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Abstract 

A multifunctional albumin/superparamagnetic iron oxide nanoparticle (SPIO) nanocomplex system to 
deliver IR780, a photothermal agent, for cancer theranostic applications was proposed in this study. 
Single emulsion method was utilized to fabricate the human albumin/IR780/SPIO (HISP) nanocomplexes 
with a hydrophobic core (SPIO and IR780) and a hydrophilic shell (human serum albumin (HSA) and poly 
(ethylene glycol) (PEG)). Effects of PEGylation on the size and surface potential of nanocomplexes were 
analyzed. Nanospheres containing uniformly dispersed SPIO was observed using Transmission Electron 
Microscopy (TEM) imaging. As a potential magnetic resonance (MR) imaging agent, the HISP displayed 
dose-dependent T2-weighted imaging contrast (R2 = 81.6 mM-1s-1). Good colloidal stability was verified 
from the nanocomplexes under difference circumstances. The nanocomplexes were taken up by cancer 
cells efficiently and led to significant photothermal-mediated cancer cell death upon short-term near 
infrared (NIR) irradiation in vitro. Via intravenous injection, PEG-HISP can efficiently deliver IR780 to 
tumor sites and showed strong photothermal effect compared to free drug on the mice model. Significant 
tumor suppression by the photothermal treatments using PEG-HISP was demonstrated from the mice 
CT26 xenograft model. Good safety profile of the PEG-HISP was confirmed from histological 
examination and liver functional analysis. Taken together, the results suggest that PEG-HISP is a safe and 
robust nano-theranostic platform for advanced anti-cancer treatment. 

Key words: photothermal therapy, IR780, superparamagnetic iron oxide nanoparticles, magnetic resonance 
imaging, colon cancers  

Introduction 
Hyperthermia treatment has been utilized as an 

effective anti-cancer approach with a long history[1]. 
Compared to normal tissues, cancer cells are highly 
heat-sensitive due to the impaired vasculature and 
hypoxic microenvironment in tumor region[2, 3]. 
Heat could effectively induce cancer cell apoptosis via 
activating cellular caspase signaling pathway[4-6]. 
Meanwhile, the therapeutic efficacy of conventional 
hyperthermic methods for cancer ablation is quite 
limited because of poor and inhomogenous heat 
delivery to tumor regions. To tackle the above 
challenges, nanomaterial-based photothermal therapy 
integrating with drug delivery features have emerged 

as a more controllable and effective solution[7-9]. It 
has been previously shown that light within the near 
infrared (NIR) window (650 – 900 nm) exhibited 
greatest tissue penetration capability[10]. 
Consequently, tissue-penetrable NIR-sensitive dyes 
are often utilized as the photo-responsive agents to 
generate effects of hyperthermia [11-14], photo-
acoustics[15, 16] or photoluminescence[17] within the 
whole tumor region.  

IR780 is a hydrophobic dye with maximum 
absorption at 780 nm, which could convert the NIR 
photons into heat and reactive oxygen species (ROS) 
and has been attempted for both photothermal and 
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photodynamic therapy[12]. Compared to indocyanine 
green (ICG), IR780 exhibits better stability and higher 
fluorescent intensity due to its rigid chemical 
structure[18, 19]. Due to its hydrophobicity and short 
circulation time, IR780 requires suitable delivery 
formulation for its further in vivo applications[20-22]. 
Albumin, one of the most abundant serum proteins, 
has received great attention on hydrophobic drug 
delivery. The FDA-approved albumin-paclitaxel 
formulation, Abraxane®, is perhaps the most 
well-known example of albumin-based delivery 
technology[23, 24]. Albumin is capable of penetrating 
vascular walls via gp60 receptor-mediated 
transcytosis in the endothelial cells[24]. Besides, 
nano-sized albumin particles could accumulate in 
tumors via Enhanced Permeation and Retention (EPR) 
effect[25].  

Combination of biopolymer and inorganic 
nanoparticles is an attractive strategy to prepare 
nanocomplexes with multiple theranostic 
functionalities. For example, further incorporation of 
superparamagnetic iron oxide nanoparticles (SPION) 
affords drug delivery carriers with magnetic 
resonance (MR) imaging capability[26, 27] or 
magnetic-guided drug delivery[28]. It has been shown 
that surface decoration with albumin could improve 
the in vivo stability of SPIO for better magnetic 
resonance imaging (MRI)[29]. In this study, we 
proposed a human albumin/IR780/SPIO 
nanocomplexes (HISP) system capable of 
photothermal therapy and molecular imaging. This 
nano-delivery platform mainly utilizes 
FDA-approved biomaterials, including: human serum 
albumin (HSA), superparamagnetic iron oxide 
nanoparticles (SPION) and polyethylene glycol (PEG).  

