated from splenocytes from mice 

immunized with CT26 cancer cell lysates and imiquimod following method of previous 

report with slight modification [Sciullo 2019]. Briefly, mice were injected 

intraperitoneally with 100 ug CT26 lysate protein mixed with 100 ug imiquimod once a 

week for 3 weeks. 7 days after the last immunization, mice were euthanized and 

splenocyte was isolated. Total T cell was obtained from splenocytes using nylon column. 

200 ul of 4×105 T cells was plated in 96-well plate in complete DMEM media. 8×105 of 

microparticles, were added in each well and incubated for 4 days. Activated T cells 

from each well was washed 2 time with PBS and resuspended in 00 ul complete DMEM 

supplemented with 30 U/ml h-IL2. CT-26 cells were stained with Calcein-AM 

(Company).100 ul of 1×104 Calcein-AM stained CT26 cells were cocultured with 100 

ul activated T cells in 96 U-bottom  well plate. In the positive control groups, 0.1% 

saponin was used to achieve complete cancer cell lysis. In the negative control, blank 

media were added to cancer cells. Cancer cell lysis-induced release of Calcein AM in 

supernatant was used to evaluate the cancer cell killing effect of activated T cells. 24 

hour later, supernatants were collected and fluorescence intensity was measured at 485 

nm excitation and 535 nm emission using Multireader SpectraMAX M5 (Molecular 

Devices. San Joe, CA, USA). The cancer cell viability was based on the fluorescence 

intensity of each groups normalized with positive and negative control.  

4.2.8 In vivo study of anticancer efficacy 

Six-week old Balb/c mouse was inoculated subcutaneously on the right flank with 

3×105 CT26 cells. Seven days after tumor inoculation, mice were randomly divided to 

groups and treated with microparticles. 50 ul of samples containing 1×107 sample 
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microparticles (Ab-DMF, Ab-DMF + hIL-2, Ab-DMF/hIL2) were injected 

intratumorally at every 3 day-interval for 3 repeated doses. In the group receiving free 

antibodies, 50 ul of 2 ug CD3 antibody and 2 ug CD28 was intratumorally injected into 

the tumor. In the group receiving Ab-DMF + hIL-2, 50 ul of 400 ng hIL-2 was injected 

at tumor 5 min after injection of particles. The tumor growth was monitored every 2-3 

days by measurement tumor volume using caliper. Tumor volume was calculated by the 

given equation a × b2 × 0.5, where a is the largest and b is the smallest dimension. 

4.2.9 In vivo study of photothermal immunotherapy efficacy 

In vivo photothermal immunotherapy efficacy was assessed using primary and distant 

tumor model after treatment with tested particles and NIR irradiation. Six-week old 

Balb/c mice were first inoculated with 1×106 CT26 cells on the right flank as primary 

tumor. Seven days after primary tumor inoculation, 3×105 CT26 cells were inoculated 

on the left flank as distant tumor. 50 ul of 2×107 samples particles were injected 

intratumorally at the primary tumor. Five min after particle injection, the tumor site was 

irradiated with 808 nm at an output power of 1.5 W for 15 min. The tumor temperature 

was monitored using an infrared thermal imaging system (FLIR T420). The laser was 

controlled to maintain the maximum temperature at tumor tissue not exceeding 50 ºC. 3 

days later, the sample particles were injected intratumorally at 3 day-interval for 3 more 

repeated doses. The volume of primary tumor and distant tumor were monitored every 

2-3 days.  

 

4.2.10 Characterization and quantification of tumor-infiltrating lymphocyte 

in tumor tissue 

7 days after the first injection of particles, mice was euthanized and tumor tissue was 

isolated. Tumor tissue was minced into small pieces using scissors and digested with 

RPMI media supplemented 1 mg/ml collagenase (Sigma-Aldrich). After enzyme 

digestion, tumor cell suspension was washed with 2% FPS/PBS and filtrated through 40 

um cell strainer to obtain the single cell suspension.  

For quantification of CD4 and CD8 T cells, the tumor cell suspension was stained with 

PE-conjugated anti-mouse CD4 antibody (Biolegend, 1:100 diltution), Percp-Cy5.5-

conjugated anti-mouse CD8 antibody (Biolegend, 1:100 dilution) and APC-conjugated 
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anti-mouse CD3 antibody (Biolegend, 1:100 dilution). The stained tumor cells were 

then analyzed using FACS Calibur flow cytometer flow cytometer. The percentage of 

CD3+CD4+ T cells and CD3+CD8+ T cells were analysed using flowjo software. 

To access the Granzyme B activity of CD8+ T cell in tumor tissue, the tumor cell 

suspension was stained with FITC-conjugated anti-mouse CD3 antibody (Biolegend, 

1:100 diltution) and Percp-Cy5.5-conjugated anti-mouse CD8 antibody. Then T cells 

was fixed and permeabilized with intracellular staining kit (Biolegend). Cell was 

intracellularly stained with Alexafluor 647-conjugated anti-mouse Granzyme B (GrzB) 

antibody (Biolegend, 1:100). The percentage of CD8+GrzB+ was sorted by flow 

cytometer and analysed by flowjo.  

In order to evaluate Treg cell population in tumor tissue, tumor cell suspension was 

surface stained with FITC-conjugated anti-mouse CD25 antibody (Biolegend, 1:100 

diltution), PE-conjugated anti-mouse CD4 antibody (Biolegend, 1:100 dilution) and 

intracellular stained with APC-conjugated anti-mouse FoxP3 antibody. The Treg cells 

were gated via CD4+CD25+FoxP3+ T cells and the percentage of Treg cells was 

analysed by Flowjo software. 

