
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)Nanyang Technological University, Singapore.

Catalase‑integrated hyaluronic acid as
nanocarriers for enhanced photodynamic therapy
in solid tumor
Phua, Fiona Soo Zeng; Yang, Guangbao; Lim, Wei Qi; Verma, Apoorva; Chen, Hongzhong;
Thanabalu, Thirumaran; Zhao, Yanli
2019
Phua, F. S. Z., Yang, G., Lim, W. Q., Verma, A., Chen, H., Thanabalu, T., & Zhao, Y. (2019).
Catalase‑integrated hyaluronic acid as nanocarriers for enhanced photodynamic therapy in
solid tumor. ACS Nano, 13(4), 4742‑4751. doi:10.1021/acsnano.9b01087
https://hdl.handle.net/10356/137637
https://doi.org/10.1021/acsnano.9b01087

This document is the Accepted Manuscript version of a Published Work that appeared in
final form in ACS Nano, copyright © American Chemical Society after peer review and
technical editing by the publisher. To access the final edited and published work see 
https://doi.org/10.1021/acsnano.9b01087
Downloaded on 28 Aug 2022 06:02:00 SGT



 1 

Catalase Integrated Hyaluronic Acid as Nanocarriers for 

Enhanced Photodynamic Therapy in Solid Tumor 

Soo Zeng Fiona Phua,† Guangbao Yang,† Wei Qi Lim,†,‡ Apoorva Verma,§ Hongzhong Chen,† 

Thirumaran Thanabalu,§ and Yanli Zhao*† 

†Division of Chemistry and Biological Chemistry, School of Physical and Mathematical Sciences, 

Nanyang Technological University, 21 Nanyang Link, Singapore 637371, Singapore  

‡NTU-Northwestern Institute for Nanomedicine, Interdisciplinary Graduate School, Nanyang 

Technological University, 50 Nanyang Avenue, Singapore 639798, Singapore 

§School of Biological Sciences, Nanyang Technological University, 60 Nanyang Drive, Singapore 

637551, Singapore 

 

ABSTRACT: Photodynamic therapy (PDT) as a treatment method has many advantages such as 

minimal invasiveness, repeatable dosage and low systemic toxicity. Issues with conventional PDT 

agents include the limited availability of endogenous oxygen and difficulty in accumulation at 

tumor site, which hindered the successful treatment of tumor. Herein, we developed catalase-

encapsulated hyaluronic acid-based nanoparticles loaded with adamantane modified 

photosensitizer for enhanced PDT of solid tumor. Chlorin e6 (Ce6) as the photosensitizer was 

modified with adamantane to yield adamantane modified Ce6 (aCe6). The obtained nanosystem 

(HA-CAT@aCe6) could target overly expressed CD44 receptors on cancer cells, supplying 

oxygen by converting endogenous hydrogen peroxide (H2O2) to oxygen, and improving PDT 

efficacy upon the light irradiation. HA-CAT@aCe6 nanoparticles showed high colloidal stability 

and mono-dispersity in aqueous solution. The uptake and targeting property of HA-CAT@aCe6 
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were demonstrated by confocal microscopy and flow cytometry in MDA-MB-231 cell line 

possessing overly expressed CD44 receptors. The encapsulated catalase was able to decompose 

the endogenous H2O2 to generate O2 in situ for relieving hypoxia in cells incubated under hypoxia 

conditions. Cell viability assays indicated that HA-CAT@aCe6 possessed minimal cytotoxicity in 

the dark, while presenting high cellular toxicity under 660 nm light irradiation at normoxic 

condition. As a result of the catalase capability in relieving hypoxia, HA-CAT@aCe6 also 

exhibited high cellular cytotoxicity under hypoxia condition. In vivo experiments revealed 

selective tumor accumulation of HA-CAT@aCe6 in MDA-MB-231 tumor bearing nude mice. 

Significant tumor regression was observed after intravenous injection of HA-CAT@aCe6 under 

light irradiation in comparison to the control system without loading catalase. Thus, HA-

CAT@aCe6 demonstrated a great potential in overcoming hypoxia for targeted PDT.  

KEYWORDS: catalase, drug delivery, hyaluronic acid, hypoxia, photodynamic therapy 

 

 

Photodynamic therapy (PDT) in cancer treatment involves light illumination of appropriate 

wavelength on photosensitizers at the tumor site, converting endogenous molecular oxygen to 

cytotoxic singlet oxygen (1O2) in vivo for inhibition of tumor growth.1-3 It has been extensively 

studied in the treatment of both premalignant and malignant skin tumours,4,5 head and neck 

cancer,6 prostate cancer,2 non-small cell lung cancer and other cancers.7 Advantages of PDT in 

cancer treatment include its minimal invasiveness in comparison to chemotherapy and 

radiotherapy, possible repeatable dose, and low systematic toxicity to the body.1,8-10 Despite its 

extensive use in cancer treatment, the efficacy of PDT is still restricted by the penetration depth of 

low wavelength light in deep-situated tumor, non-specific accumulation of photosensitizers and 
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the lack of endogenous oxygen in tumor.11 Hypoxia, a term used to describe the lack of oxygen,12 

arises in many solid tumors, particularly in regions that are far from the tumor blood vessels.13 

Many studies have been conducted on imaging14 and therapy toward hypoxic tumor.11 Hypoxic 

tumor is often resistant to drugs, thus limiting the chemotherapy efficacy.15 PDT as a treatment 

approach also shows low efficacy on account of the hypoxia.  

