
2436

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

    Eun-Kyung   Lim  ,     Yong-Min   Huh  ,     Jaemoon   Yang  ,     Kwangyeol Lee    ,     Jin-Suck   Suh  ,   *  
    and   Seungjoo   Haam   *   

 pH-Triggered Drug-Releasing Magnetic Nanoparticles 
for Cancer Therapy Guided by Molecular Imaging by MRI 
 Effective cancer therapy requires early cancer diagnosis and 
accurate drug delivery methods. For this purpose, various nano-
carriers have been tested in combination with myriad payload 
drugs, imaging agents, and targeting moieties, leading to the 
formulation of theragnostic nanoparticles capable of delivering 
therapy concomitant with diagnosis. [  1–9  ]  These nanoparticles 
are expected to increase the effi cacy of therapeutic agents while 
reducing unwanted side effects such as toxicity. In addition, we 
further expect some advantageous functions including i) the 
release kinetics of drug molecules from nanoparticles can be 
regulated to match the mechanism of action, ii) a large payload 
of drug entity and protection from degradation, and iii) conjuga-
tion with a targeting moiety which enables specifi c targeting to 
tumor tissues by active intracellular delivery. On the other hand, 
activatable nanomaterials impart additional abilities, such as 
cancer-specifi c drug release due to the low pH of tumor tissues 
or triggered drug release due to abrupt nanoparticle structure 
deformation. [  10  ]  In short, nanomaterials are being designed that 
can execute multiple tasks simultaneously and greatly curb the 
systemic side effects of anticancer drugs by minimizing drug 
release from non-specifi cally delivered drug carriers. [  11  ]  

 Notably, activatable theragnostic nanoparticles will allow 
effective cancer therapy in the sense that the loss of drug is 
minimized until the target is reached in the patient as moni-
toring can verify that the target has been reached and that the 
therapy is working. 

 We recently demonstrated that organic-soluble anticancer 
drugs can be trapped along with magnetic manganese ferrite 
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nanoparticles inside an amphiphilic polymer to form a ther-
agnostic agent that can deliver anticancer drugs to cancer cells 
and effectively label tumors for MRI. [  2  ]  The colocalization of the 
MRI detection site and drug release site ensures increased anti-
cancer treatment effi cacy; however, the drug release duration 
and dosage for effective drug delivery within a tumor cannot 
be determined using this approach. The increased aerobic gly-
colysis, named the Warburg effect, of cancer cells leads to the 
lower extracellular pH of cancer cells (pH 6.5 to 7.2). This fact 
has been actively exploited to develop drug carriers that can 
specifi cally respond to cancer cells with low pH values while 
staying inactive under normal physiological conditions. [  12,13  ]  
Furthermore, the drug release profi les of these pH-responsive 
drug carriers can be understood in detail as a function of pH 
value. Thus, the additional pH-responsive function of this 
theragnostic nanocarrier could give rise to a potent, multi-
tasking, all-in-one system for cancer therapy. In this method, 
the drug delivery site coincides with the MRI detection site. 
Furthermore, upon reaching the target site, the drug release 
profi le, which can estimate the amount and release duration 
of the delivered drug, can be closely monitored to assess treat-
ment effi cacy. These properties could greatly aid the decision-
making process for patient-specifi c drug administration strate-
gies, moving closer to full implementation of effective cancer 
therapy. 

 Herein, we demonstrate intelligent nanoplatforms of anti 
HER2/neu (HER, herceptin) antibody-modifi ed pH-sensitive 
drug-delivering magnetic nanoparticles (HER-DMNPs) as a 
prototype of theragnosis for effective cancer therapy guided 
by molecular imaging. To prove this concept, we employed 
 α -pyrenyl- ω -carboxyl poly(ethylene glycol) (Py-PEG-COOH or 
pyrenyl-PEG) to encapsulate magnetic resonance (MR)-
sensitive MnFe 2 O 4  nanocrystals (MNCs) and doxorubicin 
(DOX) by the nanoemulsion method and trigger the release of 
DOX under proton rich conditions, such as those found in the 
endocytic compartments of cancer cells ( Scheme  1  ). [  14–17  ]  DOX 
and the pyrene groups can bind to each other by a strong  π – π  
interaction for drug encapsulation at neutral pH (pH  ≈  7.4) and 
protonation of DOX under the intracellular acidic conditions of 
cancer cells (pH  <  5) can cause its sudden release by decreasing 
this  π – π  interaction. [  18,19  ]  Thus, we investigated the targeted 
delivery potential of HER-DMNPs to HER2/neu over-expressed 
breast cancer cells and their sensitive MRI to establish a guide 
for intelligent cancer therapy based on MRI. Furthermore, 
synergetic drug delivery effects using receptor-mediated endo-
cytosis after the targeting of HER2/neu, and pH-sensitive trig-
gered drug release from the DMNPs were assessed for cancer 
theragnosis.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 2436–2442
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    Scheme  1 .     Schematic illustration of anti HER2/neu antibody-modifi ed pH-sensitive drug-releasing magnetic nanoparticles (HER-DMNPs) for cancer 
therapy followed by MRI.  
 The morphology of the well-tailored DMNPs was revealed 
by transmission electron microscopy (TEM) ( Figure  1  a). 
The DMNPs exhibit a narrow size distribution of 73.1  ±  
7.9 nm in an aqueous medium and a negative surface charge 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 2436–2442

    Figure  1 .     a) TEM image of pH-sensitive drug releasing magnetic nanoparticles
in aqueous solution. c) pH-sensitive drug release profi les of the DMNPs over 
of –10.9  ±  3.5 mV. In addition, the average size of the DMNPs 
did not vary as their concentration increased, indicating 
that the DMNPs had a high stability regardless of concen-
tration (Figure S3a, Supporting Information). The DMNPs 
2437bH & Co. KGaA, Weinheim wileyonlinelibrary.com