The HISP was prepared by emulsifying 
hydrophobic SPIO and IR780 in HSA aqueous 
solution in single step. Size, morphology and surface 
potential of the HISP were characterized using 
ZetaSizer and Transmission Electron Microscope 
(TEM). Colloidal stability of the PEG-HISP at serum 
free or serum-containing media was examined. In 
vitro photothermal effects of the PEG-HISP were 
tested on mouse colon cancer cells (CT26). T2 
relaxivity and in vivo MR imaging of the PEG-HISP 
were determined using a 7T MRI. As a proof of 
concept, in vivo toxicity and therapeutic efficacy of the 
HISP were studied on a mouse colon cancer (CT26) 
model.  

Experimental Section 
Materials 

Iron (III) chloride, Trioctylphosphine oxide 
(TOPO) and paraformaldehyde were purchased from 

Alfa Aesar (Ward Hill, MA, USA). Sodium oleate was 
purchased from TCI (Tokyo Kasei Kogyo, Inc). MTT 
was purchased from MDBio, Inc. (Taipei, Taiwan). 
Dulbecco’s Modified Eagles’ Medium (DMEM) and 
Dulbecco’s phosphate buffered saline (DPBS) were 
purchased from Gibco (Carlsbad, CA, USA). 
Penicillin–streptomycin (P/S) and cosmic calf serum 
(CCS) were purchased from Hyclone (Logan, UT, 
USA). Human serum albumin (HSA), oleic acid and 
IR-780 iodide were purchased from Sigma-Aldrich. 
mPEG5k-MAL was obtained from Jenkem. 
2-iminothiolane (Traut’s Reagent) was bought from 
ThermoScientific. SPION was synthesized as 
previously described[30]. 

Synthesis of HISP 
150 mg of HSA were dissolved in 5 ml deionized 

water with constant stirring. IR-780 (5 mg/ml) and 
SPION (20 mg/ml) were dissolved in chloroform 
before adding drop by drop into the HSA solution 
with stirring all the time. The obtained green 
dispersions were ultrasonicated at 20% amplitude of 
the maximum power for 150 seconds by Sonics VCX 
750 W probe sonication (Sonics, Newtown, CT, USA; 
maximum power: 750 W; frequency: 20 kHz; probe 
diameter: 13 mm). Following processed on a rotary 
evaporator under the reduced pressure to remove the 
remaining chloroform, the samples were purified to 
remove free HSA using an ultrafiltration membrane 
(molecular weight cut-off (MWCO) 100 kDa). Finally, 
the samples were filtered through 0.22 μm filter 
membrane, and magnetic purified overnight at 4 oC. 
Magnetic purification was performed by placing a 
permanent magnet besides the wall of bottle 
containing the synthesized nanoparticle suspension 
(as shown in Figure 5A). To maximize the recovery of 
magnetic HISP, the magnetic attraction process 
usually performed overnight. The attracted HISP was 
washed with PBS then resuspended with DI H2O. 
Albumin/SPIO (HSP) and albumin/IR780 (HIP) 
nanocomplexes was prepared using same procedure 
as described above except without adding IR780 or 
SPIO respectively.  

Encapsulation Efficiency (E.E.) and Loading 
efficiency (L.E.) of IR780 in HISP 

Lyophilized HISP was reconstituted in DMSO. 
Amount of IR780 was calculated by a IR780 standard 
curve using a UV-Vis spectrophotometer. E.E. and 
L.E. of IR780 in the HISP were calculated using the 
following equations: 

E.E. of IR780 (%) = (Mass of total encapsulated 
IR780/(Initial amount of feeding IR780)*100% 

L.E. of IR780 (%) = (Mass of IR780 in HISP)/(Mass of 
HISP)*100% 
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Encapsulation Efficiency (E.E.) and Loading 
efficiency (L.E.) of SPIO in HISP 

