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Experimental Section 
 

Materials. Ethylenediamine core amine-terminated PAMAM dendrimers of generation 5 

(G5.NH2) with a polydispersity index less than 1.08 were purchased from Dendritech 

(Midland, MI). FA, FI, acetic anhydride, triethylamine, ferric chloride hexahydrate 

(FeCl3.6H2O > 99%), ferrous chloride tetrahydrate (FeCl2.4H2O > 99%), sodium hydroxide, 

2-(N-morpholino)-ethane sulphonic acid (MES), 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC), hydrochloric acid, and all the other 

chemicals and solvents were purchased from Aldrich (St. Louis, MO) and used as received. 

Poly-l-glutamic acid (PGA) sodium salt (Mw = 15,000~50,000) and poly-l-lysine (PLL) 

hydrobromide (Mw = 15,000~30,000) were from Sigma. Iron oxide NPs, FI- and FA-

functionalized generation 5 (G5.NH2-FI-FA) PAMAM dendrimers were synthesized and 

characterized according to our previous work.[35] FI-functionalized G5 dendrimers (G5.NH2-

FI) without FA conjugation were used as control. PGA, PLL, and dendrimers were dissolved 

into PBS buffer (pH 7.4) containing 0.5 M NaCl at a concentration of 1 mg/mL. KB cells 

were from American Type Tissue Collection (ATCC, Rockville, Maryland). Penicillin, 

streptomycin, fetal bovine calf serum (FBS), fluorescein diacetate (FDA), and propidium 

iodide (PI) were purchased from Sigma (St. Louis, MO). Trypsin-EDTA, Dulbecco’s PBS, 

and RPMI 1640 medium (with or without FA), and bovine serum albumin was obtained from 

GIBCO-BRL (Gaithersburg, MD). Water used in all experiments was purified using a Milli-Q 
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Plus 185 water purification system (Millipore, Bedford, MA) with resistivity higher than 18 

MΩ cm. Cellulose dialysis membranes (MWCO = 10,000) were acquired from Fisher.  

Fabrication of Multifunctional Shell-Crosslinked Iron Oxide NPs. The procedure used to 

fabricate multifunctional SCIO NPs is shown in Figure 1a. The LbL assembly of oppositely 

charged PGA and PLL  was performed according to the literature.[27] Briefly, a solution of 

Fe3O4 NPs (5 mg in 0.5 mL water, diameter 8.4 ± 1.4 nm, synthesized and characterized 

according to our previous work[35]) was added with 1 mL of a PGA solution (1 mg/mL, pH 

7.4 PBS buffer containing 0.5 M NaCl) with occasional shaking. After adsorption of PGA for 

20 min, the suspension was centrifuged at 8,000 rpm for 10 min. The supernatant was then 

carefully removed, and the coated Fe3O4 NPs were washed by three alternate cycles of 

centrifuging and resuspending the particles in pure water. Then 1 mL of PLL solution (1 

mg/mL, pH 7.4 PBS buffer containing 0.5 M NaCl) was added into the PGA-modified Fe3O4 

NP suspension and purified in the same manner. These steps were repeated until 5 layers of 

(PGA/PLL)2PGA deposited onto the Fe3O4 NPs. Then, the outermost layer of FI- and FA-

functionalized generation 5 PAMAM dendrimers (G5.NH2-FI-FA) (1 mg/mL, pH 7.4 PBS 

buffer containing 0.5 M NaCl) was deposited in the same way and the final 

(PGA/PLL)2PGA/G5.NH2-FI-FA-modified Fe3O4 NPs were dispersed into 50 mM MES 

buffer (pH = 5.5) and EDC (12-18 mg) was added to crosslink the hydroxyl groups of Fe3O4 

NPs and the amino groups of PLL and dendrimers with the carboxyl groups of PGA. The 

mixture was shaken overnight, followed by 3 cycles of centrifugation/redispersion (in water) 

steps to remove unreacted reactants. The SCIO NPs with FA modification (SCIO-FA NPs) 

were subjected to an acetylation reaction to neutralize the remaining amine groups of 