 

4.2.11 Statistical analysis 

The experiment data was analyzed with two-side analysis of variance (ANOVA) using 

with Dunnett's test for post-hoc test. All statistical analyses were carried out using 

GraphPad Prism software (version 7.0). The comparison was considered as statistical 

difference when P values was less than 0.05.   
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4.3 Result 

4.3.1 Characterization of Ab-DMF/hIL2 

In order to conjugate T cell-stimulating antibodies on DMF, we firstly coated DMF with 

a layer of polydopamine (PDA), yielding PDA-coated DMF (pDMF). Coating with 

polydopamine did not change the topology of DMF (Fig.2A). The color change in 

particle pellet indicated the succesfull coating of polydopamine (Fig. 4.4.2C).  Anti-

CD3 antibody and anti-CD28 antibody were conjugated on DMF surface via catechol 

groups of PDA. The antibody modified DMF (Ab-DMF) owed a negatively charged 

surface (were then loaded with h-IL2 via charge-charge interaction of poly-L-lysine 

(PLL) and negative charge DMF. With the assistance of PLL, the loading content of h-

IL2 was 409 ± 17.8 ng per 1 ×107 particle, which was approximately 2.58-fold higher 

than that of h-IL2 loading without PLL (Fig. 4.4.2F). The final particle, Ab-DMF/hIL2 

maintained the flower structure as their particle predecessors and the size of final 

product particle was 1.83 ± 0.17 um (Fig. 4.4.2I). A slight reduction of zeta potential of 

Ab-DMF indicated the complexation of hIL-2 and poly-L-lysine (Fig. 4.4.2D). Confocal 

images showed that Hoechst dye, a DNA staining dye, absorbed to the DMF’s derived 

particles, indicating the DNA component structure, which was not observed in the PS 

counterpart. The presence of antibodies and h-IL2 observed by confocal imaging 

revealed that antibodies was conjugated on the surface of particles whereas h-IL2 was 

absorbed both outer space in and inner space of DMF particles (Fig. 4.4.2B). With the 

same number of particle, 1 ×107, the amount of antibodies conjugated on Ab-DMF was 

2.8 ug whereas that of Ab-PS was 0.11 ug (Fig. 4.4.2E). In order to see the 

microstructure inside the Ab-DMF/hIL2 particles, we cross-sectioned single particle. 

Cross-sections of Ab-DMF/hIL2 particles revealed a porous network (Fig. 4.4.2H), 

whereas the Ab-PS’s cross-section showed a solid core (Fig. 4.4.2F). The release of h-

IL2 was observed in a sustain manner in the presence of serum whereas negligible 

release was detected in TDW (Fig. 4.4.2J).  
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Figure 4.2. Characterization of DMF-based T cell activators.  

(A) Morphology of DMF-based activators and PS microparticle-based activator were 

examined by SEM, scale 500 nm,. (B) Fluorescence signal of stimuli antibody and h-

IL2 observed by confocal imaging, scale 500 nm. (C) Pellet color of various T cell 

activator. (D) Zeta potential of T cell activators. (E) The total amount of antibodies 

conjugated on T cell activators. (F) Loading content of hIL-2 in T cell activators. Cross-

sectional view of Ab-PS (G) and Ab-DMF/hIL2 (I) observed by FIB-SEM, scale 500 
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nm. Size distribution of Ab-PS (H) and Ab-DMF/hIL2 (J). Cumulative release from Ab-

DMF/hIL2 at different time points in PBS or in 10% serum. 
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4.3.2 Ab-DMF/hIL2 perform a large surface area interaction with T cell 

The interaction of T cell and particles were examined by visualizing the binding state of 

the T cell-particles complex. The SEM images of Tcell-particle complex revealed a high 

surface area at the contact synapse between Ab-DMF/hIL2 and T cell. T cell surface 

appeared number of microvilli for the interaction with surface of particles. T cell 

stretched out its shape to match with the porous topology of Ab-DMF/hIL2 (Fig. 4.3A). 

In addition, the porous topology structure of Ab-DMF/hIL2 allow the insertion of 

microvilli inside the pore (Fig. 4.3A). EDS-SEM imaging allowed the clear observation 

of T cell-Ab-DMF/hIL2 synapse due by the contrast signal derived from different 

composition of T cell membrane and particle surface (Fig. 4.3E). The cell surface 

transformation and microvilli insertion in the pores could be observed by surface 

scanning as well as cross-sectioning of T cell-Ab-DMF/hIL2 complex (Fig. 4.3A, B). 

On the contrary, on the exposure to the smooth surface of Ab-PS, T cell’s microvilli just 

performed the surface on particle surface (Fig. 4.3B). Analysis on various cross-

sectioning images revealed that the contact length between T cells and Ab-DMF/hIL2 

was 2.64 ± 0.7 um, which was 3.7-fold greater than that of PS-Ab (Fig. 4.3C,D). 

Confocal imaging showed that a single T cell was bound by multiple Ab-DMF/IL2, 

whereas less than one Ab-PS bound successfully to T cell in the first 4-hour incubation 

(Fig. 4.3F).  
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Figure 4.3 Interaction and morphology of T cells and T cell-activators.  

(A) Surface scanning of T cell/activators complex obtained from coculture of T cell 

with Ab-PS or Ab-DMF/hIL2. Cross sectioning of T cell/activator complex revealed the 

difference in the contact between T cell and spherical shaped-Ab-PS and microflower-

shaped Ab-DMF/hIL2 (B). (C) The touching contact of T cell microvilli and Ab-PS 

surface (left panel). The insertion contact of T cell microvilli into the pores made of 

leaflet of Ab-DMF/hIL2 and (right panel). The length of surface contact observed in 

FIB-SEM images measured the cross-sectional contact of T cell and activators (D). The 

EDS-SEM images of T cell/activators complex indicating the difference in element 
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compositions. (F) Confocal images of T cells cocultured with Ab-PS or Ab-DMF/hIL2 

indicating the binding of T cell and particles. 