Amount of SPIO in HISP was quantitative using 
KSCN method. In brief, the nanoparticles were 
dissolved in a 12N HCl solution, afterward, the 
ferrous ions were oxidized by 30% ammonia 
persulfate in 65°C oven for 30 minutes. The ferric ions 
were reacted with 5% KSCN to produce red 
Fe[SCN]2+ solution. Amount of SPIO was determined 
by measuring the absorbance at 480 nm and 
calculated using a standard curve. E.E. and L.E. of 
SPIO in the HISP were calculated using the following 
equations: 

E.E. of SPIO (%) = (Mass of total encapsulated 
SPIO/(Initial amount of feeding SPIO)*100% 

L.E. of SPIO (%) = (Mass of SPIO in HISP)/(Mass of 
HISP)*100% 

Synthesis of PEG-HISP 
The primary amines on the surface of HISP were 

thiolated by reacting with 2-iminothiolane (Traut’s 
Reagent; 10 mg/mL, approximately 10 equiv to an 
HSA molecule) in PBS (pH 7.4) at room temperature 
for 30 minutes. The thiolated HISP was concentrated 
using a Centricon-100 concentrator (Amicon Ultra-4 
and -15 Centrifugal Filter Units-100000 MWCO, 
Millipore) to remove free 2-iminothiolane. The 
thiolated HSA was quickly transferred to react with 
mPEG-MAL at various HSA:PEG ratios (1:0; 1:10; 1:50; 
1:200) in PBS (pH 7.4), and the reaction was allowed to 
proceed at room temperature for 6 hours. The 
resultant mixture was concentrated using a Centricon- 
30 concentrator and stored at 4 °C before further 
usage. 

Physicochemical characterizations of 
PEG-HISP 

The PEG-HISP was dissolved in distilled water. 
Particle size and zeta potential of the nanocomplexes 
were measured using a Zetasizer (Nano Series, 
Malvern, UK). Transmission Electron Microscopy 
(TEM, JEOL JEM-1200EX II, Japan) was used to 
characterize the morphology of PEG-HISP. 
Ultraviolet-visible (UV-vis) spectra of the PEG-HISP 
were recorded using a spectrophotometer (Thermo 
scientific, NANO DROP 2000c spectrophotometer). 
T2-weighted images were studied by 7T MRI system 
(Bruker biospec 70/30 MRI, USA).  

IR780 release from PEG-HISP 
Cumulative release of IR780 from the PEG-HISP 

was performed. Predetermined amount of PEG-HISP 
were dissolved in 1 mL of DI H2O or PBS (pH 7.4) and 
transferred to a dialysis bag (MWCO 12kDa to 

14kDa). The dialysis bag was immerged in 13 mL 
release medium containing 0.1% tween 80 and kept in 
37 °C with stirring. After the predesignated time 
points (1h, 4h, 24h … 168h), the release medium was 
withdrawn, lyophilized, and reconstituted in DMSO. 
Amount of the released IR780 was determined using a 
fluorescence spectroscopy (emission: 820 nm / 
excitation:780 nm). 

Photothermal properties of PEG-HISP 
PEG-HISP was dissolved in deionized water and 

subjected to laser irradiation (1 W/cm2) at 808 nm. 
Temperature of the sample solutions was recorded 
using a Mini thermal imager (Avio NEC Thermo Shot 
F30W). 

Cell culture 
The CT26 (murine colon adenocarcinoma) cells 

were cultured in DMEM supplemented with 10% CCS 
and 1x P/S maintained at 37 oC and 5% CO2 
atmosphere. The cells were subcultured at a split ratio 
of 1:4 while cell confluency reached 80%.  

Cellular uptake 
The CT26 cells were seeded in the 24-well plates 

at density of 5 x 104 cells per well overnight. The cells 
were incubated with PEG-HISP (1 μg/mL) for various 
time lengths. Following by the incubation, the cells 
were washed twice with PBS then collected by 
trypsinization. Cellular fluorescence was measured 
on a flow cytometer (BD FACSVerseTM, BD 
Biosciences, San Jose, CA) with 633 nm excitation and 
780 nm emission for IR780. The cells without 
treatment were used a control group in the cellular 
uptake experiment.  

Cell viability assay 
CT26 cells were seeded in the 96-well plates at 

density of 5 x 103 cells per well overnight then 
received various concentrations of IR780 (dissolved in 
DMSO), HISP and PEG-HISP. After incubation for 24 
hours, the culture medium was removed and the cells 
were washed with PBS. MTT (0.5 mg/ml) in fresh 
medium was added to each well following by 
incubation at 37oC and 5% CO2 atmosphere for 4 
hours. Finally, following remove the medium, each 
well was added with DMSO and measured at 580 nm 
using a microplate reader. 