G5.NH2-FI-FA dendrimers, using a procedure described elsewhere.[48] In brief, the NPs (in 1 

mL water) were added with triethylamine (5.0 μL) and mixed well. Then, a methanol solution 

(0.1 mL) containing 3.64 mg acetic anhydride was added dropwise into the NP/ triethylamine 

solution. The reaction mixture was vigorously shaken for 24 h. The formed neutralized SCIO-
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FA NPs were purified by 4 cycles of centrifugation/washing/redispersion in water. For 

biological testing, the NPs were transferred to a PBS buffer solution by centrifugation and 

redispersion. The NPs were stored at 4 °C before biological testing. The control SCIO NPs 

(Fe3O4/(PGA/PLL)2/PGA/G5.NHAc-FI NPs) without FA conjugation (SCIO-NonFA NPs) 

were prepared in the same manner as the procedure used to prepare SCIO-FA NPs. The FI-

modified amine-terminated G5 dendrimers (G5.NH2-FI) used were prepared and 

characterized according to a previous report.[35]    

General Characterization Methods. FTIR spectra were acquired using a Perkin Elmer 

Spectrum GX FTIR system. Dry particles were mixed with milled KBr crystals and the 

samples were pressed as pellets before measurements. The iron concentration of Fe3O4 NPs 

before and after surface modification was determined by a Perkin-Elmer Optima 2000 DV 

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). The surface 

potential of functionalized Fe3O4 NPs was measured by a Malvern Zetasizer Nano ZS model 

ZEN3600 (Worcestershire, UK) equipped with a standard 633 nm laser. The size and 

morphology of the Fe3O4 NPs were characterized by a Philips CM-100 TEM equipped with a 

Hamamatsu Digital Camera ORCA-HR operated using AMT software (Advanced 

Microscopy Techniques Corp, Danver, MA). The operation voltage was kept at 60 kV. TEM 

samples were prepared by deposition of a diluted particle suspension (5 μL) onto a carbon-

coated copper grid and were air-dried before the measurement. Stained specimens were 

prepared by depositing the sample solutions on the grid and inverting the grid on a drop of 

aqueous phosphotungstic acid solution that had been neutralized with NaOH (2% mass 

fraction of the phosphotungstic acid). The grid was then blotted on filter paper and air-dried. 

In order to investigate the morphology of the polymer hollow capsules before and after EDC 

crosslinking, the SCIO NPs were exposed to 3 M HCl to erode the Fe3O4 core particles. The 

formed iron salt in the solution was removed and washed with water by membrane filtration 

through a 10,000 MWCO membrane using Millipore Centricon devices. The concentrated 
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aqueous solutions of hollow polymer capsules were applied for TEM imaging as described 

above. MR relaxometry of SCIO NPs was performed using a 2.0 T Varian Unity/Inova 

system (Palo Alto, CA) using home-built RF coils. SCIO NPs were diluted in water at 

variable concentrations. For MR relaxometry measurements, 1 mL SCIO NPs were filled in 

1.5 mL Eppendorf vials. T2 relaxation times were measured using a standard Carr-Purcell-

Meiboom-Gill pulse sequence (TR = 2000 ms, TE range 30-960 ms, 32 echoes, FOV = 134 

x67 mm, matrix 128 x 64, slice thickness 10 mm, BW = 40, NEX = 3). T2 relaxation times 

were calculated by a linear fit of the logarithmic ROI signal amplitudes versus TE. The T2 

relaxivities (r2) were determined by a linear fit of the inverse relaxation times as a function of 

the Fe concentration used. 

KB Cell Culture. The KB cells were continuously grown in two 24-well plates, one in FA-

free medium and the other in regular RPMI 1640 medium supplemented with penicillin (100 

units/mL), streptomycin (100 μg/mL), 10% heat-inactivated fetal bovine calf serum (FBS), 

and 2.5 μM FA. The cells grown in FA-free medium express high-level FAR, while the cells 

grown in FA-containing medium express low-level FAR. 

Determination of Cell Viability. Cell viability was measured by FDA and PI staining. 