T cell activation and proliferation were promoted by the difference in topology of 

particles In order to examine the effect of particle’s surface topology on T cell 

activation, total naïve T cells were cocultured with various particles to evaluate the T 

cell proliferation and cytokine secretion. After 4 days of coculture, we observed the 

faster proliferation of both CD4 and CD8 T cell in both Ab-DMF and Ab-DMF/hIL2 

compared to PS. In detail, the CD4 T cell proliferation in Ab-DMF and Ab-DMF/hIL2 

treated groups was approximately 2-fold higher than that of PS. On the other hand, CD8 

T cell proliferation was 2.4-fold and 3.4-fold higher in Ab-DMF and Ab-DMF/hIL2, 

respectively, than that of Ab-PS (Fig. 4.4A, B). Of note, the differentiation of Treg cell 

in Ab-DMF and Ab-DMF/hIL2 was significant lower than both Dynabead control as 

well as Ab-PS (Fig. 4.4C, D). The increase proliferation was correlated with increase in 

the T cell activation characterized via IL-2 (Fig. 4.4E) and INF-γ (Fig. 4.4F) secretion. 

Activation by Ab-DMF showed 4.2-fold and 4.5-fold greater extent in IL-2 and IFN-γ 

secretion compared to PS, whereas similar with positive control Dynabead. Interestingly, 

loading IL2 in Ab-DMF/hIL2 significantly activated T cells, resulted in increase in both 

cytokine secretion, which increased 3.4-time (IL-2) and 1.8-time (IFN- γ) compared to 

non-IL2-loaded counter Ab-DMF.  
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Figure 4.4 In vitro T cell activation and expansion efficacy of Ab-DMF/hIL2.  

(A) Naïve T cells were stained with CFSE dye and examined proliferation after 4 days 

activation under presence of various activator particles. CD3+CD8+ T cells and 

CD4+CD8 T cells were gated for CFSE signal analysis. (B) Fold expansion of each T 

cell population based on the first generation in CFSE assay. (C) Treg cells 

differentiation were analyzed based on the population of CD4+CD25+FoxP3. (D) The 

ratio of Treg cell in total CD4 T cells. Level of of IL-2 secretion (E) and IFN- γ (F) in 

supernatant of coculture by ELISA.  
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4.3.3 Anticancer effect of T cell activated expanded by activator particles 

In order to evidence that increase number of T correlated with anti-tumor efficacy, we 

have set up the coculture model to mimic anti-cancer effect of expanded T cells in 

tumor tissue. Total T cells from splenocyte of CT26 lysate-immunized mice as a source 

for coculture because these T cells containing both tumor specific and non-specific T 

cells as well as effector T cells and regulatory T cells. The examination of Ab-

DMF/hIL2 via activation and amplification of small tumor-specific response in a non-

relevant pool and regulatory population would emphasize the efficacy of treatment in 

tumor biological context (Fig. 4.5A). In correlation with the dominant proliferation of 

CD3+CD8+ T cells over CD3+CD4+ T cell as well as minimizing the Treg cell 

differentiation, treatment with Ab-DMF pronounced more anti-cancer effect in the 

cocultured model. CT26 cells treated with pool of T cell-activated with Ab-DMF 

exerted 53.7 ± 2.7% viability, whereas cancer cell growth in group treated with Ab-PS 

was 97.7 ± 4.2%. While cotreatment of h-IL2 in coculture did not improved the 

anticancer effect of both Ab-PS and Ab-DMF groups, Ab-DMF/hIL2 treated T cell pool 

exerted the higher cell killing ability, resulted into 29.5% cancer cell viability (Fig. 

4.5B).  

 

Figure 4.5 In vitro anti-cancer effect of T cells expanded by Ab-DMF/hIL2.  

(A) Anti-tumor specific T cell pool was collected from splenocyte of CT26 tumor 

lysate-immunce mice. T cell pool was expanded with various samples for 4 days and 
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whole expanded T cells was cocultured with CT26 cells to assess the anti-cancer effect 

(B) Cell viability of CT26 in the presence of expanded T cells in 24-hour-coculture.  

   

4.3.4 Photothermal activity induced tumor inflammation and recruitment 

of T cells 

The photothermal efficacy of Ab-DMF/hIL2 was evaluated by measurement of light-

induced heat generation in vitro and in vivo model. In vitro experiment, irradiation of 

cancer cell/particle mixture with 808 nm laser resulted in the increase in temperature by 

time. The temperature of CT26 mixed with Ab-DMF/hIL2 reached to 52 ± 1.5 ºC after 5 

min irradiation (Fig. 4.6A). The effect of temperature on thermal stability Ab-

DMF/hIL2 in term of T cell activation efficacy were evaluated via the secretion of IFN-

gamma. The NIR-irradiated Ab-DMF/hIL2 maintained the activity similar with non-

NIR-irradiated counterpart even the temperature increased up to 60 ºC (Fig. S1). 

Intratumoral injection of Ab-DMF/hIL2 could induced the heat generation at tumor site 

under NIR irradiation. Temperature of Ab-DMF/hIL2-treated tumor tissue raised up to 

50.7 ± 2.1 ºC after 5 min irradiation. Whereas the temperature of untreated tumor was 

only 38.3 ± 1.1 ºC at same NIR irradiation condition (Fig. 4.6B).  

 

Figure 4.6 Photothermal activity of Ab-DMF/hIL2.  
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(A) Photothermal image and temperature of CT26 cells/Ab-DMF/hIL2 mixture under 

irradiation of NIR laser at various time points. (B) Photothermal image and temperature 

of tumor tissue under NIR laser irradiation. Ab-DMF/hIL2 was intratumorally injected 5 

min before irradiation.   

 

4.3.5 Photothermal immunotherapy efficacy  

We proposed add illustrated the mechanism of antitumor effect of Ab-DMF/hIL in Fig. 