To date, different methods have been used for overcoming the limited supply of oxygen in 

tumors such as direct delivery of oxygen,16,17 in situ generation of oxygen18-22 and improving blood 

flow.11,23 Specifically, in situ generation of oxygen using catalase as an enzyme is attractive 

because it is self-responsive to hydrogen peroxide (H2O2) and does not require pre-treatment with 

oxygen (3O2).18,19,24 It has been shown that excessive reactive oxygen species (ROS) such as H2O2 

are produced in cancer cells.25 Catalase could catalyze H2O2 to 3O2 for relieving hypoxia in solid 

tumor.26 The production of oxygen could ameliorate tumor hypoxia, leading to better PDT 

efficacy. Delivery of proteins such as catalase raises a few concerns such as its instability in vivo 

due to the presence of numerous physiological proteases, unpredictable protein immunogenicity, 

and poor in vivo half-life.27,28 Thus, design of suitable nanocarriers that can overcome these 

problems is highly needed.  

Many researchers have tried to improve the protein stability by encapsulation them within 

inorganic nanoparticles (NPs).29,30 These methods often involved complicated synthesis 

procedures and the inorganic materials used often have issues being metabolized. In contrast, using 

organic materials as nanocarriers lead to good biodistribution, easy metabolism and better 

biodegradablility.31-34 PEGylation is widely used in such modification for the delivery of 

proteins/peptides into the human body.35 Numerous advantages of such polymer modification 

include the improved stability, solubility and pharmacokinetics.36,37 An example of the US Food 
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and Drug Administration (FDA) approved PEG-protein conjugates is Oncaspar (mPEG-L-

asparaginase).38 However, high molecular weight PEGylation has its disadvantage of poor 

biodegradability.36 In light of this, polysaccharides such as dextran and hyaluronic acid (HA) as 

biodegradable polymers36,39 have been explored for modifications on proteins. HA, a natural 

polysaccharide composed of alternate units of two sugar monomers i.e., glucuronic acid and N-

acetylglucosamine,40 is biodegradable and biocompatible with high biosafety. HA is known to 

target the overly expressed CD44 receptors in several tumors including MDA-MB-231 human 

breast cancer41 and A549 lung cancer.42,43 In addition, HA is highly amenable to chemical 

functionalization due to the presence of reactive functional groups such as acetamide, aldehyde, 

carboxyl, and hydroxyl groups.37 Many studies have been reported on using HA as a therapeutic 

carrier with covalently attached photosensitizers for targeted therapy.44-46 On the other hand, such 

direct conjugation onto the polymer results in the difficulties in controlling the amount of 

photosensitizers delivered and prolonging the storage of light sensitive photosensitizers. 

Therefore, an alternative strategy as opposed to direct conjugation of photosensitizers should be 

devised. 

Herein, we report a therapeutic system (HA-CAT@aCe6) consisting of (1) CD44-targeting HA, 

(2) catalase (CAT) as an enzyme to catalyze the production of H2O and O2 from endogenous H2O2, 

and (3) adamantane modified Chlorin e6 (aCe6) photosensitizer to produce 1O2 from the ground 

state 3O2 (Scheme 1). In this system, b-cyclodextrin was first functionalized onto HA, followed by 

conjugation with catalase to form HA-CAT NPs. It was hypothesized that the integration of HA 

with catalase improves physiological stability of the system in presence of body proteases, and at 

the same time, enables active targeting to tumor. aCe6 photosensitizer is loaded into HA-CAT by 

supramolecular means between b-cyclodextrin and adamantane to give HA-CAT@aCe6 that can 
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target tumors possessing overly expressed CD44 receptors. Such supramolecular loading enables 

separate storage of different components and easy adjustment of the loading ratio between 

photosensitizer and catalase, which is tunable and predictable.47 Upon light irradiation, aCe6 in 

HA-CAT@aCe6 produces 1O2 for PDT, even in hypoxic tumor. Some advantages of this system 

are (1) active targeting capability, (2) suitable nanosize for accumulation in tumor, (3) presence of 

catalase to produce oxygen for overcoming hypoxia in solid tumor, and (4) facile and controlled 

loading of photosensitizers using supramolecular means, all of which affording the enhanced PDT 

efficacy in vivo. 

 

RESULTS AND DISCUSSION 

Fabrication and Characterizations of HA-CAT@aCe6 NPs. Cyclodextrin-modified HA was 

synthesized by using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxybenzotriazole (HOBt) coupling. Low molecular weight HA (8 – 15 kDa) was conjugated 

to β-cyclodextrin to produce HA-CD with a conjugation degree of 6.56%. The photosensitizer Ce6 

was modified with adamantane for easy loading with HA-CD via supramolecular means. The 

compounds synthesized were all characterized by 1H NMR spectra (Figures S1-S4). Following 

which, HA-CD was reacted with catalase in different mass ratios of HA-CD:catalase (1:1, 3:1 and 

6:1) via the EDC and HOBt coupling to produce HA-CAT. Catalase, an enzyme that catalyzes the 

production of O2 from H2O2, was introduced for promoting the PDT efficiency in hypoxic tumor. 