 (DMNP)s. b) Relaxivity ( R 2) graph versus various concentrations of DMNPs 
5 days (black circle: pH 5.5; dark gray triangle: pH 7.4; gray square: pH 9.8).  
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 demonstrated a superparamagnetic behavior and the magneti-

zation saturation value was 31.4 emu (g Fe  +  Mn)  − 1  at 1.3 T 
(Figure S3d, Supporting Information) and the relaxivity coeffi -
cient was 506.0 m M   − 1  s  − 1  as measured by 1.5 T MRI indicating 
a suffi cient high sensitivity as MRI contrast agents (Figure  1 b) 
because of the existence of assembled MNCs in the DMNPs. [  19  ]  
In addition, the DMNPs exhibited a fl uorescence emission 
peak at 600 nm (  λ   ex   =  480 nm) attributable to the encapsu-
lated DOX moieties (Figure S4, Supporting Information). [  20,21  ]  
The DMNPs exhibit strong fl uorescence signals at 375 and 
398 nm (  λ   ex   =  320 nm) because of the pyrenyl groups. These 
signals do not overlap with the fl uorescence signal from DOX, 
which facilitates drug release profi ling. [  22,23  ]  The nitrogen of 
DOX was not detected using X-ray photoelectron spectroscopy 
(XPS) analysis, which indicated that DOX was safely encapsu-
lated inside the DMNPs and not absorbed on the outside of 
the DMNPs. The C and O spectra mainly exhibited two peaks 
corresponding to C–C, C–H, and –OH (Figure S5, Supporting 
Information).

   The pH-sensitive drug release behavior of the DMNPs was 
demonstrated under various pH conditions at 37  ° C (Figure  1 c). 
As expected, DOX was abruptly released from the DMNPs 
under acidic conditions (pH 5.5), owing to the decrease of  π – π  
interactions between DOX and pyrene groups in a proton rich 
environment and the increased solubility of protonated DOX 
in the aqueous solution. [  24  ]  Notably, the DOX release rate was 
markedly increased under acidic conditions, and the release 
kinetics constant ( k ) was initially 2.43 for approximately half a 
day (phase I: 0 –0.5 d). More than 80% of DOX was released 
within 24 h (Figure S6, Supporting Information). At higher 
pH conditions (both pH 7.4 and 9.8), however, approximately 
40% and 30% of the drug, respectively, was released within 
24 h. The release kinetics constants ( k ) from the DMNPs were 
1.38 (pH 7.4) and 0.99 (pH 9.8), respectively. The drug release 
at higher pHs was slow during the early stage (phase I), and 
nearly 50% of the drug remained entrapped in the DMNPs for 
5 days under these conditions (Figure S6c, Supporting Informa-
tion). In tumor tissues, a pH value of 6 is easily accomplished 
because of the lactic acid produced as a byproduct of anaerobic 
glucose metabolism. [  12,13  ]  Even lower pH values of 3.0 –5.5 are 
feasible in acidic intracellular organelles, such as endosomes 
and lysosomes, within cancer cells. These results imply that the 
loss of drug from the DMNPs could be reduced during blood 
circulation (pH  ≈  7.4), while the drug release rate is suddenly 
accelerated after the targeting and endocytosys into cancer 
cells. [  24–27  ]  Thus, the encapsulated drug may be effectively deliv-
ered to tumor tissues and cancer cells which should mitigate 
signifi cant side effects. 

 The DMNPs were further modifi ed with anti HER2/neu 
antibody as a tumor-targeting marker of the human HER2/
neu receptor of metastatic breast cancer. The targeting ability 
of anti HER2/neu antibody-modifi ed DMNPs (HER-DMNPs) 
was investigated using MRI and fl ow cytometry analysis against 
cell lines that overexpressed or underexpressed the HER2/neu 
receptor. Among the cancer cell lines, fi broblast NIH3T6.7 
cells express the HER2/neu receptor at high levels nearly 
1000-fold higher than MDA-MB-231, as verifi ed by real-time 
PCR assays (Figure S7, Supporting Information). As a con-
trol, DMNPs were modifi ed with an irrelevant antibody (IRR, 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
human IgG) to create IRR-DMNPs. [  28  ]  HER-DMNPs produce 
a strongly darkened MR image when used to treat NIH3T6.7 
cells, while both HER-DMNPs and IRR-DMNPs showed no 
signifi cant MR image differences when used to treat MDA-
MB-231 cells. The MR signal intensity ratio (relaxivity differ-
ence between nanocomposite-treated cells and non-treated 
cells (NT)  =   Δ  R 2/ R 2 NT , where  R 2 –  R 2 NT   =   Δ  R 2 and  R 2  =   T 2  − 1 ) 
shows a remarkably high MR signal for HER-DMNP-treated 
NIH3T6.7 cells (604.2  ±  29.2%) and negligible signal enhance-
ment for IRR-DMNP-treated cells (18.04  ±  18.5% for NIH3T6.7 
cells and 23.18  ±  15.2% for MDA-MB-231 cells) ( Figure  2  a and 
Figure S8a,b, Supporting Information). [  2  ,  29  ]   

