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  1   .  Introduction 

 Physical therapies using nanoparticles can be effective against 
diseases such as multiple myeloma, which is resistant to 
chemotherapy and remains an incurable malignancy. [  1  ]  Phys-
ical therapy includes photodynamic therapy (PDT) and photo-
thermal therapy (PTT). [  2,3  ]  

 PDT is a form of phototherapy that uses a photosensitizer 
(PS), which is exposed to light at a diseased site. On exposure 
to light, singlet oxygen ( 1 O 2 ), the main cytotoxic reactive oxygen 
species, is generated, which causes death of diseased cells. [  2  ]  

 1 O 2  is produced by excitation of PS to its 
triplet state on exposure to light and by 
the subsequent transfer of the energy to 
ground state of the surrounding molec-
ular oxygen. It is necessary for PS to 
have an absorption peak at wavelengths 
ranging from 600 to 800 nm, i.e. the near-
infrared window, because light with wave-
lengths within this window penetrates 
deeply into living tissues and generates 
 1 O 2 . Light with wavelengths in the range 
800−900 nm also penetrates deep into the 
tissue; however, very little  1 O 2  is obtained 
when the absorption peak of PS is above 
the wavelength of 800 nm because the 
photoexcited triplet state of PS falls below 
the excited state of  1 O 2  (94 kJ/mol). PDT is 
a local treatment and has few side effects 
when compared to conventional chemo-
therapies and radiotherapies. However, 
PS gradually decays by light irradiation. [  4  ]  
Additionally, as soon as PDT is performed, 
severe local hypoxia is caused by both 

consumption of tissue oxygen and reduction in oxygen supply 
cause by the damage of blood vessels and eventually, the pro-
duction of  1 O 2  ceases. [  5–9  ]  These issues hinder the therapeutic 
effi cacy of PDT and greatly restrict its potential applications 
in the clinic. Therefore, to overcome the intrinsic limitations 
of PDT, a new strategy is required to improve the therapeutic 
index upon prolonged light irradiation. 

 PTT is a hyperthermia treatment that uses heat, which is 
obtained by the conversion of energy absorbed from photons by 
the PS. [  3  ]  Hyperthermia, commonly defi ned as heating of tissue 
in the range 41–47 °C for tens of minutes, causes irreversible 
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the LHC effi ciency of porphyrins is a key issue, and the pho-
tostability can be improved by encapsulating the porphyrin in 
a silica matrix. If porphyrins gain both high LHC effi ciency 
within the near-infrared window and high photostability, they 
can be applied as a PS for PDT/PTT combination treatment 
using LEDs as a single light source. 

 The spin-orbit coupling of a PS is enhanced within matrices 
containing heavy atoms, which weakens spin prohibition. 
This is known as the external heavy atom effect. [  23  ]  Therefore, 
by employing this effect, the spin prohibition of Q bands of 
porphyrins can be overcome, leading to an increase in their 
absorbances. As a result, the LHC effi ciency of porphyrins can 
be improved within the near-infrared window to enhance the 
effect of PTT. In addition, the heavy atom effect promotes the 
intersystem crossing (ISC) from the photoexcited singlet of the 
PS to the photoexcited triplet state, leading to an improvement 
in the  1 O 2  yield. Hence, the effect of PDT can be enhanced. 
So far, Prasad et al. have demonstrated that encapsulating the 
PS in iodine-containing silica nanoparticles increases the  1 O 2  
production by the external heavy atom effect, resulting in the 
improvement of the in vitro PDT effi cacy. [  24  ]  However, curi-
ously, the normalized absorbance did not increase; instead, 
the normalized absorbance decreased, indicating that the LHC 
effi ciency was not improved. Therefore, the nanoparticles are 
diffi cult to be used as PSs for PTT. In addition, it has been 
reported that densely packing the porphyrins in nanoparticles 
(>8000 molecules per particle) enhances the LHC effi ciency, 
and the nanoparticles increase the temperature by more than 
three times when compared with monomeric porphyrins. [  25,26  ]  
From the above discussion, it can be understood that both the 
heavy atom effect and densely encapsulating porphyrins in 
silica nanoparticles are effective for the enhancement of the 
LHC effi ciency. 

 Encapsulating porphyrins in silica nanoparticles governs 
both the content of porphyrins in the silica nanoparticles 
and the leakage of porphyrins from silica nanoparticles. [  27  ]  
In most cases, porphyrins are not well encapsulated in silica 
nanoparticles by physical entrapment within the siloxane net-
work because of their large size. As an exception, the emul-
sion method successfully encapsulates porphyrins in silica 
nanoparticles. [  24  ]  However, this method needs to use a toxic 
surfactant, dioctyl sodium sulfosuccinate, which is a strong 
eye, lung, and skin irritant and causes diarrhea, intestinal 
bloating, and occasionally cramping pains. [  28  ]  This method also 
needs long periods of dialysis for purifi cation. Furthermore, 
in the case of the physical entrapment, porphyrins leak from 
the siloxane network and cause side effects. [  27  ]  Covalent inclu-
sion of porphyrins in silica nanoparticles is expected to over-
come these drawbacks. [  29,30  ]  We have successfully synthesized 
in a single step silica nanoparticles with high porphyrin content 
via covalent linkage by a sol-gel method using a porphyrin-con-
taining silicon alkoxide (PCSA) as a precursor, without using 
surfactants. [  31–34  ]  

 Based on our previous study, we have, in the present study, 
synthesized iodinated silica nanoparticles with high porphyrin 
content via covalent linkage, i.e., iodinated silica/porphyrin 
(ISP) hybrid nanoparticles (HNPs), by a sol-gel method using 
PCSA and (3-iodopropyl)trimethoxysilane (IPTMS) as precur-
sors. As a control material, non-iodinated silica nanoparticles 

cell damage by loosening of cell membranes, denaturation of 
proteins, and eventually leads to destruction of the diseased 
tissue. [  10  ]  PTT treats even hypoxic tissues because it does not 
require oxygen. However, similar to PDT, the drawback of PTT 
is that the PS is destroyed with time during light irradiation 
and resulting eventually in the generation of very little heat. 