In vitro and in vivo MR imaging 
T2-weighted images of HISP or tumor sections 

were performed by 7T MR imaging system (Bruker 
biospec 70/30 MRI, USA). To measure the spin-spin 
relaxation times (T2), ferric iron concentrations of 
HISP at 1, 0.5, 0.25, 0.125, and 0.0625 (mM Fe) were 
prepared separately in deionized water and deposited 
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into 250 μL PCR tubes. A multislice multiecho 
(MSME)-T2 map pulse sequence was performed using 
the following parameters: TR/TE = 3000 ms/ 11ms 
(32 fitted echoes in 11 ms intervals), matrix size = 256 
× 256, FOV = 6 × 6 mm, and NEX = 3. The T2 weighted 
images of HISP were shown at the first echo times 
(TR/TE = 3000 ms/ 11ms). For in vivo T2 weighted 
imaging, at 0 hour or 24 hours after intravenous 
injection of PBS or PEG-HISP, the mice were 
anesthetized by isoflurane, then both axial and 
coronal images of tumor sections were acquired by a 
rapid acquisition relaxation enhancement sequence 
(RARE) with the parameters as follows: TR/TE = 2500 
ms/ 30 ms, rare factor = 6, matrix size = 256 x 256, 
slice thickness = 1 mm, FOV = 3.5 mm x 3.5 mm, 
interstice distance = 1 mm (10 slices) and NEX = 3. 

In vitro photothermal effect 
CT26 colon adenocarcinoma cells were seeded in 

the 48-well plates at density 2.5 x 104 cells per well 
overnight then treated with PEG-HISP (0.01 mg/ml). 
Subsequently, culture medium containing HISP was 
changed with fresh serum-free DMEM. 808 nm laser 
was used to irradiate (1.5 W/cm2) on the cells for 1, 3 
or 5 minutes. After laser irradiation, the cells were 
continued to incubate for 2 hours. Next, the culture 
medium was replaced with fresh 10% CCS/DMEM 
and incubated for 24 hours. Finally, the mixed 
solution consisting of MTT (0.5 mg/ml) in fresh 
medium was added in each well, and the cells were 
incubated for 4 hours at 37oC and 5% CO2 
atmosphere. Finally, following remove the medium, 
each well was added DMSO and measured at 580 nm 
using a microplate reader. 

Animal model 
The animals were handled in accordance to the 

animal use protocol of the National Tsing Hua 
University, Hsinchu, Taiwan. Male BALB/c mice (5 
weeks old and weighted 15-18 g) were purchased 
form National Laboratory Animal Center in Taiwan. 
To set up the tumor model, CT26 cells were 
subcutaneously inoculated into the right hind limb of 
the mice. Tumor sizes and body weights were 
measured every day for the duration of the 
experiment. 

Biodistribution of PEG-HISP by IVIS 

NIR imaging of live animals  
After the tumor volumes reached 100-200 mm3, 

PEG-HISP (0.3 mg/kg for IR780) was intravenously 
injected into the BALB/c mice. 4, 24 and 48 hours after 
injection, the NIR images were taken using an animal 
optical imaging system (IVIS Spectrum In Vivo 
Imaging System, PerkinElmer's IVIS™ Spectrum 

imaging system).  

NIR imaging of the excised organs  
After 48 hours, the mice were sacrificed. The 

organs including heart, liver, lung, spleen, kidney and 
tumor were collected and analyzed using IVIS. The 
excitation and emission wavelength of IR780 were 710 
nm and 840 nm. 

In vivo photothermal therapeutic efficacy of 
PEG-HISP 

The treatments were started when the tumor 
volumes reached 50-100 mm3. PBS, free IR780, 
PEG-HSP or PEG-HISP were injected via tail vein into 
tumor-bearing mice at doses equivalent to 1 mg/kg of 
IR780. 24 hours after injection, the mice were 
irradiated at 808 nm (1 W/cm2) for 5 minutes. Three 
cycles of drug injection/laser irradiation were 
performed following by 2 additional irradiations. The 
temperature was recorded using a Mini thermal 
imager (Avio NEC Thermo Shot F30W). The tumor 
size was calculated using the following equation:  

Tumor volume = 0.5 x A x B2 

Where, A and B represent the largest and smallest 
tumor diameters respectively.  