 In addition, the fl uorescence intensity values of 
nanocomposite -treated cells were in line with the target specifi -
city of HER-DMNPs toward NIH3T6.7 cells (95.21  ±  0.2%), 
which was signifi cantly higher than that of each of the other 
conditions, and these results show similar tendencies to the 
MR images (Figure S8c,d, Supporting Information). We then 
investigated the drug release behavior of HER-DMNPs within 
cancer cells after uptake. Because DOX emits a red fl uores-
cence signal, the sites with a high DOX concentration can be 
easily distinguished from blue nuclear staining (Hoechst). 
When NIH3T6.7 and MDA-MB-231 cells were treated with free 
DOX at 37  ° C for 30 min, rapid DOX accumulation in the cell 
nuclei was observed. Therefore, the released DOX from HER-
DMNPs would eventually end up in the cancer cell nuclei, 
initiating the cell death pathway. When HER-DMNPs were 
incubated with NIH3T6.7 cells, the DOX-rich sites, marked by 
bright red fl uorescence, included both the cytoplasm and the 
nuclei (Figure  2 b). [  30  ]  This result indicates rapid penetration of 
HER-DMNPs into the cytoplasm by receptor-mediated endo-
cytosis and low-pH-induced DOX release followed by a rapid 
build-up of DOX in the cell nuclei. Consistent with the cell tar-
geting experiment, DOX could not reach the interior of MDA-
MB-231 cells by the HER-DMNP nanocarrier. In addition, IRR-
DMNPs could not unload DOX into the intracellular regions 
of the NIH3T6.7 and MDA-MB-231 cells. The cytotoxicity of 
HER-DMNPs or IRR-DMNPs toward NIH3T6.7 and MDA-
MB-231 cells was evaluated using the 3-(4,5-dimethylthiazol-
2-yl)- 2,5-diphenyltetrazolium bromide (MTT) assay (Figure  2 c). 
Consistent with the intracellular DOX concentration, HER-
DMNPs showed remarkably higher treatment effi cacy when 
used to treat NIH3T6.7 cells, while no cytotoxicity was observed 
for MDA-MB-231 cells treated with either HER-DMNPs or IRR-
DMNPs. The IC 50  value was determined (0.10  μ  M  of DOX) for 
HER-DMNP-treated NIH3T6.7 cells. Whereas, increasing the 
free DOX concentration decreased the cell viability without any 
distinction of cell type and resulted in IC 50  values of 0.08 and 
0.07  μ  M  for the NIH3T6.7 and MDA-MB-231 cells, respectively 
(Figure S9, Supporting Information). 

 We performed in vivo MRI experiments to investigate the 
targeted delivery and intratumoral distribution of HER-DMNPs 
in tumor-bearing mice following intravenous injections 
into mouse tail veins (110  μ g Fe + Mn, 3 mg kg  − 1  DOX). The 
tumor sites before the HER-DMNP injection (pre-injection; 
Pre) appeared characteristically bright in the  T 2 images with 
a low  R 2 value. Immediately following the injections (Imme-
diate; Imm), we observed that the color of the tumor regions 
was gradually altered from blue to red, which means a higher 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 2436–2442
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    Figure  2 .     a)  T 2-weighted MR images and graph of the  Δ  R 2/ R 2 NT  value for target cells (NIH3T6.7 and MDA-MB-231 cells) after treatment with HER-
DMNPs (black bar) and IRR-DMNPs (gray bar), respectively. b) Fluorescence images of target cells (NIH3T6.7 and MDA-MB-231 cells) incubated with 
HER-DMNPs, IRR-DMNPs, and DOX, respectively. Each merged image is presented by the overlay with a red fi lter for DOX and blue fi lter for Hoechst. 
Scale bar: 50  μ m. c) Cell viability test of NIH3T6.7 and MDA-MB-231 cells treated with HER-DMNPs and IRR-DMNPs, respectively (black circle: HER-
DMNP-treated NIH3T6.7 cells, dark gray triangle: IRR-DMNP-treated NIH3T6.7 cells, gray square: HER-DMNP-treated MDA-MB-231 cells, and white 
diamond: IRR-DMNP-treated MDA-MB-231 cells).  
 R 2 (lower  T 2) value than the blue color, and corresponds to an 
increased  Δ  R 2/ R 2 Pre  ( Δ  R 2  =   R 2 –  R 2 Pre ) value of approximately 
22% relative to that of the pre-injection label. The  Δ  R 2/ R 2 Pre  
value continued to increase as a result of HER-DMNP accumu-
lation in the tumors and reached maximum values of approxi-
mately 83% at 24 h post-injection ( Figure  3  a,b). After this time 
point, this value started to decrease slightly, caused by slow 
removal of the nanoparticles from the tumor sites. When IRR-
DMNPs were used for tumor targeting, slight brightening in 
the tumor region was observed immediately after injection and 
then this brightening remained at below 9% of the  Δ  R 2/ R 2 Pre  
value due to non-specifi c binding (Figure  3 a,b). To summa-
rize, the accumulation of HER-DMNPs reached a maximum 
at 24 h post-injection, and the accumulated HER-DMNPs in 
the tumors were removed slowly thereafter. The delivery of 
the HER-DMNPs continued for 24 h at the tumor sites, and 
then over 80% of the drug was released in the acidic environ-
ments within the tumor over a further 48 h, as judged from 
in vivo MRI and drug release profi ling studies. As such, more 
than 80% of the drug in the tumor-specifi cally delivered HER-
DMNPs would have been unloaded into the tumors at 72 h 
post-injection. Considering these results, we determined that 
72 h was the minimal time period required for the effective 
discharge of the deliverable drug. Since drug concentrations 
should be consistently maintained in tumors for effective 
cancer therapy, we administrated HER-DMNPs every 72 h 
periodically. In order to prove the legitimacy of this therapeutic 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 2436–2442
dosing schedule, we compared the effi cacy of saline, free DOX 
(3 mg kg  − 1  DOX), HER-DMNPs, and IRR-DMNPs (110  μ g 
Fe + Mn, 3 mg kg  − 1  DOX) in four individual subgroups of mice 
( n   =  10). [  2  ,  31  ]  After the tumor volume in tumor-bearing mice 
reached approximately 40 mm 3 , we scheduled the injection 
of each therapeutic condition four times every 3 days (72 h) 
for 9 days (injections on days 0, 3, 6, and 9) and monitored 
whether the HER-DMNPs were effectively delivered to the 
target tumor sites, and evaluated the therapeutic effi cacy of 
each condition fi ve times every 3 days for 12 days ( Figure  4  a). 
Thus, we measured tumor growth after the fi nal administra-
tion on day 9 for the following 3 days (to day 12) (Figure  4 a). 
In addition to comparing the therapeutic effi cacy before and 
after treatment, MRI was also utilized to confi rm the tumor 
growth rate in response to HER-DMNPs on days 0 (the day of 
treatment for the fi rst time) and 9 (the day of treatment for the 
fourth time) at various time intervals.   