 The combination of PDT and PTT can lead to a synergistic 
effect. To obtain the synergistic effect, most previous studies 
developed a PS for PDT/PTT combination treatment by incor-
porating separate PSs for PDT and PTT. [  11,12  ]  Unfortunately, 
the absorption bands of these PSs were mismatched within the 
near-infrared window. [  13  ]  Therefore, two light sources of dif-
ferent wavelengths were used, and PDT and PTT were sepa-
rately carried out. This sequential irradiation complicates the 
treatment process and it is diffi cult to focus the two light beams 
at the same position. The development of a PS that generates 
both  1 O 2  and heat by irradiation with a light source of single 
wavelength can enable PDT/PTT combination treatment con-
tinuously and simultaneously, leading to the synergistic effect 
and enhancement of the therapeutic effi cacy. 

 Lasers have been used as light sources for PDT and PTT; 
however, the excessive laser power rapidly destroy the PSs. 
Hence, the PSs become non-functional within a short time. 
Moreover, therapies with laser are available only when the loca-
tion of cancer is identifi ed. Diffuse, poorly demarcated, and 
metastatic cancer is diffi cult to treat using lasers because the 
spot size i.e., the irradiation area of the laser is small. In addi-
tion, high power lasers used for treatment need large installa-
tion space and high costs. However, the use of light-emitting 
diodes (LED) instead of lasers can delay the destruction of the 
PSs because the power ratings of LEDs are much lower than 
lasers. Furthermore, LEDs can irradiate extensively, and there-
fore, therapies with LEDs can treat diffuse, poorly demarcated, 
and metastatic cancers. Additionally, LEDs have high light con-
version effi ciencies, long service lives, and are more compact 
and economical than lasers. Hence, to achieve PDT/PTT com-
bination treatment using LEDs, a PS generating  1 O 2  and heat 
with high effi ciencies even under low-power irradiation needs 
to be developed. 

 Porphyrins are potentially good candidates as PSs that can 
be used in PDT/PTT combination treatment because they effec-
tively yield  1 O 2  by light irradiation and they have been already 
used as clinical PSs for PDT. [  14–16  ]  However, their light-to-heat 
conversion (LHC) effi ciency is relatively low within the near-
infrared window because their absorption bands at wavelengths 
ranging from 500 to 700 nm, called Q bands, are intrinsi-
cally forbidden and they exhibit low absorption of light. Metal 
nanoparticles such as gold nanorods (Au NRs) are promising 
PSs for PTT because they can convert light energy into heat 
within this window. However, they cannot yield  1 O 2  on light 
exposure, and therefore they are unusable as PSs for PDT. In 
addition, they show poor photostability and melt under light 
irradiation, which are serious disadvantages. [  17–19  ]  Hence, they 
progressively lose the light absorption ability within the near-
infrared window and their ability to generate heat reduces. 
Dye-type PSs including porphyrins also suffer this drawback of 
low photostability. Nevertheless, their photostability is signifi -
cantly improved by their encapsulation in silica matrices. [  20–22  ]  
From the above discussion, it is clear that the enhancement of 
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images, was 47 ± 12 nm (Figure  2 C). SP HNPs were also com-
paratively monodisperse (Figure S1A) and of a shape to similar 
to that of ISP HNPs (Figure S1B). The mean diameter of the SP 
HNPs was 42 ± 10 nm (Figure S1C).  

 The two resonance peaks at −59.5 ppm and −68.3 ppm in the 
solid state  29 Si nuclear magnetic resonance (NMR) spectrum of 
the ISP HNPs (Figure  2 D), could be ascribed to the Si environ-
ments of T 2  and T 3 , respectively. [  35–37  ]  These results established 
that two or three of the alkoxy groups of PCSA and IPTMS 
underwent hydrolysis and condensation to form a siloxane net-
work. The peak 1 at 119.1 ppm and the peak 2 at 128.9 ppm 
in the solid state  13 C NMR spectra of ISP HNPs (Figure  2 E) 
were assigned to pyrrole rings in porphyrin. [  38,39  ]  The peak 4 at 
145.6 ppm and the peak 5−7 at 134.0 ppm were attributed to aro-
matic rings in porphyrin. The peak 8 at 164.1 ppm was due to 
the carbon of the amide. The peak 9 at 37.7 ppm, the peak 10 at 
23.6 ppm, and the peak 11 at 11.3 ppm were identifi ed as the C 9 , 
C 10 , and C 11  of SiC 11 C 10 C 9 NHCOR, respectively. The peak 12 at 
17.0 ppm, the peak 13 at 32.3 ppm, and the peak 14 at 41.4 ppm 
were assigned to the C 12 , C 13 , and C 14  of SiC 12 C 13 C 14 I, respec-
tively. These results demonstrated that porphyrin molecules 
were incorporated into the siloxane network of the ISP HNPs 
at the molecular level via amide linkage. The solid state  29 Si 
NMR spectrum of SP HNPs showed three resonance peaks at 
−68.3, −102.2, and −112.5 ppm, which were attributed to the Si 
environments of T 3 , Q 3 , and Q 4 , respectively (Figure S2A). [  35–37  ]  
These results revealed that the three alkoxy groups of PCSA 
and the three or four alkoxy groups of TEOS underwent hydrol-
ysis and condensation to form a siloxane network. The peak 1 
at 119.2 ppm and the peak 2 at 124.5 ppm in the solid state  13 C 
NMR spectrum of SP HNPs (Figure S2B) could be ascribed to 
pyrrole rings in porphyrin. [  38,39  ]  The peak 4 at 144.1 ppm and 
the peak 5−7 at 138.8 ppm were assigned to aromatic rings in 