In vivo compatibility of PEG-HISP 
Healthy male BALB/c mice were intravenously 

injected with PEG-HISP (1 mg/kg of IR780). Saline 
was used as the control. After 2 weeks, mice were 
sacrificed to collect the blood for serum biochemistry 
assay. In addition, the major organs from each mouse 
were harvested, fixed in 4% PFA and subjected to 
paraffin embedding and sectioning. The sample slices 
were stained with hematoxylin and eosin (H&E) then 
examined using a digital microscope. Effect of 
PEG-HISP on mouse liver function was also 
investigated. PBS or PEG-HISP was intravenously 
injected into mice and the blood was collected 14 days 
after injection for subsequent AST (aspartate 
transaminase) or ALT (alanine transaminase) analysis.  

Statistics 
Results of this study are presented as the mean 

and standard deviation of at least three independent 
measurements. All statistical evaluations were carried 
out with unpaired two-tailed Student’s t-test. p-value 
of less than 0.05 was considered significant (p < 0.05, * 
; p < 0.01, ** ; p < 0.001, ***). 

Results and Discussion 
Synthesis and physicochemical 
characterizations of PEG-HISP  

The HISP were prepared using a straightforward 
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single emulsion procedure (Scheme 1) to obtain 
nanocomplexes containing hydrophobic core 
(superparamagnetic iron oxide nanoparticles 
(SPIONs) and IR780) bound by the hydrophilic shell 
(human serum albumin (HSA)). A series of 
designated formulations containing various ratios of 
HSA/IR780/SPIO were prepared and examined for 
the particle size. At the ratio of 150:0.5:2, the HISP at 
size of 118.5 nm was obtained and used in the 
following studies. Loading efficiency (L.E.) and 
encapsulation efficiency (E.E.) of IR780 in the HISP 
were determined to as 0.6% and 4.5% respectively 
(Table 1). In addition, the L.E. and E.E. of SPIO in the 
HISP were determined to as 6.6% and 12.7% 
respectively (Table 1). It has been previously 
suggested that albumin nanoparticles are subjected to 
rapid in vivo clearance after intravenous 
injection[31-34]. Jain S. et al., showed that conjugation 
of PEG molecules could largely improve the 
circulation time and therapeutic efficacy of the 
drug-containing albumin nanoparticles on animal 
tumor model[34]. To prepare PEG-HISP, the HISP 
was first thiolated following by conjugation of poly 
(ethylene glycol) (PEG)-maleimide at room 
temperature. Sizes of the PEG-HISP and PEG-HSP 
were 146.3 nm and 173.7 nm respectively (Table 2) 
which fit well into the range of EPR effect[35]. TEM 
imaging was further used to study the morphology of 
nanocomplexes showing that the PEG-HISP 
contained clusters of SPIO nanoparticles bound by the 
HSA (Figure 1). In vitro IR780 release from PEG-HISP 
in DI H2O was evaluated in PBS at 37oC for 168 hours. 
Under such circumstance, cumulative release of IR780 
from the PEG-HISP was less than 10% (Figure S1). 
Colloidal stability of the PEG-HISP was examined at 

various environments, including: DI H2O, PBS and 
50% FBS/DMEM for designated time lengths (0, 12 & 
24 hours) (Figure 2A~C). In DI H2O or PBS, particle 
size of the PEG-HISP was mostly below 150 nm. 
Successful conjugation of PEG to HISP was verified 
by forming PEG-HISP with larger size. In DI H2O or 
PBS, particle size of these PEG-HISP (HSA: PEG (1:10) 
or HSA: PEG (1:50)) was mostly below 150 nm. Thus, 
PEG-HISP prepared using minimal amount of PEG 
(HSA: PEG (1:10)) was chosen for the subsequent 
studies. Overall particle size of the PEG-HISP was 
larger in 50% FBS/DMEM medium compared to DI 
H2O and PBS. Long-term colloidal stability of the 
PEG-HISP at 4oC was next examined. The results 
show that size of the PEG-HISP was well maintained 
below 150 nm up to 1 month (Figure 2D) and no 
obvious aggregation was observed from the 
nanoparticle solutions (Figure S2) suggesting their 
excellent colloidal stability for long term storage. 

 

Table 1. The encapsulated efficiency and loading efficiency of 
IR780 and SPIO in HISP.  