 MR images after HER-DMNP injection into tumor-bearing 
mice ( n   =  10) showed that the tumor region gradually turned 
red, indicating progressive accumulation of HER-DMNPs in 
the tumors (Figure  4 b,c).  T 2-weighted MR images of mouse 
tumors after injection of IRR-DMNP-treated mice were also 
taken as a control (Figure  4 b,c). HER-DMNPs exhibited 
signifi cant inhibition of the tumor growth rate compared 
to the control (saline), free DOX, and IRR-DMNP groups 
(Figure  4 d). The HER-DMNPs appear to show the syner-
gistic therapeutic effects of using drugs (DOX) and herceptin 
2439mbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  3 .     a) Color-coded  T 2-weighted MR images of tumor-bearing mice after the intravenous injection of HER-DMNPs and IRR-DMNPs at various 
time intervals, respectively. Tumor regions are indicated with a white dashed boundary. b)  Δ  R 2/ R 2 Pre  graph versus time after the injection of HER-
DMNPs (black circle) and IRR-DMNPs (gray triangle).  
(HER), which were accelerated by effective targeted delivery 
to the tumor sites and then the rapid release of the drug in 
cancer cells. [  2  ,  24  ,  28  ,  32  –  36  ]  

 After 12 days, the groups treated with saline and free DOX 
showed no tumor regression and continuous tumor growth 
(saline: 1199.7  ±  106.6%; free DOX: 982.5  ±  1 79.9%). The 
tumor growth rates were slightly suppressed in the IRR-DMNP-
treated mouse group (625.1  ±  226.8%), in which IRR-DMNPs 
accumulate non-specifi cally at the tumor sites; this effect is 
likely due to an enhanced permeability and retention effect 
(EPR). In contrast, HER-DMNPs showed remarkable tumor 
growth suppression, with an average tumor mass of 147.1  ±  
66.2% after 12 days. [  2  ]  Most notably, the tumor masses showed 
little variation after 9 days of treatment and tumor growth was 
effectively cured. This result demonstrated the potency of the 
therapeutic strategy of effective dose delivery that was devel-
oped in this study. 

 The histological staining of excised tumors using an 
apoptosis detection assay showed brown sites (red arrows), 
indicating collapsed DNA fragments, consistent with the 
well-known effect of DOX on cancer cells (Figure S10a, 
Supporting Information). The iron contents (black arrows) of 
accumulated HER-DMNPs in the excised tumors were also 
visualized by Prussian blue staining (Figure S10b, Supporting 
Information). 

 In order to assess the tumor targeting ability of HER-
DMNPs, we examined the bio-distributions of HER-DMNPs 
and IRR-DMNPs in mouse groups compared to the saline 
0 © 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
(control) group after 12 days of monitoring; the distributed 
total amount of iron and manganese (Fe  +  Mn) in each 
organ was determined, respectively, using an inductively 
coupled plasma atomic emission spectrometry (ICP-AES) 
analysis (Figure S11, Supporting Information). We calcu-
lated the concentration of distributed total amounts of Fe  +  
Mn in organs divided by individual organ weight, respec-
tively. The amount of HER-DMNPs (0.12  ±  0.01  μ g mg  − 1 ) 
that existed in the tumor was signifi cantly higher com-
pared with that of the other groups (IRR-DMNP treated 
mice: 0.03  ±  0.04  μ g mg  − 1  and saline-treated mice: 0.03  ±  
0.004  μ g mg  − 1 ) (Figure S11a, Supporting Information). 
These nanoparticles (HER-DMNPs and IRR-DMNPs) were 
also largely accumulated in the liver and spleen (liver from 
HER-DMNP treated mice: 0.14  ±  0.02  μ g mg  − 1 , spleen from 
HER-DMNP treated mice: 0.38  ±  0.06  μ g mg  − 1 , liver from 
IRR-DMNP treated mice: 0.19  ±  0.05  μ g mg  − 1  and spleen from 
IRR-DMNP treated mice: 0.42  ±  0.09  μ g mg  − 1 ) (Figure S11a, 
Supporting Information). Moreover, the concentration 
of iron in the liver and spleen from saline-treated (non-
 treatment) mice were somewhat high because the liver and 
spleen are the main sites of production and reservoir of red 
blood cells, in which iron-containing biomolecules are abun-
dant. Most of the administered HER-DMNPs were found in 
the tumor sites with a high relative concentration compared
to the saline groups (%), ( Δ  C / C  saline   =  316.4  ±  0.93%;  Δ  C   =  
 C  –  C  saline ). Whereas, IRR-DMNPs lacking a targeting ability 
largely accumulated in the liver ( Δ  C / C  saline   =  124.1  ±  11.6%), 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 2436–2442
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    Figure  4 .     a) The therapeutic dosing schedule of each therapeutic condition (HER-DMNNPs, IRR-DMNPs, DOX, and saline) (red triangle), monitoring 
day by MR imaging (blue triangle), and measurement of tumor growth (green triangle). b) Color-coded  T 2-weighted MR images and c)  Δ  R 2/ R 2 Pre  graph 
of tumor-bearing mice after the intravenous injection of HER-DMNPs and IRR-DMNPs at scheduled treatment intervals (injection on days 0 and 9) 
for monitoring cancer-targeting events, respectively.  ∗  p  and  ∗  ∗  p   <  0.001. d) Comparative therapeutic effi cacy study in the in vivo model. (black circle: 
HER-DMNPs, dark gray triangle: IRR-DMNPs, gray square: DOX, and white diamond: saline). Black arrow indicates the day of cancer cells (NIH3T6.7 
cells) implantation in mice.  
and little was delivered to the tumor ( Δ  C / C  saline   =  10.3  ±  11.7%) 
(Figure S11b, Supporting Information). 