containing porphyrin, i.e., silica/porphyrin (SP) HNPs, were 
produced by a method similar to the synthesis used for the pro-
duction of ISP HNPs by using tetraethyl orthosilicate (TEOS) 
instead of IPTMS. The expression of the external atom effect 
was confi rmed by comparing the normalized absorbance 
between ISP HNPs and SP HNPs. To assess the effectiveness 
of the external heavy atom effect, we compared the  1 O 2  genera-
tion effi ciency and photothermal effi ciency between ISP HNPs 
and SP HNPs. The usefulness of ISP HNPs as PSs for PDT/
PTT combination treatment was estimated by comparing the 
 1 O 2  generation effi ciencies, photothermal effi ciencies, and pho-
tostabilities of ISP HNPs, SP HNPs, typical PSs, and Au NRs. 
Furthermore, we evaluated the in vivo effi cacy of the PDT/PTT 
combination treatment for multiple myeloma using ISP HNPs 
as PSs and an LED as a single light source.  

  2   .  Results and Discussion 

 ISP HNPs were synthesized via the sol-gel reaction using 
PCSA and IPTMS as precursors and ammonia water as a cata-
lyst ( Figure    1  ). In most cases, the sol-gel reaction only using 
trifunctional alkoxysilanes as precursors, by not using tetrafunc-
tional alkoxysilanes, involves multistep hydrolysis-condensation 
processes or the use of surfactants. However, ISP HNPs were 
formed via a single-step hydrolysis-condensation process of tri-
functional alkoxysilanes, IPTMS, and PCSA, without any sur-
factants. As a control material, SP HNPs were synthesized by a 
similar method using TEOS instead of IPTMS.  

 As shown in the transmission electron microscopy (TEM) 
images, ISP HNPs were comparatively monodisperse 
( Figure    2  A), and occurred as spheres with rough surfaces 
(Figure  2 B). Their mean diameter, as estimated from the TEM 

      Figure 1.  Synthesis scheme of ISP HNPs (upper). Illustration of PDT/PTT combination therapy by the enhancement of  1 O 2  generation via promotion 
of ISC using the heavy atom effect and the conversion of the energy absorbed from photons into heat (lower). 
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that incorporated porphyrin molecules via an amide linkage 
similar to the ISP HNPs. 

 The Fourier transform infrared (FTIR) spectra of TCPP, 
SP, and ISP showed that the absorptions attributed to the 
pyrrole rings in the porphyrin appeared at 3430−3250 cm −1  

porphyrin. The peak 8 at 165.3 ppm was assigned to the carbon 
of the amide. The peak 9 at 36.0 ppm, the peak 10 at 22.7 ppm, 
and the peak 11 at 9.5 ppm were identifi ed as the C9, C10, and 
C11 of the SiC 11 C 10 C 9 NHCOR, respectively. These results dem-
onstrated that the SP HNPs consisted of the siloxane network 

      Figure 2.  (A) TEM images of ISP HNPs. (B) Magnifi ed image of Fig.  2 A. (C) Size distribution of ISP HNPs estimated from the TEM images. Solid 
state (D)  29 Si and (E)  13 C NMR spectra of the ISP HNPs. (F) FTIR spectra of TCPP, SP HNPs, and ISP HNPs. (G) Compositions of SP HNPs and ISP 
HNPs analyzed by XRF. (H) TG and (I) DTA curves of ISP HNPs and SP HNPs. 
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compared to monomeric porphyrins. As estimated from 
TG-DTA, the porphyrin packing densities in ISP HNPs and SP 
HNPs were more than 9300 and 8100 molecules per particle, 
respectively. From the above fi ndings, in addition to the external 
heavy atom effect, the condensation of porphyrin molecules 
into silica nanoparticles also made a signifi cant contribution to 
the enhancement of the light absorption of ISP HNPs.  