HA-CD:catalase mass ratio of 3:1 was eventually chosen for further studies, since the obtained 

HA-CAT has a reasonable hydrodynamic diameter suitable for the accumulation in tumor48 and 

better retained activity of catalase (Figure S5 and Table S1). The concentrations of catalase in all 

catalase-containing NPs were determined by the bicinchoninic acid (BCA) protein assay. The mass 
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amount of HA-CD to catalase was approximately 1.4:1 as determined by the subtraction of the 

catalase mass (measured by the BCA protein assay) from the known dried mass of HA-CAT. For 

the same concentration of catalase in HA-CAT and free catalase, the activity of HA-CAT was 

estimated to be 15.3% of free catalase, determined using the Amplex Red Catalase Kit. For 

controlled loading of photosensitizer, aCe6 was loaded into HA-CAT by simply mixing the known 

amount of aCe6 pre-dissolved in dimethyl sulfoxide, followed by the dialysis against phosphate-

buffered saline (PBS) to give HA-CAT@aCe6. The loading was based on the formation of 

inclusion complex between adamantane on aCe6 and β-cyclodextrin modified on HA.  

HA-CAT and HA-CAT@aCe6 NPs were fully characterized. Transmission electron microscopy 

(TEM) images show a spherical morphology for both HA-CAT and HA-CAT@aCe6 NPs (Figure 

1a,b). HA-CAT NPs in water have a hydrodynamic diameter of 224.0 nm as measured by the 

dynamic light scattering (DLS) with zeta potential of -20.3 mV, while free catalase has a diameter 

of approximately 9.4 nm with zeta potential of -3.4 mV. The increase in size and reduction in zeta 

potential from highly negatively charged HA-CAT demonstrated the successful conjugation of 

HA-CD with catalase (Figure 1c,d). HA-CAT@aCe6 NPs are slightly larger with a hydrodynamic 

diameter of 233.6 nm and zeta potential of -13.6 mV (Figure 1c,d). Vertical gel electrophoresis 

was used to verify the successful synthesis of HA-CAT (Figure 1e). Catalase is made up of 4 

monomeric proteins and gives a single 66 kDa band on sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) by taking the reference with the known mass of protein in lane 1 

where lane 1 is the protein ladder. After the conjugation of HA-CD onto catalase to form HA-

CAT, a trailing band was observed in the SDS-PAGE lane (lane 3), which was a result of the 

increased molecular weight of HA-CAT. After the photosensitizer loading, the presence of 

characteristic absorbance bands of aCe6 at around 400 nm and 660 nm with the aggregation-
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induced blue shift confirmed the successful entrapment of aCe6 in HA-CAT@aCe6 NPs (Figure 

1f). The entrapment efficiency of aCe6 by HA-CAT NPs ([catalase] = 40 µg/mL) was found to be 

80.1 %. The final concentration of aCe6 was determined to be 9.7 µM by referencing to the 

standard calibration curve of aCe6 (Figure S6). The photosensitizer loading efficiency was found 

to be 2.0 % (w/w), with reference to the mass of HA-CAT.   

Evaluation of Catalase Activity. Following the preparation of HA-CD and HA-CAT@aCe6 

NPs, their abilities to generate O2 when incubated with H2O2 (0.5 mM) were investigated. As 

shown in Figure 1g, H2O2 and HA@aCe6 NPs (control group without catalase loaded) did not 

have a significant effect on the generation of O2 in the solution. The slight increase of the O2 

concentration in the H2O2 sample was probably caused by inherent decomposition of H2O2. On 

the other hand, HA-CAT and HA-CAT@aCe6 NPs produced significantly higher amounts of O2 

when incubated with H2O2. Comparatively, free catalases produced O2 at the fastest rate, reaching 

the maximum concentration of O2 at 90 s. HA-CAT and HA-CAT@aCe6 showed a steady increase 

in the O2 concentration upon time. They did not show obvious differences in the production of O2 

from H2O2, suggesting that the photosensitizer loading did not affect the activity of catalase. The 

activities of HA-CAT and HA-CAT@aCe6 NPs were lower than that of free catalase, since the 

conjugation of HA-CD onto catalase made it less available for the catalytic reaction. Nonetheless, 

the capacity of HA-CAT and HA-CAT@aCe6 NPs is high enough for catalytic production of O2 

from H2O2.   

Production of Singlet Oxygen. After the verification that O2 could be produced from HA-CAT 

and HA-CAT@aCe6 NPs upon the addition of H2O2, we tested their efficiency in the generation 

of 1O2 using singlet oxygen sensor green (SOSG). SOSG has weak fluorescence, but when it reacts 

with 1O2, the fluorescence increases at 530 nm under the excitation at 494 nm. After the 
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modification of Ce6 with adamantane, the verification is needed to ensure that the obtained aCe6 

is also able to produce 1O2. When only H2O2 was present in the solution, no fluorescence was 

observed. Obvious fluorescence increase was measured for HA-CAT@aCe6 or aCe6 with H2O2 

when irradiated under light, indicating their comparable 1O2 production capability. Considering 

effective generation of oxygen via the catalysis of loaded catalase on H2O2, the production of 1O2 

by HA-CAT@aCe6 with H2O2 presented the highest fluorescence change at 530 nm at all 

irradiation time (Figure 1h). This observation indicates that the production of 1O2 was enhanced in 

the presence of both catalase and H2O2, which could possibly promote the PDT efficacy of HA-

CAT@aCe6 NPs in vitro and in vivo. 