4.7A. Intratumoral injection of Ab-DMF/hIL2 followed by NIR irradiation would cause 

tumor tissue damage and generate the inflammation that recruit leukocytes including the 

migration of tumor specific T cells into tumor tissue. Following 4 repeated dosing as 

scheduled (Fig. 4.7B), the exposure of T cells with Ab-DMF/IL2 in tumor tissue 

activate T cells and induce their proliferation. The expansion of tumor-specific 

cytotoxic T cells would lead to aggressive tumor killing effect. As a result, the treatment 

with pDMF followed by NIR suppressed tumor growth by 28.3 ± 14.6% compared to 

untreated group, indicating that photothermal therapy alone without T cell stimulation 

could not generate a sufficient anti-tumor effect to remove tumor.    The tumor 

suppression efficacy of Ab-DMF was 60.1 ± 9.5%, which was higher than both Ab-PS 

(5.1 ± 11.7%) or Ab-PS cotreated with hIL-2 (24.2 ± 17.4). Of note, cotreatment of Ab-

DMF with h-IL2 showed similar anti-tumor efficacy with Ab-DMF. Interestingly, 

loading of IL-2 in Ab-DMF significantly improves antitumor effect and resulted in 

complete primary tumor suppression (Fig. 4.7C, D).  

The systemic antitumor effect caused by local thermal immunotherapy was evaluated by 

monitoring the incidence of distant tumor growth. We observed that treatment with 

photothermal therapy alone using pDMF exerted only 40% complete distant tumor 

inhibition. Treatment with Ab-DMF or Ab-DMF coinjected with hIL-2 shared the 

similar 60%, whereas that of mice treated with control particle Ab-PS and Ab-PS 

coinjected with hIL-2 was 20% and 40%, respectively. Notably, mice treated with 

complete formulation Ab-DMF/hIL2 showed a fulfilled systemic immune response, 

where the distant tumor growth were prevented in all tested mice (Fig. 4.7E). In 

correlation with antitumor effect, treatment with Ab-DMF/hIL2 resulted in 100% 

survival of treated mice during more than 60 days (Fig. 4.7F).   
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Figure 4.7 In vivo antitumor of Ab-DMF/hIL2 mediated by synergism of photothermal 

therapy and T cell activation.  

(A) Intratumor injection of Ab-DMF/hIL2 followed by NIR irradiation induced 

immunogenic cell death (ICD). Tumor inflammation caused by ICD release signals 

recruiting infiltration of T cell to tumor tissue. Higher volume of T cells infiltrating to 

tumor tissue maximize the activation and expansion effect of Ab-DMF/hIL2, which 

potently amplify the antitumor-specific T cells. Eventually, primary tumor tissue was 

wiped out by both PTT and amplified cytotoxic T cells. (B) Dosing schedule and NIR 

irradiation of phothermal immunotherapy. (C) Primary tumor volume at different time 
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points. (D) Primary tumor volume at day 27th. (E) Distant tumor volume and the 

complete response (CR) at day 27th. (F) Survival of treated mice  monitored in 65 days. 

 

4.3.6 Evaluation of T cell activation and proliferation in tumor tissue 

In order to elucidate the role of T cells contributing to antitumor effect of therapy, we 

next profiled the key T cell subtypes in primary tumor tissues. The analysis of 

percentage of CD3+CD8+ in tumor tissues revealed that treatment with Ab-DMF and 

derivatives significantly increase the number of CD3+CD8+ T cells. In detail, treatment 

with Ab-DMF raised the percentage of  CD3+CD8+ up to 6.2 ± 0.7% ,which was 4.6-

fold greater than that of Ab-PS treated tumor (1.3 ± 0.2%). Co-injection with IL-2 did 

increase the CD3+CD8+ T cells in tumor to 13.2 ± 1.9%. However, Ab-DMF/IL2 still 

provided the better efficacy where CD3+CD8+ T cell percentage was 23.7 ± 4.1% (Fig. 

4.8B). In addition, analysis of granzyme B (GrzB), one of key markers indicating the 

antitumor effect of cytotoxic T cell, showed that treatment of Ab-DMF significantly 

increased the number of CD8+GrzB+ cells. More important, we found that hIL-2 

loading in Ab/DMF particle. (Fig. 4.8B)  

 

Figure 4.8 Quantification of CD8 T cells in primary tumor tissue.  
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(A) The percentage of CD8 T cells in tumor tissue was analysed based on gating of 

CD3+CD8+ population in each group at 7 day after first sample injection and NIR 

irradiation. (B) The percentage of Granzyme B expressing cytotoxic T cells analysed 

based on the gating of GrzB+CD8+ T cells at each group at 7 day after first sample 

injection and NIR irradiation. 

 

On the contrary, CD3+CD4+ T cells and  CD4+CD25+FoxP3+ T cells were in the 

opposite trend, where treatment with Ab-DMF reduced those cell population. Of note, 

treatment with Ab-DMF cut down CD3+CD4+ T cell (3.18 ± 0.25%) (Fig. 4.9A) and 

CD4+CD25+FoxP3+ T cells (23.23 ± 0.87%) (Fig. 4.9B) by 2.71-fold and 1.83-fold 

compared to Ab-PS, respectively. Still, the formulation containing hIL-2, Ab-

DMF/hIL2, significantly reduced CD3+CD4+ T cells (1.40 ± 0.18%) (Fig. 4.9A) and 

CD4+CD25+FoxP3+ T cells (14.7 ± 1.51%) (Fig. 4.9B).  

 

Figure 4.9 Quantification of CD4 T cell and Treg cell in primary tumor tissue.  