IR780 SPIO 
E.E. (%) L.E. (%) E.E. (%) L.E. (%) 
4.5 ± 0.1 0.6 ± 0.00 12.7 ± 1.9 6.6 ± 1.0 

 

Table 2. Effect of PEGylation on the particle size of HSP and HISP.  

Group Size (nm) PDI Zeta potential 
(mV) 

HSP 144.5 ± 11.9 0.113 ± 0.003 -25.5 ± 7.4 
HISP 118.5 ± 5.2 0.126 ± 0.008 -22.5 ± 1.1 
PEG-HSP 173.7 ± 21.8 0.14 ± 0.009 -11.3 ± 9.6 
PEG-HISP 146.3 ± 40.4 0.154 ± 0.052 -16.9 ± 1.6 

 

 
 

 
Figure 1. TEM images of (A) HSA:PEG = 1:0. (B) HSA:PEG = 1:10. (C) HSA:PEG = 1:50. (D) HSA:PEG = 1:200. Size of the scale bars are indicated in the images. 
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In vitro photothermal effects of PEG-HISP 
Successful encapsulation of IR780 in the 

fabricated nanocomplexes was confirmed using 
UV-Vis spectroscopic analysis (Figure 3A). Free IR780, 
when it was dispersed in organic solvent, showed a 
characteristic absorption at 780 nm. Meanwhile, a 
bathochromic shift was observed from the IR780 after 
its encapsulation in HSA/SPIO nanoparticles (HIP, 
PEG-HIP, HISP or PEG-HISP) in water. This 
phenomenon may be attributed to the different 
solvent environment and hydrophobic stacking of 
IR780 molecules encapsulated in the nanoparticles 
[36, 37]. Strong absorption at the NIR region (650-950 
nm) allows PEG-HISP to be used as a promising NIR 
photothermal agent. Photothermal effects of the IR780, 
HIP, HSP, PEG-HSP, HISP and PEG-HISP were 
studied by monitoring the laser irradiation-dependent 
temperature changes using a photothermal camera. 
After starting laser irradiation (808 nm, 1 W/cm2), the 
sample temperatures were recorded every 30 seconds 
for 5 minutes (Figure 3B). Temperature of the 
solutions containing PEG-HSP, HSP, HIP or free 
IR780 increased less than 5 oC. In contrast, much 
higher temperature increase (∆T~14 oC) was observed 
from the HISP or PEG-HISP solution. The results also 
show that PEGylation did not alter the photothermal 
properties of the HSP or HISP. To further evaluate the 
photothermal property under repeated laser 
irradiation, free IR780 (20 μg/mL, dissolved in DMSO 
and diluted with DI H2O) was compared with HISP. 
In the first three laser irradiation/cooling cycles, the 
temperature of free IR780 solution was significantly 
lower than the HISP. The ineffective photothermal 
effect of free IR780 might be due to its high tendency 
of forming aggregation in aqueous environment. In 
contrast, repeated photothermal effect was 
demonstrated from the solution containing 
well-dispersed HISP (Figure S3). Time-dependent 
cellular uptake of PEG-HISP by CT26 cells was 
analyzed using a flow cytometry. Higher cellular 

uptake was observed from free IR780 compared to 
HISP or PEG-HISP. IR780 showed highest uptake 
efficiency probably due to its low molecular weight 
and capability of direct diffusion through cell 
membrane. Cellular uptake efficiency of HISP was 
slightly higher than PEG-HISP. Maximal cellular 
uptake was observed after incubating the PEG-HISP 
with cells for 24 hours (Figure 4A). CT26 cancer cells 
were then incubated with free IR780, HISP and 
PEG-HISP at various IR780 concentrations for 24 
hours. Negligible cytotoxicity was observed from the 
HISP or PEG-HISP (0.02~10 μg/mL) suggesting their 
good cell compatibility (Figure 4B). In contrast, 
significant cytotoxicity was observed from cells 
received free IR780. It is possible that the lower 
cytotoxicity of HISP might be due to the hindrance of 
IR780 within the albumin/SPIO nano-formulation. 
Photothermal-mediated anti-cancer effect was studied 
on the CT26 cells pre-fed with PEG-HSP or PEG-HISP. 
808 nm laser was used to irradiate (1.5 W/cm2) the 
cells for 1, 3 or 5 minutes (Figure 4C). With the 
increase of laser exposure, the cell viability decreased 
accordingly. These results suggest that PEG-HISP was 
not cytotoxic and exhibited effective photothermal 
effect. 