Stability of Conjugated Catalase. Catalase might rapidly lose its stability and activity in vivo 

during the blood circulation owing to the degradation by other enzymes especially the proteases. 

The conjugation of enzymes to polymers was known to improve the stability of the enzymes due 

to the polymer protection from the proteases.37 To verify that the present modification could lead 

to better protein stability, free catalase or HA-CAT was incubated with proteinase K for a specific 

duration and their corresponding ability to decompose H2O2 was verified using the Gòth method.49 

As shown in Figure 1i, the activity of free catalase quickly decreased to near zero within 2 h after 

the incubation with proteinase K. In contrast, HA-CAT was still able to retain more than 90% of 

its activity after 2 h, and the activity remained high even after 4 h. Therefore, the conjugation of 

catalase with HA-CD polymer did improve its stability in the presence of proteinase K, which is 

important for tumor targeted delivery in vivo. The minimal change in the size of HA-CAT@aCe6 

in different solutions (i.e., PBS, cell culture medium, and deionized water) over three days also 

indicated its good physiological stability (Figure S7).   
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In Vitro Cellular Uptake and Cytotoxicity. After verifying the sufficient capability of HA-

CAT@aCe6 NPs for the 1O2 production in the presence of H2O2, its cellular uptake in MDA-MB-

231 breast cancer cells under both normoxic and hypoxic conditions was studied by the confocal 

microscopy and flow cytometry (Figure S8). Under both incubation conditions, the confocal 

images of MDA-MB-231 cells showed brighter fluorescence resulted from the loaded 

photosensitizer at longer incubation period, showing time-dependent uptake of HA-CAT@aCe6. 

Flow cytometric results also exhibited (Figure 2a) greater uptake of HA-CAT@aCe6 with longer 

incubation time by having higher mean fluorescence intensity (MFI). As HA was known to target 

CD44 receptors overexpressed on some cancer cells, the targeting ability of HA-CAT@aCe6 was 

verified by using CD44+ MDA-MB-231 and CD44- MCF-7 cell lines. The levels of CD44 

receptors on these cell lines were first evaluated, and CD44+ MDA-MB-231 cells expressed greater 

amount of CD44 receptors as compared to CD44- MCF-7 cells (Figure S9a). Following the 

incubation of HA-CAT@aCe6 NPs with CD44+ MDA-MB-231 and CD44- MCF-7 cells 

respectively (Figure S9b), the fluorescence from MDA-MB-231 cells was brighter as compared to 

that of MCF-7 cells at incubation times of both 2 h and 4 h. This result indicates that the uptake of 

HA-CAT@aCe6 by CD44+ MDA-MB-231 cells was greater, probably through CD44 receptor-

mediated endocytosis. Furthermore, competitive assay of HA was used to further support the 

targeting capability of HA-CAT@aCe6 (Figure S9c). Free HA with different concentrations (0, 5, 

15, and 30 mg/mL) was incubated with MDA-MB-231 cells for 4 h before the addition of HA-

CAT@aCe6. This process allowed the CD44 receptors on the cells to be occupied by free HA, and 

thus they were less available to facilitate the endocytosis of HA-CAT@aCe6. Indeed, with an 

increasing amount of free HA preincubated, the uptake of HA-CAT@aCe6 by both normoxic and 
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hypoxic cells decreased, confirming that the HA component in HA-CAT@aCe6 provides targeting 

property, enabling specific accumulation to CD44 receptor-overexpressed cancer cells (Figure 2b). 

Then, immunostaining was used to measure the expression level of hypoxia induced factor 1α 

(HIF-1α) in MDA-MB-231 cells. HA-CAT@aCe6 NPs were incubated with the cells under 

hypoxic condition of 1% O2. As shown in Figure 2c, high green fluorescence intensity was 

observed from the hypoxic cells, indicating the presence of HIF-1α proteins in the cells. 

Conversely, cells incubated with HA-CAT@aCe6 NPs showed less green fluorescence signal, 

indicating that the expression in HIF-1α was reduced and HA-CAT@aCe6 NPs were able to 

alleviate the hypoxia in the cells.  

HA@aCe6 as a negative control was employed to investigate the catalytic effect of catalase in 

relieving hypoxia. TEM and DLS results of HA@aCe6 NPs showed that they were also suitable 

for cellular studies (Figure S10). Hypoxia/ROS detection assay was then conducted, and the cells 

were visualized using confocal microscopy under both normoxic and hypoxic conditions (Figures 

S11 and S12). Red fluorescence could be induced when the nitro group of the hypoxia detection 

probe is reduced to hydroxylamine and amino groups. Green fluorescence is induced by the 

conversion from 2’,7’-dichlorofluorescein diacetate (DCFH-DA) to dichlorofluorescein (DCF) in 

the presence of ROS. The results showed that hypoxia could be relieved using either HA-CAT or 

HA-CAT@aCe6 NPs upon light irradiation under both normoxic and hypoxic conditions. The 

HA-CAT@aCe6 NPs were able to induce the greatest amount of ROS as shown by the highest 

intensity of green fluorescence from DCF.  