(A) The percentage of CD4 T cells in tumor tissue was analysed based on gating of 

CD3+CD4+ population in each group at 7 day after first sample injection and NIR 
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irradiation. (B) The percentage of Treg cells/CD4T cells was analysed based on the 

gating of CD4+CD25+FoxP3+ T cells at each group at 7 day after first sample injection 

and NIR irradiation.  
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4.3.7 Mechanism study of systemic immune response generated by 

photothermal immunotherapy 

In order to understand the systemic immune response against tumor generated by 

particle treatment followed by NIR irradiation, we assessed the population of cytotoxic 

T cell in distant tumor. We observed that the incidence of complete response against 

distant tumor growth was in agreement with the increase of CD3+CD8+ T cell in distant 

tumor tissue. The treatment with Ab-DMF/hIL2 induced higher cytotoxic T cell 

infiltration into distant tumor tissue (4.8 ± 2.1%), which was 20.1-fold, 5.6-fold, 3.6-

fold and higher than Ab-PS, Ab-DMF and Ab-DMF coinjected with hIL2, respectively 

(Fig. 4.10A). 

In order to visualize the systemic antitumor immune response, we isolated T cells from 

Ab-DMF/hIL2 + NIR treated mice and cocultured with target cancer cells. By labeling 

T cell with green fluorescence and cancer cell with red fluorescence, we observed that T 

cells derived from these mice quickly attached to cancer cells and induced cancer cells 

contraction and cancer cell death (Fig. 4.11B). On the contrary, the T cell isolated from 

naïve mice did not affect cancer cell morphology as well as its division (Fig. 4.11C). 
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Figure 4.10 Mechanism study of systemic immune response generated by phothermal 

immunotherapy.  

(A). Percentage of CD8 T cell in distant tumor tissue at 7 days after distant tumor 

inoculation. Time lapse images of T cells isolated from splenocyte of naïve mouse (B) 

and photothermal immunotherapty treated mice using Ab-DMF/hIL2 (C) in coculture 

with CT26.  
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4.4 Discussion 

We have developed a new class of T cell activator taking benefits from the unique 

topology property of DNA-based microflower (DMF). In order to modify the DMF 

surface with antibodies, we used polydopamine for coating on particle surface. 

Polydopamine is a well-known coating material, which were able to adhere to diverse 

surface material, ranging from hydrophilic to hydrophobic properties. For interaction 

with DNA, polydopamine could provide both hydrogen bonding as well as the pi-pi 

stacking with DNA backbone, rendering a stable adhesion between PDA and DMF’s 

surface. This is the first report in which polydopamine was used for a facile of antibody 

conjugation on DNA particle surface. Compare to previous studies, T cell activator 

particles were fabricated by conjugating antibodies via modifying both chemistry of 

particle and the interested antibodies. For example, PLGA particles were firstly 

conjugated with streptavidin, whereas interested antibodies were also need to pre-

modified with biotin for conjugation of antibodies on PLGA microparticle via 

streptavidin-biotin interaction. In the other studies, T cell-stimulating antibodies was 

required to pre-modify with dibenzocyclooctyne for further conjugation with particles 

via click-chemistry11. By coating DMF particle with PDA, we could not only solve the 

problem of trouble DNA modification but also avoid pre-modification of antibody. Due 

to the presence of active catechol groups, PDA coating allow facile conjugation of 

antibodies and pDMF by simple mixing of antibody and particles at a mild basic pH24. 

Besides, PDA coating rendered the particle a photothermal effect that we took 

advantage for photothermal immunotherapy application.  

Apart from the conventional T cell activator made of spherical shaped microparticle, the 

microflower shape provide much superior high of surface area contact. It was reported 

in previous studies that the contact surface area between the T cell and activator played 

a pivotal role for the sequential activation of T cells18,25. By increasing surface area 

compared to the spherical counterpart, DMF allowed more than one magnitude increase 

in the antibody amount available on particle surface [Fig. 4.2E]. DMF surface was 

equipped with number of DMF leaflets, which are the primary components contributing 

for the large surface area. More important, the folding and arrangement of those leaflets 

constructed the porous structure on DMF’s surface. These porous structures were 

observed to be the main factor increase the contact area of T cell and DMF particles. On 

T cell surface, there are number microvilli derived from the cytoplasm membrane, 
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sizing at 0.1 um to several micrometers in length and 70-150 nm in diameter. Following 

previous studies, T cell microvilli have important role in T cell-antigen presenting cell 

communization. They were known to polarized toward the surface of antigen presenting 

cells, indicating their roles in antigen scanning and sensing26. Furthermore, a recent 

study has suggested that T cell receptors, in which the CD3 are integrated, were highly 

concentrated at the microvilli compared to other area of T cell membrane. The 

clustering of T cell-activating receptors emphasized their important functions at the 

synapse between T cell and activators. Here, we learnt that the pore size of DMF were 

approximately 50-200 nm, allowing the fitting insertion of T cell microvilli during their 

interaction. By this fitting insertion, the contact area of T cell and DMF was greatly 

increased, which was at least 3.7-fold. 

One of the benefits that DMF brought to this concept is the porous micro structure 

network inside particle. In contrast to the solid core of control polymeric microparticle, 

the porous structure provided the small cavities for hIL-2 protein loading in DMF. Since 

h-IL2 (pI = 7.75) bear a slight positive charge at physical pH27, hIL-2 could be absorbed 

into cavity compartment of DMF particle, which inheriting the negative charge from 

DNA. In order to improve the loading amount of h-IL2 as well as stabilize the loading 

of h-IL2 in particle, we used a cationic polymer, PLL, to complex with DMF/hIL-2, 

yielding the higher loading capacity. The increase loading capacity probably was 

mediated by strong interaction of PLL and DMF/hIL2, minimizing burst release of hIL-

2. Once the particles are injected in the tumor tissue, the, the sustained release h-IL2 

was likely to be assisted by the competitive absorption of tumor proteins as well as by 

the DNase-mediated DMF degradation.  

One of the interesting phenomena that we observed is the CD8+ T cell favorable 

activation of Ab-DMF. Compare to spherical activator, such as Ab-PS or Dynabead, the 

activation and proliferation rate of CD4 T cells was as similar with that of CD8 T cells. 