 The  1 O 2  generated from ISP HNPs, SP HNPs, and TCPP 
under light irradiation was detected using the chemical trap-
ping reagent 1,3-diphenylisobenzofuran (DPBF). DPBF reacts 
with  1 O 2  irreversibly, undergoing a 1,4-cycloaddition, which is 
detected as a decrease in the intensity of the DPBF absorption 
band at 410 nm. [  47  ]  As shown in Figure  3 C, the absorbance of 
the solution containing ISP HNPs and DPBF decreased gradu-
ally as a function of time under light irradiation using a LED 
with a peak wavelength of 650 nm at 5 mW/cm 2  and a spot size 
of 22 mm. The relative quantum yield for  1 O 2  generation ( Φ   Δ  ) 
was determined using a comparative method. A plot of optical 
absorbance at 410 nm as a function of the irradiation time was 
consistent with a fi rst order reaction (Figure  3 D). The  Φ   Δ   was 
calculated by comparison with a standard PS, methylene blue 
(MB), [  48  ] 

�� = �S(k/I) (IS/kS) 

      where  k  and  k  S  are the rate constants for decomposition of 
DPBF by ISP HNPs, SP HNPs, or TCPP and by MB, respec-
tively.  I  and  I  S  represent light absorbed by ISP HNPs, SP HNPs, 
or TCPP and by MB, respectively, which were determined by 
integration of the optical absorption bands in the wavelength 
range 455−500 nm. As shown in Figure  3 E,  Φ   Δ   of ISP HNPs 
was 1.5 times higher than that of SP HNPs; further, the  Φ   Δ   of 
SP HNPs was 1.1 times as high as that of TCPP. These results 
demonstrated that the heavy atom effect signifi cantly enhanced 
the generation effi ciency of  1 O 2 , which was also marginally 
enhanced by the incorporation of the porphyrin molecules in 
silica nanoparticles. In addition to the heavy atom effect, the 
condensation of porphyrin molecules into silica nanoparticles 
also led to an increase in light absorption, as described above. 
Furthermore, the  Φ   Δ   of ISP HNPs was higher than that of typ-
ical and clinical PSs. Thus, ISP HNPs can be useful as PSs for 
PDT. [  49–51  ]  

 To assess the LHC effi ciency of ISP HNPs, we irradiated an 
aqueous solution containing ISP HNPs with the LED and mon-
itored the solution temperature using thermography. For com-
parison, the LHC effi ciencies of SP HNPs, TCPP, Au NRs, and 
water were also evaluated by similar methods. Figure S3 shows 
the infrared images of these solutions exposed to the LED light 
for 20 min. ISP HNPs signifi cantly increased the solution tem-
perature compared to SP HNPs, demonstrating that the heavy 
atom effect exerted a strong positive effect on the enhancement 
of LHC effi ciency, which was attributed to the increase in light 
absorption. Nevertheless, SP HNPs also raised the solution 
temperature, although the TCPP solution too contributed a little 
to its increase in temperature. These results confi rmed that 
condensing porphyrin molecules into silica nanoparticles also 
improved the LHC effi ciency. Thus, both the heavy atom effect 
and the condensation of porphyrin molecules into silica nano-
particles were benefi cial to the enhancement of LHC effi ciency 
in addition to  1 O 2  generation. Moreover, the temperature of the 

(Figure  2 F). [  40  ]  In the spectra of ISP HNPs and SP HNPs, 
the absorptions due to the siloxane bond were present at 
1260−1010 cm −1 , 870−740 cm −1 , and 540−410 cm −1 , and a band 
ascribed to silanol was found at 1005−880 cm −1 . [  41–43  ]  The absorp-
tion attributed to carboxylic acid appeared at 1800−1640 cm −1  
in the spectrum of TCPP. However, this band disappeared and 
the absorptions attributed to amide appeared at 1740−1620 cm −1  
in the spectra of ISP HNPs and SP HNPs. These fi ndings 
revealed that the porphyrin molecules were incorporated in 
the siloxane network of ISP HNPs and SP HNPs via amide 
linkages. 

 The X-ray fl uorescence spectroscopic (XRF) analysis of the 
ISP HNPs demonstrated that the mass ratio of iodine to that 
of silica within was 0.25 (Figure  2 G). In the SP HNPs, iodine 
was absent. 

 In the thermogravimetric (TG) curve of ISP HNPs 
(Figure  2 H), the weight losses of 7% below 200 °C, 51% at 
200−280 °C, and 8% at 490−680 °C appeared, and the residue 
was 34%. In the differential thermal analysis (DTA) curve of 
the ISP HNPs (Figure  2 I), one endothermic peak was observed 
around 100 °C, and two exothermic peaks were seen at 260 °C 
and 580 °C. The endothermic peak was caused by the dehydra-
tion of adsorbed water and the exothermic peaks were attrib-
uted to the decomposition of iodopropyl group and porphyrin, 
respectively. [  44–46  ]  These results demonstrated that the ISP 
HNPs consisted of 7% of adsorbed water, 51% of iodopropyl 
group, 8% of porphyrin, and 34% of silica. From this, the ISP 
HNPs contained in 0.13 mmol of porphyrin per gram, or the 
porphyrin packing density was >9300 molecules per particle. 
The TG curve of the SP HNPs showed weight losses of 7% 
below 200 °C, 8% at 200−410 °C, and 10% at 410−680 °C, and 
the residue was 75%. In the DTA curve of the SP HNPs, the 
endothermic peak at around 100 °C could be ascribed to the 
dehydration of adsorbed water, and the exothermic peaks pre-
sent at 390 °C and 560 °C could be attributed to the decomposi-
tion of ethoxy groups and porphyrin, respectively. [  44–46  ]  These 
results revealed that the SP HNPs consisted of 7% of adsorbed 
water, 8% of ethoxy groups, 10% of porphyrin, and 75% of 
silica. From this, the SP HNPs contained in 0.16 mmol of por-
phyrin per gram, or the porphyrin packing density was found 
to be >8100 molecules per particle. 