 There were no noticeable changes in the body weights of the 
mice given HER-DMNPs, which suggest that this treatment 
method could minimize undesirable side effects generally 
associated with more systemic chemotherapy (Figure S12, Sup-
porting Information). These results demonstrate that our devel-
oped DMNPs exhibit not only high therapeutic effi cacy but also 
few harmful side effects. 

 In summary, HER-DMNPs exhibit the following advanta-
geous features: i) pH-responsive, tumor-specifi c drug release, 
resulting in the rapid release of DOX to cancer cells under low 
pH conditions and the high stability of the drug carrier in the 
circulation resulting in a suffi cient amount of anticancer drug 
being delivered to the tumor sites for high anticancer activity; [  10  ]  
ii) excellent tumor target detection ability and simultaneous 
delivery of DOX; iii) a drug administration interval that can 
be determined by a drug release profi ling study and nano-
particle behavior in vivo, as monitored by MRI in real time; and 
iv) the synergistic therapeutic effi cacy of DOX and a therapeutic 
antibody suppressing the cell growth signals on the surfaces 
of NIH3T6.7 cells. We believe that these unique features of 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 2436–2442
HER-DMNPs make the nanocomposite design described herein 
an ideal starting point for further developments in therapeutic 
dosing schedule-dictating nanocomposites. 

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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S1 .Synthesis of MnFe2O4 nanocrystals (MNCs)  

Monodispersed MnFe2O4 nanocrystals (MNCs) were synthesized and solubilized in nonpolar organic 

solvent.[1] Briefly, 2 mmol of iron (III) acetylacetonate, 1 mmol of manganese (II) acetylacetonate, 10 

mmol of 1,2-hexadecanediol, 6 mmol of dodecanoic acid, and 6 mmol of dodecylamine were 

dissolved in 20 mL of benzyl ether under an ambient nitrogen atmosphere. The mixture was then 

preheated to 200°C for 2 h and refluxed at 300°C for 30 min. After the reactants were cooled to room 

temperature, the products were purified with an excess of pure ethanol. Approximately 12 nm of 

MNCs was synthesized using the seed-mediated growth method. All chemicals and reagents were 

obtained from Sigma Aldrich Chemical Co. 

 

S2. Synthesis of pyrenyl polyethyleneglycol (pyrenyl PEG) 

Pyrenyl polyethyleneglycol (pyrenyl PEG), an amphiphilic fluorescent surfactant, was synthesized by 

conjugating the amine groups of hetero-functional polyethylene glycol (NH2-PEG-COOH, MW: 5,000 

Da, Fluka Chemical) with the n-hydroxysuccinimide (NHS) group of 1-pyrenebutyric acid n-

hydroxysuccinimide ester (Py-NHS, Mw: 385.41 Da, Sigma Aldrich Chemical) (Fig. S1of the 

Supporting Information (SI)).[2,3] Next, 3 mmol of Py-NHS and 1 mmol of NH2-PEG-COOH were 

dissolved in 15 mL of dimethyl formamide, and then 200 µL of triethylamine was added to the 

reactants at room temperature. After reacting for 48 hours at room temperature under a nitrogen 

atmosphere, the resultant products were filtered and purified with excess ether. The final product yield 

was 71.4%. The precipitates were dried under a vacuum and stored for later use. 

 

S3. Characterization of pyrenyl polyethyleneglycol (pyrenyl PEG). 



The synthesis of pyrenyl polyethyleneglycol (pyrenyl PEG) was performed as follows (Figure S1). 

The amine group of PEG, serving as a nucleophile, attacked the low electric carbon of the n-

hydroxysuccinimide (NHS) groups of pyrenyl PEG to form an amide bond, and an acylated NHS-

leaving group was released. Following the conjugation process, the chemical structure of the 

synthesized pyrenyl PEG was confirmed by FT-IR (Varian, ExcaliburTM series). Thus, the generated 

amide group of pyrenyl PEG was confirmed at 1,612 cm-1, and the amine group of PEG was no longer 

observed at 3,300-3,500 cm-1. Successful synthesis of pyrenyl PEG was further verified by its 1H-

NMR (400 MHz, Varian INOVA400 NMR spectrometer) spectrum using CDCl3 as a solvent at 7.82 

and 8.12 (-CH- from 1-pyrenebutyric acid n-hydroxysuccinimide ester) and 3.65 ppm ((-CH2- in the 

PEG chain) (Supplementary Fig. S1). The fluorescence intensities of pyrenyl PEG compared with 

pyrene and its pH dependency under various pH conditions (pH 5.5, 7.4 and 9.8) were determined by 

fluorescence spectrometer readings (FP-6500, JASCO). We adjusted the buffers to pH 5.5 and 9.8 

with 1 M NaOH and 1 M HCl on the basis of phosphate-buffered saline (10 mM, pH 7.4), respectively.  

 

S4. Preparation of pH-sensitive drug-trigerring magnetic nanoparticles (DMNPs).  

First, 3 mg of doxorubicin (DOX) and 100 mg of pyrenyl polyethyleneglycol carboxyl were 

dissolved in 4 mL of chloroform. Next, 10 mg of 12 nm MnFe2O4 nanocrystals (MNCs) was dissolved 

in 1 mL of hexane and added to the previously described solution. The resulting solution was poured 

into 20 mL of a buffer solution at pH 9.8 to minimize unwanted drug release. After mutual saturation 

of the organic and water phases, the emulsion was ultrasonicated in an ice-cooled bath for 10 min at 

90 W. The resulting suspension was stirred overnight at room temperature to evaporate the organic 

solvent and subsequently centrifuged for 45 min at 20,000 rpm three times. After the supernatant was 

removed, the precipitated DMNPs were re-dispersed in 10 mL of prepared buffer at pH 7.4  

 

S5. Characterizations of pH-sensitive drug-trigerring magnetic nanoparticles (DMNPs).  