In vitro cytotoxicity was studied to evaluate the therapeutic efficiency of different systems under 

normoxic (Figure 2d) and hypoxic (Figure 2e) conditions. When incubated with aCe6, HA@aCe6 

and HA-CAT@aCe6 NPs at different concentrations (concentration of aCe6 was as high as 4.3 
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µM) in the dark, a little cytotoxicity was observed, showing high cell viability of over 90% in 

normoxic cells. The half maximal inhibitory concentration (IC50) was computed to be 2.2 µM and 

1.4 µM for HA@aCe6 and HA-CAT@aCe6 NPs under normoxic condition, respectively. The 

same study was conducted in hypoxic condition where the concentration of oxygen was set at 1%. 

The IC50 of HA@aCe6 increased to 4.8 µM, while the IC50 of HA-CAT@aCe6 drastically reduced 

to 0.72 µM under hypoxic condition (Figure S13). Comparing HA@aCe6 with the same 

concentration at normoxic and hypoxic conditions, its cytotoxicity greatly decreased at low 

concentration of oxygen under hypoxic condition. This is because the oxygen required for the 

generation of singlet oxygen to kill cancer cells was lower under hypoxic condition, thus impeding 

the therapeutic efficacy of the photosensitizer in HA@aCe6. On the contrary, HA-CAT@aCe6 at 

the same concentration under hypoxic condition still displayed high cell killing efficacy. At the 

same concentration of the photosensitizer in both HA@aCe6 and HA-CAT@aCe6 NPs with light 

irradiation, the cytotoxicity of HA-CAT@aCe6 NPs was greater than that of HA@aCe6. This 

outcome could be due to that the intrinsic H2O2 in cancer cells is catalyzed by catalase in HA-

CAT@aCe6 to produce more O2 for improving the PDT efficacy. HA-mediated cellular 

accumulation coupled with catalase-catalyzed oxygen production25 from endogenous H2O2 

increased the amount of singlet oxygen generated, promoting the cell killing efficacy of HA-

CAT@aCe6 even under hypoxic condition. Therefore, HA-CAT@aCe6 was proven to be an 

efficient system for tumor-specific PDT.  

In Vivo Biodistribution. Before the application of HA-CAT@aCe6 NPs for in vivo PDT, its 

biodistribution was first investigated. aCe6, HA@aCe6 and HA-CAT@aCe6 NPs were 

individually injected into MBA-MD-231 tumor-bearing nude mice intravenously. With the use of 

in vivo fluorescent imaging system, the fluorescence signal at the tumor sites was monitored 
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(Figure 3a). At 2 h, the tumors of all treated mice showed similar fluorescence intensity. Upon 

time, the fluorescence intensity from aCe6 group decreased, while HA@aCe6 and HA-

CAT@aCe6 groups showed an enhancement in fluorescence at 24 h time point (Figure 3a,b). After 

24 h, the mice treated with HA-CAT@aCe6 NPs were sacrificed for ex vivo imaging of their major 

organs (Figure 3c). The tumors were found to show the highest brightness, translating to the 

highest accumulation of HA-CAT@aCe6 NPs in tumors (Figure 3d). Liver showed weaker 

fluorescence, and other major organs such as spleen, kidney, heart and lungs exhibited minimal 

fluorescence signal. Free Ce6 is not able to accumulate in the tumor site, since it is a small molecule 

and could diffuse in and out of the tumor freely, resulting in being metabolized.50 On the other 

hand, both HA@aCe6 and HA-CAT@aCe6 NPs could accumulate in the tumor on account of the 

enhanced permeability and retention (EPR) effect.51 The tumor-targeting ability of HA-

CAT@aCe6 also facilitates its internalization.  

After which, the ability of HA-CAT@aCe6 NPs to overcome hypoxia in tumors was also 

evaluated using fluorescent tagged antibody that binds to endogenous HIF-1α (green) and CD31 

(red) on blood vessels.52 Typically, the downregulation of both HIF-1α and CD31 indicates the 

relief of hypoxia in solid tumors. MDA-MB-231 tumors were sectioned and stained by fluorescent 

tagged antibody and visualized under the microscope. The tumors treated with HA-CAT@aCe6 

NPs showed obviously alleviated hypoxia as compared to those without the treatment, as indicated 

by less intense fluorescence by HIF-1α and CD31. These immunofluorescence staining results 

indicate that HA-CAT@aCe6 NPs are indeed capable of overcoming hypoxia associated tumors 

for the PDT treatment.  

In Vivo PDT. Because of high accumulation of HA-CAT@aCe6 in tumor sites, its efficacy in 

the eradication of tumors was evaluated in vivo using nude mice bearing MDA-MB-231 tumors. 
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Five treatment groups comprising of five mice per group were monitored over a period of 14 days. 