 The ultraviolet–visible (UV–vis) spectra showed that the 
absorbance of Q bands by TCPP and SP HNPs was very low, 
because Q bands were inherently spin-prohibited ( Figure    3  A). 
However, ISP HNPs showed signifi cantly higher Q band absorb-
ance than SP HNPs and TCPP, indicating that the spin prohi-
bition of Q bands in ISP HNPs was overcome by the external 
heavy atom effect. The ratios of the absorbance at 650 nm ( A  650 ) 
to the absorbance of the Soret band ( A  Soret ) of ISP HNPs, SP 
HNPs, and TCPP were 0.168, 0.058, and 0.008, respectively 
(Figure  3 B). A comparison of the  A  650 / A  Soret  of the ISP HNPs 
and SP HNPs demonstrated that the external heavy atom effect 
increased the light absorption by about three-fold. In addition, 
the  A  650 / A  Soret  of SP HNPs was about seven times larger than 
that of TCPP, indicating that incorporating porphyrin mole-
cules in silica nanoparticles contributed to the increase in light 
absorption. Zheng et al. reported that nanoparticles containing 
a high concentration of porphyrin molecules (>8000 mole-
cules per particle) absorb light with extremely high effi ciency 
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at 3 min and 6 min, respectively, and then their temperature 
decreased. In contrast, the temperatures of the ISP HNPs 
and SP HNPs solutions were maintained near the maximum 
temperature. To investigate the causes for this observation, we 
assessed the photostabilities of ISP HNPs, SP HNPs, TCPP, 
and Au NRs by monitoring the changes of  A  650  during the 
LED irradiation (Figure  3 G). The relative  A  650  of TCPP dra-
matically decreased immediately after the LED irradiation to 

Au NRs solution was higher than that of the TCPP solution, but 
was lower than that of the SP HNPs solution. Water changed 
little in temperature because of the light irradiation. The tem-
perature changes of these solutions were plotted every 1 min 
for 20 min, as shown in Figure  3 F. The temperature of the 
solutions containing ISP HNPs, SP HNPs, TCPP, and Au NRs 
increased by 6.0, 2.7, 0.8, and 1.1 °C, respectively. The TCPP 
and Au NRs solutions reached the maximum temperature 

      Figure 3.  (A) UV–vis absorption spectra of ISP HNPs, SP HNPs, and TCPP. (B) Magnifi ed image of the region enclosed by the dotted line in Fig.  3 A. 
(C) UV-Vis absorption spectra of the solution containing DPBF and ISP HNPs exposed to LED light for 0−10 min. (D) Changes in absorbance of the 
solution containing DPBF and ISP HNPs, SP HNPs, TCPP, or MB with irradiation time at a wavelength of 410 nm. (E)  Φ   Δ   of ISP HNPs, SP HNPs, 
TCPP, MB, and typical PSs (HpIX: hematoporphyrin IX, PpIX: protoporphyrin IX, Ce6: chlorin e6, Foscan: meta(tetrahydroxyphenyl)chlorin, Photofrin®: 
porfi mer sodium, Visudyne: verteporfi n). (F) Temperature changes of ISP HNPs, SP HNPs, TCPP, Au NRs, and water with irradiation time. (G) Photo-
stability of ISP HNPs, SP HNPs, TCPP, and Au NRs under LED light irradiation estimated from the change in absorbance at a wavelength of 650 nm. 
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HNPs suspension. After reaction, we collected the supernatant 
by centrifugation and measured its absorbance at 324 nm 
( A  324 ) due to 4-TP in the supernatant. The amount of thiol per 
gram of SH-ISP HNPs ( c  SH ) was estimated using the following 
equation:

cSH = A324 /(g324 Lm), 
      where   ε   324  is the molar absorbance coeffi cient of 4-TP at 324 nm 
(19800 M −1 cm −1 ),  L  is the light path (0.1 cm) and  m  is the con-
centration of SH-ISP HNPs (5.42 g/L). Because the  A  324  was 
0.086 (see Figure S6), the  c  SH  was estimated to be 8.0  μ mol/g. 
Furthermore, we estimated the amount of FA grafted on the 
surface of FA-PEG-ISP HNPs from the absorbance at 283 nm 
( A  283 ) due to p-aminobenzoic acid of FA (Figure S7A). The 
amount of FA grafted on the surface of FA-PEG-ISP HNPs 
was estimated to be 7.1  μ mol/g based on the calibration curve 
(Figure S7B), because the  A  283  of FA-PEG-ISP HNPs solution 
(2.7 mg/mL) was 0.10 (Figure S7C). 