However, T cell pool activated with Ab-DMF showed the higher proliferation rate of 

CD8 T cell, whereas CD4 T cell was less expanded. The difference CD8-biased 

skewing activation likely to be attributed by the difference of density of simulating 

antibodies on particle surface. The mechanism of how the T cell stimuli density affect 

the different T cell subtype remained to be elucidated. However, there was report that 

the higher strength of T cell receptor is prerequisite for the sustain expansion of CD8 T 

cells28. In case of CD4 T cell activation, the TCR signal strength decides the 
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differentiation of helper T cells. While low TCR signal strength favors the Treg cell 

differentiation, the higher stimuli, instead, induced the differentiation of Th cells29. The 

skew-activation toward increasing CD8 T cell but decreasing Treg would be critical for 

the antitumor effect of tumor immunity. Various studies have suggested that the positive 

clinical out of tumor response correlated with the high CD8 T cell/ Treg cell ratio2,3. 

Therefore, we believe treatment of Ab-DMF/hIL2 would favor that aspect, which was 

evidenced in out intro and in vivo experiments. Indeed, intratumoral injection Ab-

DMF/IL2 greatly increase CD8 T cell population wile reduced T reg cell in our study.  

Even though enhance proliferation of CD8 T cell in tumor could increase antitumor 

effect, the low cytotoxic T cell in tumor at the beginning of T cell activation therapy 

could be a great challenge limited the maximal efficacy of Ab-DMF/hIL2. Treatment 

with Ab-DMF/hIL2 even greatly suppress tumor growth, however, still not remove 

tumor completely [Fig. S2]. There was report that photothermal therapy-mediated 

inflammation induced the infiltration of CAR T cells to the tumor22. Previous studies 

have evidenced that photothermal therapy induced immunogenic cell death. When the 

tumor cell death happened under appropriate heat condition, apoptotic tumor cells 

upregulate expression of heat shock protein, a regulator of immunogenic cell death 

signal, followed by release of danger signals, known as damage-associated molecular 

patterns (DAMPs), such as HMGB1, ATP or upregulation of calreticulin expression. 

Those signals generate an inflammatory environment, changing “cold tumor” to “hot 

tumor” and eventually recruit the immune cells to tumor sites30.  By coating with PDA, 

DMF inherits the photothermal activity that generating heat under NIR laser irradiation. 

Intratumor injection of Ab-DMF/hIL2 followed by NIR laser application could partially 

kill the tumor by heat. In addition, its photothermal effect, indeed, increased the T cells 

infiltration. The larger T cell population at the beginning of activation phase would 

maximize the effect of Ab-DMF/hIL2. Indeed, in the clinical practice, photothermal 

therapy may not easily remove all the tumor tissue due to the unclear border between 

tumor and normal tissue. Combination of PTT and T cell activation would allow T cells 

sequester the remnant tumor tissue and result in complete tumor ablation.  

On the other hand, photothermal immunotherapy also benefits in release of tumor 

antigen, which is subsequently uptaken by dendritic cells. The systemic antitumor 

response, generated by dendritic cell- T cell priming could be generated as one of 

interesting aspect of photothermal therapy. Indeed, treatment with Ab-DMF/hIL2 could 
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not only ablate the primary tumor but also suppress the growth of distant tumor as the 

evidence for a successful priming of systemic immune response.  
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4.5 Conclusion 

In summary, we have developed a novel T cell activator using DNA microflower for in 

vivo expansion of tumor infiltrating T cells. The unique topology surface of DMF-based 

activators exerted the stronger T cell activation and expansion compared to the spherical 

shape-based T cell activator. Moreover, our DMF-based activator preferably expanded 

effector T cell rather than Treg cell. Combination of photothermal therapy and DMF-

based activators promise an effective immunotherapy for treatment of solid tumors.    

 

4.6 Reference  

(1)  Waldman, A. D.; Fritz, J. M.; Lenardo, M. J. A guide to cancer immunotherapy: 

from T cell basic science to clinical practice. Nat. Rev. Immunol. 2020, 20, 651–668. 

(2)  Wang, J.; Tian, S.; Sun, J.; Zhang, J.; Lin, L.; Hu, C. The presence of tumour-

infiltrating lymphocytes (TILs) and the ratios between different subsets serve as 

prognostic factors in advanced hypopharyngeal squamous cell carcinoma. BMC Cancer 

2020, 20, 1–12. 

(3)  Yao, W.; He, J. C.; Yang, Y.; Wang, J. M.; Qian, Y. W.; Yang, T.; Ji, L. The 

prognostic value of tumor-infiltrating lymphocytes in hepatocellular carcinoma: a 

systematic review and meta-analysis. Sci. Rep. 2017, 7, 1–11. 

(4)  Saleh, R.; Elkord, E. FoxP3+ T regulatory cells in cancer: prognostic biomarkers 

and therapeutic targets. Cancer Lett. 2020, 490, 174–185. 

(5)  Lee, W. S.; Yang, H.; Chon, H. J.; Kim, C. Combination of anti-angiogenic 

therapy and immune checkpoint blockade normalizes vascular-immune crosstalk to 

potentiate cancer immunity. Exp. Mol. Med. 2020, 52, 1475–1485. 

(6)  Lulla, P. D.; Hill, L. C.; Ramos, C. A.; Heslop, H. E. The use of chimeric 

antigen receptor T cells in patients with non-hodgkin lymphoma. Clin. Adv. Hematol. 

Oncol. 2018, 16, 375–386. 

(7)  Kuczek, D. E.; Larsen, A. M. H.; Thorseth, M. L.; Carretta, M.; Kalvisa, A.; 

Siersbæk, M. S.; Simões, A. M. C.; Roslind, A.; Engelholm, L. H.; Noessner, E.; Donia, 

M.; Svane, I. M.; Straten, P. T.; Grøntved, L.; Madsen, D. H. Collagen density regulates 

the activity of tumor-infiltrating t cells. J. Immunother. Cancer 2019, 7, 1–15. 