MRI applications of the magnetic HISP  
Ferrofluidic property of the albumin/SPIO 

nanocomplexes was observed under an external 
magnetic field (Figure 5A). The HISP contains SPIO, 
which shortens the spin-spin relaxation times (T2) of 
the surrounding water molecules, thus producing 
dose-dependent T2-weighted images (Figure 5B). 
Spin-spin relaxation time (T2) of the HISP was 
measured using a 7T MRI system. R2 relaxivity (81.6 
s-1mM-1) of the HISP (Figure 5C) was higher than the 
commercial MRI contrast agent (Feridex®, 63.5 
s-1mM-1). Feasibility of using the PEG-HISP as MRI 
contrast agent for tumor imaging was evaluated with 
7T MRI system. Significant T2 tumor imaging 
enhancement was observed from mice injected with 

PEG-HISP compared to saline 
injection. Both the axial and coronal 
planes of tumors on the mouse 
received PEG-HISP injection 
showed darker MR images (Figure 
6A). Significant decrease on MR 
signal intensity from PEG-HISP 
group compared to the control was 
confirmed by quantitative analysis 
of the MR images (Figure 6B). The 
results suggest that PEG-HISP 
might be utilized as a MR 
imaging-guided photothermal 
nanomaterial for cancer treatments. 

 

 
Scheme 1. Preparation of multiple functional PEG-HISP for photothermal therapy and MRI imaging. 
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Figure 2. Colloidal stability of PEG-HISP. (A)~(C) Short-term storage test in DI H2O, 50% FBS/DMEM or PBS at 37oC. (D) Long-term storage test of PEG-HISP 
(HSA:PEG = 1:10) in PBS at 4oC. The particle size was measured after incubating the nanoparticles in the designated environments. Data represents the mean ± S.E.; 
n = 3. 

 

 
Figure 3. (A) UV-visible spectrum of HSA, free IR780, HIP, HSP, PEG-HSP, HISP and PEG-HISP. The characteristic NIR absorption range was detected from free 
IR780 or PEG-HISP sample solutions. (B) Photothermal properties of PEG-HISP. The effect of NIR irradiation duration on heating the solutions of free IR780, HIP, 
HSP, PEG-HSP, HISP or PEG-HISP. Data represents the mean ± S.E.; n = 3. 

 

 
Figure 4. (A) Time course analysis of free IR780, HISP, and PEG-HISP taken by CT26 cancer cells. (B) Effect of IR780 concentration on the cytotoxicity assay of free 
IR780, HISP or PEG-HISP on CT26 cancer cells. (C) Effect of NIR (808 nm) irradiation on the viability of CT26 cancer cells. Data represents the mean ± S.E.; n=3. 
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Tumor accumulation, photothermal therapy 
and biocompatibility of PEG-HISP on animal 
colon cancer model 

Accumulation of the PEG-HISP in CT26 tumor 
was studied by tracking the fluorescence signal of 
IR780 using IVIS (Figure 7). CT26 tumor-bearing mice 
were intravenously injected with PBS, free IR780 or 
PEG-HISP and all the mice were kept alive during the 
period of test. Fluorescence signals of the tumors 
glowed with time on mice received free IR780 or 
PEG-HISP. Twenty-four or forty-eight hours after 
injections, much higher IR780 accumulation in tumors 
was observed from the mice injected PEG-HISP 
compared to free IR780. After 48 hours, the mice were 
sacrificed to harvest organs including liver, lung, 
heart, spleen, kidney and tumor for IVIS detection. 
Similarly, higher IR780 accumulation was observed 
from the PEG-HISP group, which was consistent to 
the live IVIS observation. To further study the 
photothermal therapeutic efficacy, PBS, free IR-780, 
PEG-HSP or PEG-HISP was intravenously injected to 
the CT26 tumor-bearing mice. Twenty-four hours 
after injections, the mice were irradiated by a laser 
(808 nm, 1.0 W/cm2) for 5 min. The drug 
injection/laser irradiation cycle was repeated for 3 