 To investigate the biodistribution of FA-PEG-ISP HNPs, we 
injected them intravenously into RPMI8226 tumor-bearing 
mice and obtained in vivo fl uorescence images using IVIS at 
preinjection and 1 h, 6 h, and 18 h post-injection. FA-PEG-ISP 
HNPs emitted the strongest fl uorescence at the wavelength of 
720 nm when the excitation wavelength was 640 nm (Figure S8). 
An hour after injection, the fl uorescence was observed 
throughout the back of the mouse (Figure S9). Six hours after 
injection, the fl uorescence in the back of the mouse became 
somewhat limited. Eighteen hours after injection, the tumor 
was seen to locally emit fl uorescence in the dorsal and lateral 
images ( Figure    4  ), and parts emitting fl uorescence were also 
found in the abdomen. The fl uorescence images of the dis-
sected mouse and the isolated organs demonstrated that the 
abdominal fl uorescence parts were coincident with the stomach 

0.46 after 30 min. The relative  A  650  of Au NRs was constant 
for the fi rst 5 min and then gradually decreased to 0.70 after 
30 min because Au NRs melted by the 30 min LED irradiation, 
as shown in the TEM images (Figure S4A). These fi ndings 
demonstrated that the photodegradation of TCPP and Au NRs 
caused the decrease in temperature of the solutions containing 
TCPP and Au NRs. However, the reductions in the relative  A  650  
values of the ISP HNPs and SP HNPs were limited. As shown 
in the TEM images (Figure S4B), ISP HNPs exposed to the 
LED for 30 min remained unchanged in form when compared 
to their state before irradiation. Thus, ISP HNPs and SP HNPs 
possessed relatively high photostabilities. The above results 
demonstrate that encapsulating porphyrin molecules into 
silica nanoparticles improved the photostability, and further-
more, the improvement of photostability led to a stable heat 
generation. 

 The effective delivery of ISP HNPs to tumors is imperative 
for PDT/PTT combination treatment. The surface modifi cation 
of ISP HNPs with polyethylene glycol (PEG), known as PEGyla-
tion, inhibits phagocytosis by the reticuloendothelial system 
(RES) and prolongs the retention time in blood. [  52  ]  These fac-
tors promote the enhanced permeability and retention (EPR) 
effect. [  53  ]  Folic acid (FA) binds to folate receptors, which are 
overexpressed in various types of human cancer cells. [  54  ]  How-
ever, these are, in general, absent in most normal cells. There-
fore, the surface modifi cation of ISP HNPs with FA increases 
their accumulation in tumors. From these reasons, we modi-
fi ed ISP HNPs with FA and PEG by the following protocol. 
First, the ISP HNPs were functionalized with thiol groups by 
the hydrolysis-condensation of 3-mercaptopropyl(dimethoxy)
methylsilane (MPDMMS). Then, the thiol-functionalized ISP 
HNPs (SH-ISP HNPs) were coupled to PEG and FA via the 
reaction between thiol and maleimide (Mal) using FA and Mal-
heterobifunctionalized PEG (FA-PEG-Mal). 

 The zeta potentials of ISP HNPs, SH-ISP HNPs and FA- and 
PEG-modifi ed ISP HNPs (FA-PEG-ISP HNPs) were −0.96, 4.78 
and −0.10 mV, respectively, in phosphate buffered saline (PBS, 
pH 7.4) as shown in Table S1. The hydrodynamic diameters of 
ISP HNPs, SH-ISP HNPs and FA-PEG-ISP HNPs were 1880 
± 366 nm, 592 ± 97 nm and 72 ± 14 nm, respectively, in PBS 
(Figure S5A). The ISP HNPs were aggregated in PBS. The 
dispersibility of SH-ISP HNPs was slightly better than that 
of ISP HNPs because the absolute value of zeta potential was 
increased by the thiol-functionalization of ISP HNPs. The sur-
face modifi cation with PEG and FA led to the decrease in the 
hydrodynamic diameter, indicating the improvement of the 
dispersibility in PBS. The hydrodynamic diameter of FA-PEG-
ISP HNPs was about 20 nm larger than the particle size of ISP 
HNPs estimated from TEM images (Figure  2 A−C) because FA 
and PEG were grafted on the particle surface. Furthermore, the 
hydrodynamic diameter of FA-PEG-ISP HNPs was unchanged 
for a week after their synthesis (Figure S5B), demonstrating 
that the FA-PEG-ISP HNPs were stable in PBS for a long 
period. 

 We quantifi ed the amount of thiol on the surface of SH-ISP 
HNPs by use of the thiol specifi c reagent 4-dithiodipyri-
dine (4-DPS), which reacts with thiol to form stoichiometric 
amount of the chromogenic compound 4-thiopyridone (4-TP), 
absorbing at 324 nm. [  55  ]  We added 4-DPS solution to SH-ISP 

      Figure 4.  In vivo fl uorescence images of the mice before and 18 h after 
intravenous injection of FA-PEG-ISP HNPs. 
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mice to LED for 20 min after injection of FA-
PEG-ISP HNPs caused necrosis of the tumor 
tissue, resulting in signifi cant inhibition of 
tumor growth and improvement of survival 
rate. From the above fi ndings, FA-PEG-ISP 
HNPs were found to be promising PSs for 
the PDT/PTT combination therapy.   

  3   .  Conclusion 

 ISP HNPs were synthesized via a simple 
sol-gel reaction using PCSA and IPTMS. 
ISP HNPs effectively yielded  1 O 2  by LED 

irradiation (not laser irradiation) because of the external heavy 
atom effect and their  Φ   Δ   was higher than typical and currently 
used clinical PSs. Furthermore, the external heavy atom effect 
increased the energy of ISP HNPs absorbed from photons. As 
a result, the ISP HNPs succeeded in heating the tumor to a 
therapeutically effective temperature under the LED irradia-
tion. Moreover, the exposure of the tumorous area in mice to 
the LED for 20 min after injection of FA-PEG-ISP HNPs caused 
necrosis of the tumor tissue, resulting in signifi cant inhibition 
of the tumor growth and improvement of survival rate. Thus, 
the PDT/PTT combination therapy with FA-PEG-ISP HNPs 
can be effective against multiple myeloma, which is resistant to 
chemotherapy and remains as an incurable malignancy.  