FDA stains live cells, while PI stains dead cells. The stained cells were quantified by flow 

cytometry as described by Killinger.[49] Briefly, 2 × 105 KB cells per well were seeded into a 

24-well plate and incubated with 0-100 μg/ml of unmodified Fe3O4 NPs, SCIO-NonFA NPs, 

and SCIO-FA NPs for 24 h at 37 ºC. Ten thousand cells were acquired from each sample for 

flow cytometric analysis.  

Determination of Binding Affinity by Flow Cytometry. Approximately 2 × 105 cells per 

well were seeded in 24-well plates the day before the experiments. An hour before initiating 

an experiment, the cells were rinsed three times with serum-free and FA-deficient RPMI 1640 

medium. SCIO-NonFA and SCIO-FA NPs were added at Fe concentrations of 0-50 μg/mL. 

After 1 h of incubation at 37 °C, KB cells with both high- and low-level FAR were 
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trypsinized and suspended in PBS containing 0.1% bovine serum albumin, and then analyzed 

using a Coulter EPICS-XL MCL Beckman-Coulter flow cytometer. The FL1-fluorescence of 

10,000 cells was measured, and the mean fluorescence of gated viable cells was quantified 

using Expo32 software (Beckman-Coulter, Miami, FL). 

In Vitro MR Relaxometry and Imaging. 5 × 106 KB-HFAR cells were incubated with 

SCIO-NonFA and SCIO-FA NPs with Fe concentrations of 6.3, 12.5, and 25 μg/mL for 30 

min in an ice bath. Live cells are usually cultured with a complete medium at 37 ºC. For the 

MR imaging studies, live cells were trypsinized and suspended in PBS (instead of cell culture 

medium) and incubated with NPs. Live cells in PBS have a higher viability at 4 ºC or in an ice 

bath than at room temperature, so we incubated cells with NPs in an ice bath. The cells were 

then washed with PBS buffer three times. The cells were centrifuged to prepare pellets for 

MR imaging. Studies were performed with a 2.0 T Varian Unity/Inova system (Palo Alto, 

CA) using home-built RF coils. One hundred microliters of PBS was added to each cell pellet, 

and the cells were suspended by gentle shaking. The T1 and T2 of the cell suspensions were 

measured in each sample vial with inversion recovery and CPMG pulse sequences, 

respectively. The cells were then allowed to settle and a phantom was constructed consisting 

of all of the sample vials. A spin-echo image (TR/TE 2000/8 ms) with a 2.0 mm-slice 

thickness and an in-plane resolution of 0.312 mm was acquired through the plane of the cells.   

Tumor Model. A murine tumor model was established in NOD C.B-17 SCID mice using 

human KB tumor cells over-expressing folate receptor as described previously.[18] Briefly, 

five- to six-week-old FOX CHASE SCID (C.B-17/lcrCrl-scidBR) female mice were 

purchased from the Charles River Laboratories (Wilmington, MA) and housed in a specific 

pathogen-free animal facility at the University of Michigan Health System in accordance with 

the regulations of the University’s Committee on the Use and Care of Animals (UCUCA) as 

well as with federal guidelines, including the Principles of Laboratory Animal Care. Animals 

were fed ad libitum with Laboratory Autoclavable Rodent Diet 5010 (PMI Nutrition 
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International, St. Louis, MO). The food was changed to a folate-deficient diet (TestDiet, 

Richmond, IN) for 7 days prior to injection of tumor KB cells. The KB cell suspension of 1 × 

106 was injected subcutaneously into both flanks of each mouse in the same time. When the 

tumor nodules had reached a volume of 0.60 ± 0.15 cm3 (approximately 3 weeks post-

injection), the animals were randomly allocated into control, SCIO-NonFA, and SCIO-FA 

groups. SCIO-FA and SCIO-NonFA NPs were delivered via the tail vein in 0.1 mL of saline 

at 12.4 μg Fe/per mouse, respectively. Two-dimensional and three-dimensional MR images 

were obtained both before and after administration of either imaging agent at time points of 

hours 1, 4, 8, 24, 48, and day 7 after injection.  