The size distribution and zeta potential of DMNPs were analyzed using laser scattering (ELS-Z, 

Otsuka Electronics) and these results are shown as an average ± standard deviation. Also, the stability 

of DMNPs at various concentration of serum (fetal bovin serum (FBS)) (0, 25, 50 and 75 %, 



respectively ) were analyzed using laser scattering. The morphologies of DMNPs were confirmed 

using a high-resolution transmission electron microscope (HR-TEM, JEM-2100F, JEOL Ltd.). The 

residual weight (%) of MNCs in DMNPs was analyzed using a thermo-gravimetric analyzer (Fig. S3a 

of SI) (SDT-Q600, TA instrument). We also confirmed the crystallinity of MNCs in DMNPs using X-

ray diffraction (Fig. S3c of SI). (Ultima3 X-ray Diffractometer, Rigaku) (2θ: 30.3° (220), 35.8° (311), 

43.6° (400), 53.7° (422), 57.5° (511), and 62.7° (440) at 298 K. The magnetic properties of DMNPs 

were analyzed using a vibration sample magnetometer (MODEL-7407, Lakeshore) at 298 K. The 

relaxivity (R2) of the DMNP solution was measured by magnetic resonance (MR) imaging (1.5T). In 

addition, the presence of drug and the absorbance and fluorescence intensity of the pyrenyl groups in 

DMNPs were measured using a X-ray photoelectron spectrometer (ESCALAB 250 XPS spectrometer, 

VG Scientifics), a UV-vis spectrophotometer (Optizen 2120UV, MECASYS Co) and a fluorescence 

spectrometer (FP-6500, JASCO), respectively. 

 

S6. Determination of the drug release profile.  

3 milliliters of the above DMNP solution were centrifuged for 45 min at 20,000 rpm, and the 

precipitated DMNPs were re-dispersed in 1 mL of buffer solutions at pH 5.5, 7.4 and 9.8. Dispersed 

DMNPs were sealed in dialysis tubing and immersed in 10 mL of buffer solution at 37.5°C. The 

amount of released drug was measured by fluorescence at 593 nm using a fluorescence spectrometer. 

The drug loading contents (2.9 wt %) and entrapment efficiency (68.3%) were measured in the same 

manner. To evaluate the drug release profile at various pH conditions, we investigated the drug release 

rate kinetics constant (k) according to the first-order release kinetics system (Eq. (1)) where the release 

rate from the system is residual drug concentration in the system dependent.[4,5] The drug release rate 

at any time is proportional to percentage of residual drug in system at that time.   

dX/dt = k(X inf-X t)       (1) 

, where Xt denoted the cumulative amount of drug released at any time, t; Xinf denoted the absolute 

cumulative amounts of drug released after an infinite time and k is the drug release rate kinetics 

constant.  



The amount of drug released is zero (X=0) at release time is zero (t=0) which were substituted into 

Eq. (1)  

X = Xinf (1 – e-kt)         (2) 

Eq. (2) formularized semilogarithmic plots of drug release 

-ln(1-Xt/X inf) = kt         (3) 

 

S7. Antibody conjugation of DMNPs to form HER-DMNPs.  

DMNPs were suspended in 5 mL of phosphate buffer solution (10 mM, pH 7.4) and 10 µmol of 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 10 µmol of Sulfo-n-hydroxysuccinimide 

(Sulfo-NHS) as cross-linkers. Next, 0.7 mg (4.5 nmol) of anti HER2/neu antibody (Herceptin®; HER, 

Roche Pharmaceutical Ltd.) was added at 4°C. After 6 h, HER-DMNPs were purified from unbound 

HER and cross-linkers by centrifugation (20,000 rpm, 45 min). Approximately 150 HER equivalents 

were conjugated per DMNP, as evaluated by a BCA protein assay (Thermo Fisher Scientific Inc.). 

Similarly, the irrelevant human immunoglobulin G (IgG) antibody (IRR) was conjugated with DMNPs 

in the same manner to create IRR-DMNPs as a control.  

 

S8. Determination of HER2/neu receptor expression level of various cell lines 

We determined the relative HER2/neu receptor expression levels using quantitative real-time reverse 

transcriptase-polymerase chain reaction (qRT-PCR) analyses with internal standards. Total RNA was 

isolated from various cancer cell lines (SK-BR-3, MDA-MB-231, and NIH3T6.7 cells) and compared 

to NIH3T3 cells using the Trizol reagent (InvitrogenTM) and cultivation times that were in accordance 

with the manufacturer’s protocols. The qRT-PCR analysis and quantification were performed with 

Taqman RT Master Mix Reagents and gene expression master mix on an ABI Prism 7700 Sequence 

Detection System (Applied Biosystems). ACTB probes and primers for HER2/neu were Assay-on–

Demand gene expression products (Applied Biosystems). After an initial incubation step for 2 min at 

50°C and denaturation for 10 min at 95°C, qRT-PCR was carried out using 40 cycles of PCR (95°C 

for 15 sec and 60°C for 1 min). Equal amounts of input RNA were used for all qRT-PCR reactions, 



which were performed in triplicate, and PPIA RNA levels served as internal controls. The relative 

expression levels and SDs were calculated using the comparative method.  

 

S9. In vitro targeting efficiency tests of HER-DMNPs.  

The targeting efficiency of HER-DMNPs was investigated by MR imaging, flow cytometry analysis 

and fluorescence microscopy. NIH3T6.7 cells (high HER2/neu expression) and MDA-MB-231 cells 

(low HER HER2/neu expression) were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM; 

Gibco®, USA) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics in a 5% CO2 

atmosphere. The target cells (NIH3T6.7 and MDA-MB-231 cells, 5.0 × 106 cells) were collected and 

washed in triplicate using blocking buffer (0.2% FBS and 0.02% NaN3 in phosphate-buffered solution, 

pH 7.4, and 10 mM) to avoid non-specific binding effects. Then, they were incubated and treated with 

HER-DMNPs and IRR-DMNPs at 4°C. After 30 min, the solution was washed 3 times with FACS 

buffer to eliminate unbound HER-DMNPs (or IRR-DNPs) and then incubated with a FITC-labeled 

goat anti-human IgG (1 µM) secondary antibody for 20 min at 4oC while avoiding light exposure. 