The five treatment groups include I: control in which only PBS was injected, II: Free Ce6 with 

light irradiation, III: HA-CAT@aCe6 NPs in the dark, IV: HA@aCe6 with light irradiation, and 

V: HA-CAT@aCe6 NPs with light irradiation. The relative tumor growth curve was obtained as 

shown in Figure 4a. The tumor growth from group V was the most inhibited one among all groups, 

indicating the highest anti-tumor efficacy of HA-CAT@aCe6. On the other hand, HA@aCe6 NPs 

showed moderate inhibition of tumor growth because the accumulated NPs at the tumor site were 

not able to exhibit enough toxicity to ablate the whole tumor. This led to the continual growth of 

the tumor. On account of the non-accumulation of free Ce6 at tumor site, the irradiation of light 

did not result in the inhibition of tumor growth. HA-CAT@aCe6 NPs in the dark also showed little 

therapeutic efficacy. In general, all the systems administrated did not show any major systemic 

toxicity as the weights of the mice all maintained at a healthy level (Figure 4b). The tumors from 

all treatment groups were excised and weighed at the end of day 14. Group V had the lowest tumor 

mass, followed by groups IV, III, II and I (Figure 4c). The tumors in group V were the smallest 

among all the tumors (Figure 4d).  

To further evaluate the anti-tumor efficacy of PDT using HA-CAT@aCe6 NPs, hematoxylin 

and eosin (H&E) stain and terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) were utilized to stain the tumors from groups I to V for histological analysis. Based on 

obtained results (Figure 4e), the most severe morphological change and necrosis from tumor slices 

were observed in group V, while moderate damages from group IV and minimal damages from 

groups I-III. For studying the systemic toxicity of HA-CAT@aCe6, healthy nude mice were 

injected with HA-CAT@aCe6 NPs and the major organs such as heart, liver, spleen, lung, and 

kidney were harvested for similar histological analysis. No major organ damage was observed 
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(Figure S15), indicating good biocompatibility of HA-CAT@aCe6. All in all, HA-CAT@aCe6 

NPs displayed a great ability to target the tumor and reduce hypoxia in the tumor to ensure effective 

anti-tumor PDT.  

 

CONCLUSION 

In conclusion, we have successfully developed HA-CAT@aCe6 NPs capable of targeting 

CD44 overexpressed cancer cells and tumors as well as reducing the hypoxia to ensure high 

efficacy of PDT in vitro and in vivo. This method of catalase conjugation is feasible in protecting 

the catalase from the action of proteinase K. The protein stability was greatly enhanced through 

the conjugation with HA polymer. Thus, the loaded catalase was able to efficiently catalyze H2O2 

to generate additional O2 toward the production of ROS for PDT. Systemically administered HA-

CAT@aCe6 NPs could selectively accumulate at tumor site and attenuate the tumor hypoxia for 

improved PDT. Therefore, HA-CAT@aCe6 NPs displayed a great potential as a therapeutic agent 

for tumor-targeted treatment. The present approach could be extended to other protein-based 

therapeutics or enzymes.  

 

EXPERIMENTAL METHODS 

Stability Evaluation of HA-CAT@aCe6 NPs. Stability of the NPs was tested under 

physiological conditions. The following conditions were employed: 1) PBS, pH 7.4 at 37 °C, 2) 

Dulbecco's modified eagle medium with 10% fetal bovine serum and 1% penicillin/streptomycin 

at 37 °C, and 3) deionized water at 37 °C. The zeta potential and hydrodynamic size of the NPs 

were monitored for three days.  
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Generation of O2 from H2O2. To compare the O2 generation ability of free catalase, HA-CAT, 

HA@aCe6 NPs, and HA-CAT@aCe6 NPs where [catalase] = 400 µg/ mL and [aCe6] = 90 µM, a 

solution of H2O2 (0.5 mM) was prepared. This concentration of H2O2 was chosen to ensure that 

the generated O2 was detectable by the oxygen probe (Lovibond SD 400 OXI L). Endogenous 

H2O2 in the human body is about 100 µM.53 The amount of HA-CAT@aCe6 used was 

proportionate to the catalase concentration used in cellular studies (40 µg/mL) and endogenous 

H2O2 concentration (approximately 100 µM). The increase in the O2 concentration with respect to 

the initial O2 concentration was calculated.   

Catalase Activity Assay. To measure and compare the stability of free catalase and HA-CAT, the 

Góth method was used.24 Both free catalase and HA-CAT with the final concentration of 300 

µg/mL were incubated with Proteinase K (60 µg/mL) at 37 °C. At predetermined time points (0, 

0.5, 1, 2, 3, 4 and 5 h), aliquots of samples were removed for immediate catalase activity assay. 

To determine the catalase activity, H2O2 (50 mM, 1 mL) was added with free catalase or HA-CAT 

(300 µg/mL, 0.2 mL) at 37 °C for 60 s, and then ammonium molybdate (32.4 mM, 1 mL) was 

added to terminate the reaction. The relative catalase activity was determined by the absorbance 

of the solution at 405 nm.  