times. Within laser irradiation, the PEG-HISP groups 
showed much higher heating effect than free IR780 
and PEG-HSP groups as observed using a thermal 
camera (Figure S4). The slight photo-thermal effect of 
PEG-HSP might be due to the presence of SPIO in the 
nanocomplexes[38-40]. Meanwhile, tumor tempera-
ture of the PEG-HISP groups elevated much higher 
than that of free IR780 or PEG-HSP groups. As a result, 
significant tumor shrinkage was observed from the 
mice injected with PEG-HISP combing with NIR 
irradiation (Figure 8). To assess the potential toxicity 
of PEG-HISP in tissue level, mice were sacrificed 2 
weeks after injections to harvest the major organs 
(heart, liver, spleen, lung & kidney). These organs 
were paraffin-embedded, sliced and stained with 
hematoxylin and eosin (H&E) reagents for 
histological analysis. No noticeable tissue damage or 
infiltration of inflammatory cells was observed from 
any of the major organs (Figure 9). Potential liver 
toxicity of PEG-HISP was also investigated to show 
that both AST (aspartate transaminase) and ALT 
(alanine transaminase) levels were not significantly 
different between PEG-HISP-treated mice and control 
mice (Figure S5).  

 

 
Figure 5. Magnetic properties measurements. (A) Albumin/SPIO nanocomplexes dispersed in DI H2O before (left) and after (right) magnetic attraction. (B) In vitro 
T2-weighted MR images: various concentrations of HISP in DI H2O. (C) T2 relaxivity measurement of HISP. 

 

 
Figure 6. T2-weighted MR images of the tumor at 0 hour or 24 hours after the injections of PBS or PEG-HISP. (A) MR imaging contrast (dark spots) enhancement 
were found in both axial and coronal tumor sections (yellow dashed circle) on mice received PEG-HISP injections. (B) Quantitative analysis of the acquired MR images 
from mice received PBS or PEG-HISP injecitons. 
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Figure 7. Biodistribution analysis of the intravenously injected free IR780 or PEG-HISP on CT26 tumor-bearing mice using IVIS. (A) After received the predesignated 
injections, the mice were anesthetized and live images were acquired. (b) 48 hours after injection, the mice were sacrificed to harvest the organs for taking images. 
L: lung; H: heart; S: spleen; Li: liver; K: kidney; T: tumor. 

 
Albumin-based nano-formulation has been 

proposed to improve the solubility, photo-stability 
and in vivo therapeutic efficacy of photothermal 
dyes[37, 41, 42]. In this study, incorporation of SPIO 
further afford the IR780-albumin nano-formulation 
with capabilities on MRI and magnetic targeted drug 
delivery. Generally, albumin-SPIO nanocomplexes 
are most commonly prepared by deposition of 
albumin on the surface of SPIO via covalent or 
noncovalent interactions[43, 44]. Here, we explored 
the feasibility of using single emulation method to 
prepare nanoclusters of albumin/SPIO 
co-encapsulating with IR780. In vivo photothermal 
therapeutic efficacy and MR imaging were 
successfully demonstrated from the proposed 
PEG-HISP nanoplatform. 

Conclusion 
The PEG-HISP was successfully prepared by 

utilizing FDA-approved materials (SPIO and HSA) to 
deliver hydrophobic IR780. The resultant 
nanocomplexes displayed favorable properties for 
anti-cancer drug delivery, including: (1) Small particle 
size (<150 nm); (2) Good colloidal stability (no 
aggregation at 4oC up to 1 month) and (3) Excellent 
photothermal effect and stability. The magnetic 
PEG-HSP exhibited comparable T2 relaxivity to the 
commercial MRI T2 contrast agent. Clear tumor MR 
imaging was demonstrated from the tumor-bearing 
mice injected with the PEG-HISP. Photothermal 
therapeutic effects of the PEG-HISP were 
demonstrated on a murine colon cancer model. 
Taking together, our findings suggest PEG-HISP is a 
potential nanotheranostic system for cancer 
treatment. In the future, specific tumor-targeting 
moieties could be conjugated to the PEG-HISP to 
enhance its tumor-specific accumulation thus further 
promoting the anti-cancer efficacy. 
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Figure 8. In vivo phototherapeutic efficacy of PEG-HISP. (A) Mice received the designated drug injections with or without NIR irradiation were imaged. (B) Time 
course study of mouse body weight. (C) Time course study of tumor volume changes. Data represents the mean ± S.E.; n=5. 

 
 

 
Figure 9. Histological analysis of organs excised from mice received PBS or PEG-HISP injections. 
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