Then, the cells were resuspended in 200 µL of 4% paraformaldehyde, and cell-associated fluorescence 

scanning was performed using FACScalibur (Beckton-Dickinson, Mansfield, MA) at a wavelength of 

488 nm. MR imaging (1.5 T) was also performed on the samples. Furthermore, the cells (3.0 × 105 

cells/well) were incubated overnight in 12 wells and further incubated with HER-DMNPs, IRR-

DMNPs and doxorubicin at equivalent concentrations (50 µM doxorubicin) in 5% CO2 for 30 min at 

37°C. The cells were washed 3 times with PBS (pH 7.4, 10 mM) and stained with Hoechst dye 

(Molecular ProbesTM) for 10 min to visualize the locations of the nuclei. Fluorescent microscopic 

images were obtained by epifluorescence microscopy (BK21, Olympus).  

 

S10. MR imaging procedure 

We performed in vitro MR imaging experiments with a 1.5 T clinical MRI instrument with a micro-

47 surface coil (Intera; Philips Medical Systems, Best, the Netherlands). The T2 weights of the 

DMNPs solution and DMNPs-treated cells were measured by the Carr-Purcell-Meiboom-Gill (CPMG) 

sequence at room temperature: TR = 10 seconds, 32 echoes with 12 milliseconds even echo space, 



number of acquisitions = 1, point resolution of 156 × 156 µm, section thickness of 0.6 mm. For the 

acquisition of T2-weighted MR images of DMNPs solution and DMNPs-treated cells, the following 

parameters were adopted: resolution of 234 × 234 µm, section thickness of 2.0 mm, TE = 60 

milliseconds, TR = 4000 milliseconds, number of acquisitions = 1. The relaxivity coefficient (mM-

1sec-1) was equal to the ratio of R2 (1/T2, sec-1) to the DMNP concentration.  

In vivo MR imaging experiments were also performed with a 3T clinical MRI instrument with a 

micro-47 surface coil (Philips Medical Systems, The Netherlands). The T2-weighted MR images of 

nude mice injected with DMNPs at 3T were acquired using the following measurements at room 

temperature: TR = 4,000 milliseconds even echo space, number of acquisitions = 1, point resolution of 

312 × 312 µm, section thickness of 0.6 mm and TE = 60 milliseconds. The results are shown as an 

average ± standard deviation 

 

S11. Determination of cell viability of HER-DMNPs using the 3-(4,5-dimethylthiazol-2-yl)- 2,5-

diphenyltetrazolium bromide (MTT) assay.  

The cytotoxicity effects of HER-DMNPs and IRR-DNPs were evaluated by measuring cell growth 

inhibition using the MTT assay. NIH3T6.7 and MDA-MB-231 cells (5.0 × 103 cells/well) were 

implanted in a 96-well plate at 37°C overnight and treated with various concentrations of HER-

DMNPs and IRR-DMNPs. After 30 min, the cells were washed and incubated for an additional 72 h. 

The yellow tetrazolium salt of the MTT solution was reduced to purple formazan crystals in 

metabolically active cells. The cell viabilities were obtained as the ratio of the intensity of purple 

formazan in viable cells treated with HER-DMNPs and IRR-DMNPs to the intensity of non-treated 

control cells. The results are shown as an average ± standard deviation (n = 5). Furthermore, they are 

expressed as IC50 values, the half-maximal (50 %) inhibitory concentration (IC) of the cellular growth 

function relative to that of a non-treated control. GraphPad PRISM® software (GraphPad Software 

Inc., USA) was used for these calculations. 

 

S12. Animal experiments.  



All animal experiments were conducted with the approval of the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) International. To investigate DMNPs 

distribution and tumor growth rate, we developed tumor bearing mice, NIH3T6.7 cells (1 × 107 cells 

suspended in 50 µL saline per animal) were implanted into the proximal thighs of female BALB/c-

nude mice that were 4-5 weeks of age. After tumor volume of tumor bearing mice reached 

approximately 40 mm3, at 3 days after post-implantation (0 days), we performed in vivo MRI 

experiments using each of five mice groups (HER-DMNPs and IRR-DMNPs) and comparative 

therapeutic efficacy was evaluated using 4 groups of mice (n = 10), respectively. Animals were treated 

with equivalent doses (DOX = 3 mg/kg) of DOX, HER-DMNPs, and IRR-DMNPs suspended in PBS 

by intravenous injection every 3 days (12 days total). At predetermined time periods, the length of the 

minor axis (2a) and the major axis (2b) of each tumor was measured using a caliper. Each tumor 

volume was then calculated using the formula for a prolate spheroid ((4/3)π × a2b). At the end of the 

experimental period, selected organs (liver, spleen, brain and tumor) in mice of each group (HER-

DMNPs, IRR-DMNPs and saline) were excised and kept in saline. After lyophilisation for dehydration 

in them, we gauged the mass of each organ and then treated with nitric acid for 2 hours at 120 ℃, 

analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES). In particular, 

the extracted tumor samples from mice treated with HER-DMNPs were frozen-sectioned and stained 

by using an apoptosis detection kit (Chemicon® International, USA) as described protocols and 

Prussian blue staining method, respectively. Precisely, tissues were immersed in iron staining solution 

(20% hydrochloric acid : potassium ferrocyanate = 1:1) for 30 min at room temperature for staining 

iron contents in tissues after being fixed in 95% alcohol for 5 min. Then the samples were rinsed in 

deionized water thrice to remove residual staining solution. Subsequently, tissues were stained with 

nuclear staining solution (Nuclear Fast Red) for 15 min followed by washing with deionized water 

three times, and fixed in increasing alcohol concentrations and xylene. All of the stained tissue 

sections were analyzed using a virtual microscope (Olympus BX51, Japan) and Olyvia software.  