Detection of Singlet Oxygen. Singlet oxygen was determined by the following protocol.24 In brief, 

SOSG dissolved in methanol was incubated with different samples ([SOSG] = 2.5 µM, [aCe6] = 

4.9 µM, and [H2O2] = 0.25 mM) to measure singlet oxygen generation after light irradiation (630 

nm, 15 mW/cm2) purged under nitrogen. This amount of H2O2 was chosen to ensure that the 

generated 1O2 could be detected by SOSG and the fluorescence of SOSG falls in the detection limit 

of our spectrometer. The generated 1O2 was determined by measuring SOSG fluorescence signal 

at 528 nm under 494 nm excitation.  
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Immunofluorescence for Detection of HIF-1α in MDA-MB-231 Cells. MDA-MB-231 cells 

were seeded onto 6 well plates with cover slip and incubated at normoxic (21% O2) and hypoxic 

(1% O2) conditions for 24 h. HA-CAT@Ce6 NPs ([catalase] = 40 µg/mL, [aCe6] = 9 µM) were 

first incubated with the cells for 4 h. The cells were then quickly fixed with 4% paraformaldehyde 

at room temperature for 10 min, followed by washing with PBS thrice. The cells were 

permeabilized using 0.1% Triton X-100 in PBS for 10 min and washed thrice with 0.1% Tween-

20 in PBS. After which, blocking buffer was added and incubated at room temperature for 1 h. 

The primary anti-HIF-1α antibody was diluted in blocking buffer (2:1000) to yield a final 

concentration (2 µg/mL) and incubated at room temperature for 1.5 h. The cells were washed thrice 

with 0.1% Tween-20 in PBS, and then incubated with the secondary Alexa Fluor®488-conjugated 

Goat Anti-Rabbit IgG H&L antibody diluted in blocking buffer (5:1000) with final concentration 

of 5 µg/mL at room temperature in the dark for 1 h. The sample was washed thrice with 0.1% 

Tween-20 in PBS. Finally, 4’,6-diamidino-2-phenylindole (DAPI) with the working concentration 

of 300 mM was used to stain the nucleus for 3 min. The cells were washed and then visualized 

using the confocal microscopy with excitation wavelength of 488 nm and emission at 525 nm.  

Immunofluorescence for Detection of CD44 Receptors in Different Cells. MDA-MB-231 and 

MCF-7 cells were seeded onto 6 well plates with the cover slip at the cell density of 200000 

cells/well for 24 h, respectively. The cells were fixed with 4% paraformaldehyde at room 

temperature for 10 min, and then washed with PBS thrice. After which, the cells were 

permeabilized using 0.1% Triton X-100 in PBS for 10 min and washed thrice with 0.1% Tween-

20 in PBS. Blocking buffer was added and incubated at room temperature for 1 h. The primary 

anti-CD44 antibody was diluted in blocking buffer (1:1000) to yield a final concentration (1 

µg/mL) and incubated at room temperature for 1 h. The cells were washed with 0.1% Tween-20 
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in PBS thrice, and then incubated with the secondary Alexa Fluor®488-conjugated Goat Anti-

Rabbit IgG H&L antibody diluted in blocking buffer (1:1000) with final concentration of 2 µg/mL 

at room temperature in the dark for 1 h. The system was washed with 0.1% Tween-20 in PBS 

thrice. Finally, DAPI with working concentration of 300 mM was used to stain the nucleus for 3 

min. The cells were washed and then visualized using the confocal microscopy with excitation 

wavelength of 488 nm and emission at 525 nm. 

In Vivo Studies. For in vivo imaging, HA@aCe6 and HA-CAT@aCe6 NPs (200 µL) with an 

equivalent concentration of aCe6 (0.4 mg/mL) were intravenously injected into each mouse (aCe6 

dose: 4 mg/kg). In vivo fluorescence imaging was carried out at wavelength of 675 nm and 

emission of 735 nm using an in vivo optical imaging system. The mice were sacrificed at 24 h after 

intravenous injection, having their major organs including heart, kidney, liver, lung, spleen, and 

tumor collected for ex vivo imaging. The fluorescence intensity was analyzed by ImageJ. To 

investigate the tumor hypoxia post treatment, BALB/c nude mice bearing MDA-MB-231 tumor 

were intravenously injected with HA-CAT@aCe6 NPs. After 24 h, the mice were injected with 

pimonidazole hydrochloride (hypoxyprobe-1 plus kit, 30 mg kg-1) based on the procedure provided 

by the manufacturer. The mice were sacrificed after 90 mins for the collection of tumor slices for 

immunofluorescence staining. The slices were observed by the confocal microscopy.   

For in vivo therapeutic studies, 25 tumor-bearing nude mice were randomly divided into 

five groups (five mice per group): I) control group with saline injection only, II) free Ce6 with 

light irradiation, III) HA@aCe6 NPs with light irradiation, IV) HA-CAT@aCe6 NPs in the dark, 

and V) HA-CAT@aCe6 NPs with light irradiation. The mice were injected with the materials, and 

after 24 h, groups II, III and V received light irradiation (50 mW/cm2) on the tumor for 30 min. 