  4   .  Experimental Section 
  Reagents : IPTMS and 1,3-diphenylisobenzofuran (DPBF) 

were purchased from Sigma-Aldrich (MO, USA). Tetrakis(4-
carboxyphenyl)porphyrin (TCPP), TEOS, 3-aminopropyltriethoxysilane 
(APTES), 3-mercaptopropyl(dimethoxy)methylsilane (MPDMMS), 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDAC), 
 N -hydroxysuccinimide (NHS), and  N,N -dimethylformamide (DMF) 
were purchased from Tokyo Chemical Industry (Tokyo, Japan). Ammonia 
water (28%) was purchased from Kishida Chemical (Osaka, Japan). 
Folic acid and maleimide-heterobifunctionalized polyethylene glycol 
(FA-PEG-Mal, M W  3400) were purchased from Nanocs (NY, USA). 

  Preparation of PCSA : The preparation and structural analyses of PCSA 
was undertaken as described previously. In brief, APTES (15 mM) and 
TCPP (3.75 mM) were dissolved in DMF. EDAC (15 mM) and NHS 
(15 mM) were added to this solution. The mixture was stirred for 24 h at 
room temperature to form PCSA via the amidation reaction between the 
amino group of APTES and the carboxylic acid groups of TCPP. 

  Synthesis of ISP HNPs : IPTMS (239  μ mol) and PCSA (1.7  μ mol) 
were dissolved in 1 mL of DMF. Ammonia water (0.8 mL) was added 
to the above solution, which was then stirred at 100 °C for 24 h. ISP 
HNPs were collected by centrifugation (36 000 g ) of this dispersion and 
redispersed in water. This sequence was repeated thrice. 

  Synthesis of SP HNPs : SP HNPs were produced by a method 
similar to the procedure used for the synthesis of ISP HNPs by using 
TEOS instead of IPTMS. TEOS (239  μ mol) and PCSA (1.7  μ mol) were 
dissolved in DMF (1 mL). Ammonia water (0.8 mL) was added to the 
above solution, which was then stirred at 100 °C for 24 h. SP HNPs were 
collected by centrifugation (36 000 g ) of this dispersion and redispersed 
in water. This sequence was repeated thrice. 

  Modifi cation of ISP HNPs with FA and PEG : ISP HNPs (12.6 mg) were 
dispersed in ethanol (6.5 mL). ISP HNPs were functionalized with thiol 
groups via the hydrolysis-condensation of MPDMMS (110 nmol) in the 
ISP HNPs solution with ammonia water (125  μ L) at 50 °C for 24 h. The 

and cecum (Figures S9B and S9C). Furthermore, the tumor 
emitted the strongest fl uorescence among major organs. These 
results demonstrated that FA-PEG-ISP HNPs accumulated pre-
dominantly in the tumor, and a part of them was present in the 
stomach and cecum.  

 To confi rm whether the FA-PEG-ISP HNPs heated the tumor 
to a therapeutically effective temperature by the LED irradiation, 
the tumor areas of the mice injected with and without FA-PEG-
ISP HNPs were exposed to the LED light for 20 min. The ther-
mographical measurements revealed that the surface tempera-
ture of the tumor of the mice injected with FA-PEG-ISP HNPs 
locally increased by  ∼ 7 °C for 20 min ( Figure    5   and Figure S10). 
Based on this result, the internal temperature of the tumor was 
estimated to be  ∼ 44 °C, while the body temperature was 37 °C. 
In contrast, the tumor temperature of mice without injection 
of FA-PEG-ISP HNPs remained nearly unchanged. Thus, FA-
PEG-ISP HNPs converted the energy absorbed from photons to 
heat, resulting in the rise of the tumor temperature to a thera-
peutically effective temperature.  

 The in vivo treatment effi cacy of the PDT/PTT combination 
therapy, using FA-PEG-ISP HNPs and LED light, was assessed 
by the comparison of the tumor growth in and the survival 
period between mice exposed to the LED irradiation for 20 min 
after injection of FA-PEG-ISP HNPs and control mice without 
treatment, those injected with FA-PEG-ISP HNPs, and those 
exposed to LED light for 20 min. The tumors of the control mice 
grew by approximately 25 times in 30 days ( Figure    6  A). Mean-
while, in the mice exposed to the LED irradiation after injec-
tion of FA-PEG-ISP HNPs, the tumor growth was signifi cantly 
inhibited and 30 days after treatment, the tumor volume was 
one-tenth of that of the control mice. The photographs of the 
mice 30 days after treatment also demonstrated that the mice 
exposed to the LED irradiation after injection of FA-PEG-ISP 
HNPs had appreciably smaller tumors than the control mice 
(Figures  6 C−F). Furthermore, the mice exposed to the LED 
irradiation after injection of FA-PEG-ISP HNPs were alive after 
10 weeks, while the control mice died after up to 7 weeks after 
treatment (Figure  6 B). In addition, the hematoxylin and eosin 
(H&E) staining of the tumor tissue sections 24 h after treat-
ment revealed that necrotic cell death was extensively caused 
in the tumor of mice exposed to LED after injection of FA-PEG-
ISP HNPs (Figure  6 G and Figure S11). However, in the tumor 
of the control groups, necrotic regions were not observed and 
viable tumor cells were densely packed (Figures  6 H−J). These 
results demonstrated that the exposure of the tumorous area in 

      Figure 5.  (A) Photographs and thermal images of the mice injected (upper) with and (lower) 
without FA-PEG-ISP HNPs under LED light irradiation for 20 min. (B) Temperature changes of 
the tumors of the mice injected with and without FA-PEG-ISP HNPs as a function of irradia-
tion time. 