 

S13. Statistical analysis. 



The statistical evaluation of data was performed using an analysis of variance (Student’s t-test). A p-

value of less than 0.001 was considered statistically significant. 

 

References    

[1]  S. Sun, H. Zeng, D. B. Robinson, S. Raoux, P. M. Rice, S. X. Wang, G. Li, J. Am. Chem. Soc. 

2003, 126, 273. 

[2]  J. Yang, T. –I. Lee, J. Lee, E. -K. Lim, W. Hyung, C. -H. Lee, Y. J. Song, J. –S. Suh, H. -G. Yoon, 

Y. -M. Huh, S. Haam, Chem. Mater. 2007, 19, 3870.  

[3]  E.-K.  Lim, J. Yang, M. -y. Park, J. Park, J. -S.Suh, H. -G. Yoon, Y. -M. Huh, S. Haam, Colloids 

Surfaces B.2008, 64, 111. 

[4]  M. Harris Shoai, J.  Tazeen, H. A. Merchant, R. I. Yousuf,  J. Pharm. Sci. 2006, 19, 119. 

[5]  A. K. L. Kabir, B. K. Biswas, A. S. S. Rouf, J. Pharm. Sci. 2009, 8, 23. 

 

 

 

 

 

 

 

 

 



 

Figure S1. (a) Scheme of pyrenyl PEG, (b) FT-IR spectrum and (C) 1H-NMR spectrum of pyrenyl 

polyethyleneglycol (pyrenyl PEG). (d) Fluorescence spectra of pyrene (green) and pyrenyl PEG (blue) 

in water (H2O) (UV/vis-absorbance: dashed line and fluorescence: solid line) (λex: 340 nm). 

 

 

 

 

 



 

Figure S2. Fluorescence intensity with different concentrations of pyrenyl PEG under various pH 

conditions (a) pH 5.5 , (b) pH 7.4 and (c) pH 9.8 buffer (λex: 340 nm). 

 

 

 

 

 



 

Figure S3. (a) The average size of pH-sensitive drug-triggering magnetic nanoparticles (DMNPs) in 

various concentrations of fetal bovine serum (FBS) (0, 25, 50 and 75%), (b) thermogravity analysis 

(TGA), (c) X-ray diffraction (XRD) patterns and (d) magnetic hysteresis loops of DMNPs. 

 

 

 



 

Figure S4. UV-vis absorption (blue) and fluorescence intensity of DMNPs (green at λex: 320 nm and 

red at λex: 480). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5. The elemental compositions on the DMNPs layer analyzed using X-ray photoelectron 

spectroscopy (XPS) (a: total elements peaks, b: oxygen (O) element peak, c: carbon (C) element peak). 

 



 

Figure S6. The drug release rate kinetics constant (k) was calculated using the equation Xt=Xinf(1-e-kt), 

where Xt and Xinf denote the absolute cumulative amounts of drug released at time t and infinite time. t 

is the release time, and k is a rate constant. (a) Semilogarithmic plots of drug release from DMNPs (-

ln(1-Xt/X inf) = kt) and (b) Release rate kinetics versus definite periods (intervals: i and ii) and various 

pH conditions. R2 is a coefficient of determination. (c) Graph of drug release kinetic constants (k) 

versus the definite phases (I: 0 - 0.5 day and II: 0.5 - 5 day) and various pH conditions (*p and **p < 

0.001). 

 

 

 



 

Figure S7. Determination of cellular receptor-expression levels about HER2/neu via quantitative real-

time reverse transcriptase-polymerase chain reaction (qRT-PCR) for various cancer cells against 

cultivation times (passage 5, passage 10 and passage 15). NIH3T3 (passage 5; p5) cells are used as 

control. Data have been logarithmically transformed (*p < 0.001).  

 

 

 

 



 

Figure S8. (a) T2-weighted MR images and (b) graph of the △R2/R2NT value for NIH3T6.7 and 

MDA-MB-231 versus various metal (Fe+Mn) concentrations (0.8  and 0.4 µg, respectively). (c) Target 

specificity of HER-DMNPs and IRR-DMNPs via flow cytometry. NIH3T6.7 and MDA-MB-231 cells 

treated with HER-DMNPs and IRR-DMNPs, respectively. (d) Relative fluorescence intensities versus 

non-treated cells using flow cytometry analysis. 

 

 

 

 

 



 

Figure S9. Cell viability test of NIH3T6.7 and MDA-MB-231 cells treated with doxorubicin (black 

circle: doxorubicin-treated NIH3T6.7 cells; white circle: doxorubicin-treated MDA-MB-231 cells). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S10. (a) Apoptotic cells as assessed by an apoptosis detection assay. Dark brown cells (red 

arrows) indicate apoptotic cells. (b) Prussian blue stained image. Blue spots (black arrows) indicate 

iron content. The images on the right indicate the dashed quadrangle section (i and ii) of the entire 

image (left: low magnification) at high magnification, respectively. 

 

 

 

 



 

Figure S11. (a) The concentration of distributed total amounts of iron (Fe) and manganese (Mn) 

(CFe+Mn) in the organs in mice of each group (saline, HER-DMNPs and IRR-DMNPs) was calculated 

based on dividing by the individual organ weight after treatment and (b) the relative concentrations 

(%) of biodistributed HER-DMNPs and IRR-DMNPs versus saline were calculated based on the 

amount of MNCs (Fe+Mn) in the organs after treatment using an inductively coupled plasma atomic 

emission spectrometry (ICP-AES) analysis (error bars represent standard deviation) (*p < 0.01 and  

** p < 0.001).  



 

Figure S12. Measurement of the body weights of mice treated with saline, doxorubicin, IRR-DMNPs, 

and HER-DMNPs (black circle: HER-DMNPs; gray triangle: IRR-DMNPs; dark gray square: 

doxorubicin; white diamond: saline). Black arrows indicate the day of injection.  

 

 

 
 
 
 
 
 
 
 
 
 