The doses of aCe6, catalase and Ce6 were 4 mg/kg, 18.4 mg/kg and 2.9 mg/kg, respectively. The 
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width and length of the tumors were measured using a digital caliper for 14 days. Tumor volumes 

were computed using the standard formula where volume = ½ ´ width2 ´ height. The growth curve 

of the tumors was processed by comparing the tumor volume from each day to the initial tumor 

volume at day 0. Mice from each group were sacrificed at day 4 after the treatments to collect the 

tumors for evaluating the therapeutic effects. 
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Scheme 1. Schematic illustration of the processes after intravenous injection of HA-CAT@aCe6 

NPs into tumor-bearing mice. Process A: HA-CAT@aCe6 NPs were prepared by the conjugation 

of cyclodextrin modified HA with catalase, followed by supramolecular encapsulation of aCe6. 

Process B: HA-CAT@aCe6 NPs accumulate in hypoxic tumor and catalyze intracellular H2O2 to 

ground state oxygen 3O2. 3O2 is then converted to singlet oxygen 1O2 upon 660 nm light irradiation 

for PDT of cancer.   
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Figure 1. Characterizations of HA-CAT@aCe6 NPs. TEM images of (a) HA-CAT NPs and (b) 

HA-CAT@aCe6. (c) Hydrodynamic diameters measured from DLS of free catalase, HA-CAT NPs 

and HA-CAT@aCe6. (d) Zeta potential of free catalase, HA-CAT NPs and HA-CAT@aCe6. (e) 

SDS-PAGE of HA-CAT NPs. Lane 1 is the protein ladder corresponding to known mass protein. 

(f) Absorbance of aCe6, HA-CAT NPs, and HA-CAT@aCe6 NPs. (g) Change in oxygen 

concentration over time when different samples (H2O2 only, free catalase, HA-CAT, HA@aCe6, 

and HA-CAT@aCe6 NPs) were incubated with H2O2. (h) Change in fluorescence of SOSG upon 

irradiation time for H2O2 only, aCe6 with H2O2, HA-CAT@aCe6 only, and HA-CAT@aCe6 with 

H2O2. (i) Relative enzymatic activity of free catalase and HA-CAT@aCe6 incubated with 

proteinase K over 4 h. The data are reported in mean ± standard deviation in duplicates of three.  
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Figure 2. In vitro therapy on MDA-MB-231 cells. (a) MFI for time dependent uptake of HA-

CAT@aCe6 NPs under normoxic and hypoxic conditions measured with flow cytometry. (b) MFI 

of HA-CAT@aCe6 NPs based on flow cytometric results under pretreatments with different 

amounts of free HA. (c) Fluorescence images of MDA-MB-231 cells immunostained for the 

detection of hypoxic marker HIF-1α after the incubation with and without HA-CAT@aCe6 NPs. 

Scale bar: 50 µm. DAPI: 4’,6-diamidino-2-phenylindole. Cell viability of MDA-MB-231 cells 
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treated with HA-CAT@aCe6 NPs at different concentrations under (d) normoxic (21% O2) and 

(e) hypoxic (1% O2) conditions upon 660 nm light irradiation (5 mW cm-2) for 5 min. (f) Different 

cell populations obtained from apoptotic study using Annexin V FITC and propidium iodide (PI) 

after the treatment with HA-CAT@aCe6 NPs, where [aCe6] = 0.65 µM and [catalase] = 2.5 

µg/mL. The statistical analysis was carried out using Student’s t test, * is when p < 0.05, ** is 

when p < 0.01 and *** is when p < 0.005.  
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Figure 3. In vivo biodistribution of HA-CAT@aCe6 NPs. (a) Biodistribution of HA-CAT@aCe6 

NPs in mice at time interval of 2 h, 8 h and 24 h after intravenous injection. Tumors are circled 

with red dashed lines. (b) Relative mean fluorescence intensity obtained from the images of tumors 

using ImageJ. (c) Ex vivo fluorescence image of various major organs and the tumor excised from 

mice at 24 h after intravenous injection of HA-CAT@aCe6 NPs. T, Li, S, H, K and Lu stand for 
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tumor, liver, spleen, heart, kidney and lung, respectively. (d) Average radiant efficiency of the 

organs and tumor from (c). (e) Immunofluorescence staining of tumor sections excised from mice 

after the treatment with PBS (control) and HA-CAT@aCe6 NPs. Nuclei of the cells were stained 

blue with Hoechst 33342, blood vessels were stained red with anti-CD31 antibody, and hypoxic 

tumor areas stained green with HIF-1α antibody. Scale bar: 100 µm. 

 

Figure 4. In vivo PDT. (a) Relative tumor volumes of MDA-MB-231 tumor-bearing mice with 

five treatment groups (I-V) over 14 days. (b) Average body weights of mice from these treatment 

groups. (c) Mean tumor weights of mice excised on the 14th day after these treatments. (d) Photos 

of excised tumors from mice on the 14th day after these treatments. (e) Histological analysis of 

tumor section stained with H&E and TUNEL from mice with different treatment groups. Nuclei 

were stained with DAPI (blue) and TUNEL (red). Scale bar: 100 µm. Light (660 nm, at 50 mW 

cm-2) was irradiated for 20 min. Data were presented as mean ± standard error mean (SEM). *, p 

≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001 as calculated by Student’s t test. 
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