Adv. Funct. Mater. 2014, 24, 503–513



FU
LL P

A
P
ER

511

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with a FTIR spectrometer (Nexus 470, Nicolet, Madison, WI, USA).The 
compositions of the SP HNPs and ISP HNPs were analyzed by X-ray 
fl uorescence spectroscopy (XRF, ZSX primus II, Rigaku, Tokyo, Japan). 
The thermal behavior of the SP HNPs and ISP HNPs were analyzed by 
thermogravimetric/differential thermal analysis (TG-DTA, TG/DTA 6300, 
Siko Instruments Inc., Chiba, Japan). The absorption bands of TCPP, SP 
HNPs, and ISP HNPs were measured using an ultraviolet–visible (UV-
Vis) spectrophotometer (U-3000, Hitachi). The fl uorescence images 
were obtained using the IVIS 200 Imaging System (Caliper Life Sciences, 
Hopkinton, MA, USA). The fl uorescence intensities were estimated 
using the regions of interest (ROI) tool, which can determine the fl ux. 

thiol-functionalized ISP HNPs were collected by centrifugation (36 000 g ) 
of this dispersion and redispersed in water. This sequence was repeated 
thrice. Then, ISP HNPs were modifi ed with FA and PEG by adding 
FA-PEG-Mal (110 nmol) to this water containing thiol-functionalized ISP 
HNPs (20 mg/mL, 500  μ L) and stirring at room temperature for 24 h. 

  Characterization : The morphology and size of the SP HNPs and 
ISP HNPs were studied using transmission electron microscopy 
(TEM) with a Hitachi H-760 machine (Hitachi, Tokyo, Japan). Solid-
state  13 C and  29 Si NMR spectra of the SP HNPs and ISP HNPs 
were recorded with JNM-EDA600 (JEOL, Tokyo, Japan). The Fourier 
transform infrared spectrophotometer (FTIR) spectra were recorded 

      Figure 6.  (A) Tumor growth behavior and (B) survival period of mice (circle: mice without treatment, diamond: mice injected with FA-PEG-ISP HNPs, 
triangle: mice exposed to LED light, square: mice exposed to LED light after injection of FA-PEG-ISP HNPs). Photographs of mice 30 days after treat-
ment. Photographs of (C) mice exposed to LED light after the injection of FA-PEG-ISP HNPs, (D) mice injected with FA-PEG-ISP HNPs, (E) mice 
exposed to LED light, and (F) mice without treatment. (G−J) Histological observations of tumors 24 h after treatment visualized using H&E staining: 
scale bar 100  μ m. Tumor tissue sections of (G) mice exposed to LED light after the injection of FA-PEG-ISP HNPs, (H) mice injected with FA-PEG-ISP 
HNPs, (I) mice exposed to LED light, (J) mice without treatment. 
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  Animals : Female CB17/Icr- Prkdc scid  mice aged 4 weeks were 
purchased from Charles River Laboratories Inc. (Yokohama, Japan) 
and were maintained in a specifi c pathogen-free facility in our Animal 
Resources Center. All experiments were approved by the Committee on 
Animals of the University of Tokushima. To eradicate residual natural 
killer (NK) cells, the mice were injected intraperitoneally with 10  μ L 
of rabbit anti-asialo GM1 antiserum (Wako Chemicals, Osaka, Japan) 
one day before the tumor inoculation. The inoculation of the human 
myeloma cells (5 × 10 6  cells) was accomplished by subcutaneous 
injection into the backs of mice. 

  In vivo Fluorescence Imaging : FA-PEG-ISP HNPs (10 mg/kg) were 
injected intravenously into the tumor-bearing mice. In vivo fl uorescence 
images of the mice were obtained using the IVIS Image System at   λ   ex  
= 640 nm and   λ   em  = 720 nm preinjection and 1 h, 6 h, and 18 h post-
injection ( n  = 3). 

  PDT/PTT Combination Treatment : PDT/PTT experiments were carried 
out on mice with tumors of diameter 250 mm 3 . Tumor volumes were 
calculated from the formula

V = AB 2B /6, 
        where A is the longer and B is the shorter lateral diameter of the tumor. 
The mice were divided into four groups ( n  = 5 per cohort) as follows: 
those that did not receive any treatment; those to which FA-PEG-ISP 
HNPs (10 mg/kg) was administered; those exposed to light from a 
LED with a peak wavelength of 650 nm at 5 mW/cm 2  and a spot size of 
22 mm for 20 min (6 J/cm 2 ); and those exposed to light from the LED for 
20 min, 24 h after administration of the FA-PEG-ISP HNPs (10 mg/kg). 
Treatments were carried out once a day as soon as the tumor reached a 
diameter of 100 mm 3 . The mice were sacrifi ced when the diameter of the 
tumor reached 3000 mm 3 .  
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