147 

 

(8)  Schaaf, M. B.; Garg, A. D.; Agostinis, P. Defining the role of the tumor 

vasculature in antitumor immunity and immunotherapy article. Cell Death Dis. 2018, 9. 

(9)  Liu, T.; Han, C.; Wang, S.; Fang, P.; Ma, Z.; Xu, L.; Yin, R. Cancer-associated 

fibroblasts: an emerging target of anti-cancer immunotherapy. J. Hematol. Oncol. 2019, 

12, 1–15. 

(10)  Kosmides, A. K.; Meyer, R. A.; Hickey, J. W.; Aje, K.; Cheung, K. N.; Green, J. 

J.; Schneck, J. P. Biomimetic biodegradable artificial antigen presenting cells synergize 

with pd-1 blockade to treat melanoma. Biomaterials 2017, 118, 16–26. 

(11)  Zhang, Q.; Wei, W.; Wang, P.; Zuo, L.; Li, F.; Xu, J.; Xi, X.; Gao, X.; Ma, G.; 

Xie, H. Y. Biomimetic magnetosomes as versatile artificial antigen-presenting cells to 

potentiate t-cell-based anticancer therapy. ACS Nano 2017, 11, 10724–10732. 

(12)  Zhang, L.; Song, S.; Jin, X.; Wan, X.; Shahzad, K. A.; Pei, W.; Zhao, C.; Shen, 

C. An artificial antigen-presenting cell delivering 11 immune molecules expands tumor 

antigen–specific ctls in ex vivo and in vivo murine melanoma models. Cancer Immunol. 

Res. 2019, 7, 1188–1201. 

(13)  Ben-Akiva, E.; Rhodes, K. R.; Meyer, R. A.; Green, J. J. Fabrication of 

anisotropic polymeric artificial antigen presenting cells for cd8+ t cell activation. J. Vis. 

Exp. 2018, 2018, 1–9. 

(14)  Chiang, C. S.; Lin, Y. J.; Lee, R.; Lai, Y. H.; Cheng, H. W.; Hsieh, C. H.; Shyu, 

W. C.; Chen, S. Y. Combination of fucoidan-based magnetic nanoparticles and 

immunomodulators enhances tumour-localized immunotherapy. Nat. Nanotechnol. 

2018, 13, 746–754. 

(15)  Cheung, A. S.; Zhang, D. K. Y.; Koshy, S. T.; Mooney, D. J. Scaffolds that 

mimic antigen-presenting cells enable ex vivo expansion of primary t cells. Nat. 

Biotechnol. 2018, 36, 160–169. 

(16)  Yaghi, N. K.; Wei, J.; Hashimoto, Y.; Kong, L. Y.; Gabrusiewicz, K.; Nduom, E. 

K.; Ling, X.; Huang, N.; Zhou, S.; Kerrigan, B. C. P.; Levine, J. M.; Fajt, V. R.; Levine, 

G.; Porter, B. F.; Marcusson, E. G.; Tachikawa, K.; Chivukula, P.; Webb, D. C.; Payne, 

J. E.; Heimberger, A.B. Immune modulatory nanoparticle therapeutics for intracerebral 

glioma. Neuro. Oncol. 2017, 19, 372–382. 

(17)  Rhodes, K. R.; Green, J. J. Nanoscale artificial antigen presenting cells for 

cancer immunotherapy. Mol. Immunol. 2018, 98, 13–18. 



148 

 

(18)  Sunshine, J. C.; Perica, K.; Schneck, J. P.; Green, J. J. Particle shape dependence 

of cd8+ t cell activation by artificial antigen presenting cells. Biomaterials 2014, 35, 

269–277. 

(19)  Lambert, L. H.; Goebrecht, G. K. E.; De Leo, S. E.; O’Connor, R. S.; Nunez-

Cruz, S.; Li, T. De; Yuan, J.; Milone, M. C.; Kam, L. C. Improving T cell expansion 

with a soft touch. Nano Lett. 2017, 17, 821–826. 

(20)  Chen, Q.; Xu, L.; Liang, C.; Wang, C.; Peng, R.; Liu, Z. Photothermal therapy 

with immune-adjuvant nanoparticles together with checkpoint blockade for effective 

cancer immunotherapy. Nat. Commun. 2016, 7, 1–13. 

(21)  Le, Q.-V.; Suh, J.; Choi, J.; Park, G. T.; Lee, J. W.; Shim, G.; Oh, Y.-K. In situ 

nanoadjuvant-assembled tumor vaccine for preventing long-term recurrence. ACS Nano 

2019, acsnano.9b02071. 

(22)  Chen, Q.; Hu, Q.; Dukhovlinova, E.; Chen, G.; Ahn, S.; Wang, C.; Ogunnaike, 

E. A.; Ligler, F. S.; Dotti, G.; Gu, Z. Photothermal therapy promotes tumor infiltration 

and antitumor activity of CAR T cells. Adv. Mater. 2019, 31, 1–7. 

(23)  Kim, E.; Zwi-Dantsis, L.; Reznikov, N.; Hansel, C. S.; Agarwal, S.; Stevens, M. 

M. One-pot synthesis of multiple protein-encapsulated dna flowers and their application 

in intracellular protein delivery. Adv. Mater. 2017, 29. 

(24)  Liu, Y.; Ai, K.; Lu, L. Polydopamine and its derivative materials: synthesis and 

promising applications in energy, environmental, and biomedical fields. Chem. Rev. 

2014, 114, 5057–5115. 

(25)  Hickey, J. W.; Vicente, F. P.; Howard, G. P.; Mao, H. Q.; Schneck, J. P. 

Biologically inspired design of nanoparticle artificial antigen-presenting cells for 

immunomodulation. Nano Lett. 2017, 17, 7045–7054. 

(26)  Kim, H. R.; Jun, C. D. T cell microvilli: sensors or senders? Front. Immunol. 