Anesthesia for imaging was induced by placing mice in a chamber with 2.0% isofluroane 

(SBH Scientific). Following anesthetic induction, the mice were transferred to the MR 

imaging probe and anesthesia was maintained at 1.25% isoflurane for the duration of the 

study. All procedures were performed under protocol approval by UCUCA at the University 

of Michigan. 

In Vivo MR Imaging. The MR imaging probe, constructed specifically for these studies, 

was based on an Alderman-Grant slotted cylinder design (length 10cm, OD 4.5 cm).  The 

probe was made with polycarbonate tubing, copper tape, and ATC and Johanson capacitors. 

Following induced anesthesia, the mouse to be imaged was placed inside a second 

polycarbonate tube (ID 2.6 cm). This second tube was then inserted into the MR probe, 

allowing easy animal positioning and restricting the mouse MR imaging studies to a region of 

homogeneous RF field. MR imaging was performed on a 2T Varian Unity/Inova system 

equipped with Acustar S180 gradients. At each time point for each animal, 2D and 3D 

gradient-echo MR images were obtained.  Two sets of interleaved, 2D gradient-echo images 

were acquired with a 2 mm slice thickness, TR/TE 100/5 ms, flip angle 45°, in plane 

resolution 390 mm, and 8 averages. The total time to acquire the 2D images was 2.5 min. The 

3D gradient-echo images were acquired with a TR/TE of 20/4 ms, a flip angle of 20°, 
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isotropic voxel resolution of 390 mm, and 4 averages. Imaging time for the 3D dataset was 

5.5 min.  The 3D gradient echo pulse sequence was chosen to provide isotropic spatial 

resolution, minimize motion artifacts, and generate T2 weighted MR images. 

All image data was transferred to a remote computer (Dual 2 GHz PowerPC G5 Macintosh) 

for data processing. Matlab (The Mathworks, Natick, MA) was used to convert the k-space 

MR data sets into quantitative MR images and to combine all images of the study into a single 

dataset. The tumor was typically present in 30 of 64 planes in the 3D image. The entire tumor 

was selected from the dataset and used to generate normalized histograms of the signal 

intensity. Using the data from 3D MR imaging studies assures that we examine the entire 

tissue of interest and that we are not biased toward anomalously enhancing regions. The 

percent enhancement was calculated for each of the images acquired at each time following 

injection of either the targeted or the non-targeted SCIO agent. Histograms in the figures are 

plotted as the percentage of voxels at a given percent enhancement. 
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Table S1. Zeta potential data of iron oxide NPs after each step of assembly, crosslinking, and 
chemical modification. 

Polymers assembled on Iron oxide NPs Zeta Potential (mV) 
Uncoated-iron oxide NPs 42.02 
PGA -10.0 
PGA/PLL 44.6 
(PGA/PLL)PGA 24.6 
(PGA/PLL)2 49.4 
(PGA/PLL)2/PGA 26.8 
(PGA/PLL)2/PGA/G5.NH2-FI 41.5 
(PGA/PLL)2/PGA/G5.NH2-FI 
After EDC crosslinking 

44.4 

(PGA/PLL)2/PGA/G5.NH2-FI-FA 34.1 
(PGA/PLL)2/PGA/G5.NH2-FI-FA 
After EDC crosslinking 

44.0 

(PGA/PLL)2/PGA/G5.NHAc-FI 
After EDC crosslinking 

7.3 

(PGA/PLL)2/PGA/G5.NHAc-FI-FA 
After EDC crosslinking 

6.8 
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Figure S1. FTIR spectra of (PGA/PLL)2/PGA/G5.NH2-FI-FA-modified Fe3O4 NPs before 
and after EDC crosslinking. 
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Figure S2. Linear fitting of inverse T2 relaxation times of uncoated Fe3O4 NPs, SCIO-FA 
NPs, and SCIO-NonFA NPs. 
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Figure S3. KB cell viability measured by staining with FDA and PI after incubation with the 
unmodified Fe3O4 NPs, SCIO-NonFA NPs, and SCIO-FA NPs for 24 h.  
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Figure S4. MR signal intensity of tumor, liver, kidney, and muscle for control mice, mice 
treated with SCIO-FA NPs, and mice treated with SCIO-NonFA NPs.  

 

 

 
 