2019, 10, 1753. 

(27)  Hanes, J.; Sills, A.; Zhao, Z.; Suh, K. W.; Tyler, B.; DiMeco, F.; Brat, D. J.; 

Choti, M. A.; Leong, K. W.; Pardoll, E. M.; Brem, H. Controlled local delivery of 

interleukin-2 by biodegradable polymers protects animals from experimental brain 

tumors and liver tumors. Pharm. Res. 2001, 18, 899–906. 

(28)  Zehn, D.; Lee, S. Y.; Bevan, M. J. Antigen. 2009, 458, 211–214. 

(29)  Morel, P. A. Differential T-cell receptor signals for t helper cell programming. 

Immunology 2018, 155, 63–71. 



149 

 

(30)  Galon, J.; Bruni, D. Approaches to treat immune hot, altered and cold tumours 

with combination immunotherapies. Nat. Rev. Drug Discov. 2019, 18, 197–218. 

 



150 

 

 

Chapter 5  Summary 

Photothermal therapy have been studied as the alternative option for surgery or 

radiotherapy in solid tumor treatment. PTT provides not only the precision in tumor 

treatment but also the safety of the treatment method, in which the NIR laser source was 

widely applied in various filed of medicine. The focus been laser are controlled to 

specifically heat up the tumor area and leave the normal tissue intact. One of the most 

important factor contributing got the success of PTT is the PTT agent. A biocompatible 

material would be more beneficial in term of maximize the safety as well as avoid the 

size effect of PTT. In our study, polydopamine have been used as the biocompatible and 

biodegradable material for an effective PTT in solid tumor treatment. By different 

preparation method, polydopamine could be synthesized as nanoparticle serving for 

both drug delivery and PTT purpose. On the other hand, polydopamine could be utilized 

as coating material providing the active surface for interested therapeutic antibody 

conjugation. Immobilization of antibody directly using PDA have advantages in term of 

the simple process and green synthesis method because the active catechol on PDA 

surface a readily react with protein without adding catalyst or chemical.  

PTT has not only impressed by the tumor ablation effect but also attracted by the 

following potential side effect in immunotherapy. Heat-induced immunogenic cell death 

caused the tumor expressed the alert signals that recruit immune cell and promote the 

antigen phagocytosis of antigen presenting cells. Taking advantage of those properties, 

we have exploited PDA in various strategies to overcome the current problems in 

photothermal and immunotherapy  

In chapter 2, PDA nanoparticle was designed to play the function of both PTT agent and 

carrier for immunomodulatory drug, imiquimod. The active surface of PDA was 

modified with PD-L1 antibody rendering the overall particle ability of tumor cell 

binding. The yield nano adjuvant PDL1-IQ/PN served as the tumor specific PTT agent 

once it was injected intravenously. Therefore, NIR irradiation could effectively ablate 

the primary tumor and still leave the normal  tissue undamaged. Besides, PD-L1-IQ/PN 

also bound to tumor cells, forming the complex of tumor antigen-adjuvant in the 

irradiated tumor tissue and generating the in-situ vaccine effect against tumor. The in-

situ vaccine effect potentiated the strong systemic immune response because the 
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complexation of tumor cell and PDL1/IQ-PN allowed the concurrent uptake of tumor 

antigen and adjuvant into same dendritic cells. Thus, the design of nanoadjuvant using 

PD-L1 conjugation onto particles is to emphasize the tumor binding effect, which is a 

novel approach compared to previous nanoadjuvant studies. The generated anti-tumoe 

immune reponse was strong enough to suppressed the tumor recurrence for a long-term. 

In chapter 3, the issue of heterogenous antibody orientation on particle surface was 

addressed by redesign the structure of PDA nanoparticle. Rather direct conjugating 

antibody on PDA surface, where the abundant amine groups on antibody could be 

affected, the site-specific conjugation via cysteine-engineering on antibody has been 

achieved. We modified the surface of PDA nanoparticle with a lipid layer composing of 

optimized lipid components and a thiol-reactive maleimide-PEG-derived lipid. The 

resulting lipid-coated PDA nanoparticle was able to react with antibody at the specific 

site via coupling between maleimide of lipid coated PDA nanoparticle and thiol of 

cysteines residues on antibody. CLDN-3 Ab has been used as the model antibody for  

tumor targeting effecet due to the upregulation of CLDN-3 on ovarian and breast tumor. 

The CLD3Ab conjugated LPN evidenced in a selective binding to CLD3-positive 

cancer cells and exerted the specific PTT killing effect to these cells under NIR lase 

exposure. In vivo tumor accumulation of the CLD3Ab-LPN was observed followed by 

effective ablation of tumor under NIR irradiation.  

In chapter 4, PDA was exploited as coating material for DNA-microflower (DMF). The 

active PDA surface allowed conjugation of T cell stimulating antibodies on DMF in a 

facile manner. Due to the extreme large surface area inheriting from the unique surface 

topology of DMF, the Ab-DMF could serve as the effective T cell activator, compared 

to the control spherical activator prepared from polystyrene microparticles. The 

combination of PTT and Ab-DMF in our studies has provide a novel strategy that not 

only recruited T cell to the tumor by heat-induced immunogenic cell death but also 

amplified the number of cytotoxic T cells in tumor tissues. The dominant increase of 

cytotoxic T cell over regulatory T cell have been observed as the evidenced for effective 

tumor suppression. 

In summary, we have designed several stragies using biomaterial, such as polydopamine 

and DMF, to maximize the efficacy of PTT and immunotherapy. In our studies, PTT 

and immunotherapy have been combined in a manner that synergistic effect to achieve 

the not only the effective tumor killing effect, but also provided the durable immune 
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response to prevent the recurrence of tumor. Collectively, our data evidences promised 

the potential application of these biomaterials for the future treatment of solid tumor by 

combination of PTT and immunotherapy.   
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