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Abstract

A Mn3O4 nanoparticle (NP)-based dual-modality probe has been developed for tumor positron 

emission tomography (PET)/magnetic resonance (MR) imaging. The dual-modality imaging probe 

was constructed by modifying multifunctional polyethyleneimine (PEI)-coated Mn3O4 NPs with 

folic acid (FA), followed with the radiolabeling with 64Cu. The formed imaging probe was utilized 

for PET/MR imaging of human cervical cancer mouse xenografts, which overexpress folate 

receptor (FR). The PEI-coated Mn3O4 NPs were synthesized using a solvothermal approach via 

decomposition of acetylacetone manganese. Multifunctional groups, including fluorescein 

isothiocyanate (FI), PEGylated FA, and NOTA chelator, were then sequentially loaded onto the 

surface of the amine groups of the Mn3O4 NPs. The remaining PEI amines were neutralized by the 

acetylation reaction. The resulting NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs were fully 

characterized and evaluated in vitro and successfully radiolabeled with 64Cu for tumor PET/MR 

imaging in small animals. In vivo blocking experiments were performed to determine the FR 

binding specificity of NPs. PET imaging results demonstrated that 64Cu-labeled Mn3O4 NPs 

display good tracer uptake in the FR-expressing HeLa tumors (tumor-to-muscle (T/M) ratio: 5.35 

± 0.31 at 18 h postinjection (pi)) and substantially reduced tracer uptake in the FR-blocked HeLa 

tumors (T/M ratio: 2.78 ± 0.68 at 18 h pi). The ex vivo data, including PET imaging and 

biodistribution, further confirmed the tumor binding specificity of the 64Cu-labeled Mn3O4 NPs. 

Moreover, the FR-targeted Mn3O4 NPs exhibited efficient T1-weighted MR imaging (MRI), 

leading to the precise tumor MRI at 18 h pi. PET/MR imaging with the 64Cu–NOTA–FA–FI–
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PEG–PEI–Ac– Mn3O4 NPs may offer a new quantitative approach to precisely measure the FR in 

tumors. The strategy of incorporating PEI nanotechnology into the construction of new 

biomaterials may be applied for the construction of novel nanoplatforms for cancer diagnosis and 

therapy.

Graphical Abstract
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1. INTRODUCTION

With the development of medical technologies over recent decades, a variety of imaging 

approaches have been explored in cancer research.1–3 In particular, the emerging imaging 

techniques, including but not limited to fluorescence imaging, ultrasonic imaging, computed 

tomography (CT), positron emission tomography (PET), and magnetic resonance imaging 

(MRI), can offer valuable information to better characterize cancer biology.4–8 Although 

single imaging modality has its own distinctive advantages, there are some intrinsic 

limitations for each imaging modality as well. A good way to compensate this problem is to 

develop a hybrid system, which can combine the advantages of single imaging modality. For 

example, hybrid PET/MR scanners are available now in the clinical setting. PET/MR 

imaging can offer the quantitative physiologic information by PET with the unique features 

of MR, such as high spatial resolution, good soft tissue contrast, and diffusion-weighted 

imaging.4,9–12 With the advancements in imaging techniques, the development of new 

probes for dual-modality imaging, such as PET/MRI, has become a large demand.

Various nanomaterials are being developed for imaging applications.13–21 Nanoparticles 

(NPs) possessing a large ratio between surface area and volume can be coupled with various 

moieties, such as target-specific ligands for reaching the disease sites and bifunctional 

chelators for radiolabeling. For PET imaging, various radioisotopes, such as copper-64 

(64Cu), gallium-68 (68Ga), indium-111 (111In), and zirconium-89 (89Zr), are being used to 
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radiolabel NPs.22,23 Some radiolabeled NPs present extended circulation time, good 

targeting specificity, and biocompatibility.23–25 In addition, various MRI elements have been 

loaded within the nanocarriers, such as paramagnetic Gd(III), MnO, MnO2, Mn3O4, and 

MnFe2O4 NP-based T1 MRI agents, and superparamagnetic iron oxide NP-based T2 MRI 

probes, which improve the NP stability and relaxometry.26–32 Among a variety of polymer-

mediated nanomaterials that can be used as cancer theranostics, polyethyleneimine (PEI) has 

attracted great attention due to the particular characteristics of structure, branched internal 

cavity, and abundant terminal amines.33,34 Based on versatile PEI nanotechnology, targeting 

ligands,33,35 therapeutic agents,36,37 and imaging agents33,38 can be loaded into the PEI 

carriers.33,36 For example, PEI-coated Mn3O4 NPs can be built via solvothermal route for T1 

MRI,38 and the surface functional groups of PEI can be also radiolabeled for PET imaging.
39 Previously, we successfully utilized PEI as a platform to construct Fe3O4@Au 

nanocomposites by employing a hydro-thermal method for tumor MR/CT imaging.40 

Overall, the PEI nanotechnology is expected to provide a great potential on the construction 

of multifunctional biomaterials for dual modal PET/MR imaging.

In our study, PEI was used to coat Mn3O4 NPs through the decomposition of acetylacetone 

manganese (Mn(acac)2) by a solvothermal approach. The PEI-coated Mn3O4 NPs were then 

successively loaded with fluorescein isothiocyanate (FI), 2,2′-(7-(2-((2,5-dioxopyrrolidin-1-

yl)oxy)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl) diacetic acid (NOTA-NHS), and PEGylated 

folic acid (FA). At last, the acetylation reaction was utilized to neutralize the remaining 

amines on the surface of multifunctional PEI, followed with 64Cu labeling to form 64Cu–

NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs for folate receptor (FR)-targeted tumor PET/MR 

imaging. The multifunctional NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs were fully 

characterized. The targeting specificity of the formed FR-targeted NPs was determined by 

flow cytometry and confocal microscopy. The T1 relaxometry of the NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs and the targeted MRI of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

in cancer cells were also evaluated. After 64Cu labeling, the 64Cu–NOTA– FA–FI–PEG–

PEI–Ac–Mn3O4 NPs were subjected to in vitro stability, in vivo PET/MR imaging, and ex 

vivo biodistribution studies. To the best of our knowledge, very few studies have been 

reported in terms of using the FR-targeted NPs for PET/MR tumor imaging. As a result, we 

believe that PET/MR with our new probe (64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs) 

may offer a new quantitative approach to precisely measure the FR in tumors.

2. EXPERIMENTAL SECTION

2.1. Materials.

Branched PEI (Mw = 25 000), Mn(acac)2, and diethylene glycol (DEG) were obtained from 

Sigma-Aldrich (St. Louis, MO). NOTA-NHS was purchased from CheMatech (Dijon, 

France). [64Cu]CuCl2 was obtained from the Washington University in St. Louis (MO). PEG 

with terminal groups of amine and carboxyl (NH2-PEGCOOH, Mw = 2000) and PEG with 

terminal groups of monomethyl ether and carboxyl (mPEG-COOH, Mw = 2000) were 

purchased from Shanghai Yanyi Biotechnology Corporation (Shanghai, China) and used 

directly. FA, FI, and other chemicals were purchased from MilliporeSigma (St. Louis, MO). 

PD-10 columns were obtained from GE Healthcare Life Sciences (Pittsburgh, PA). A Milli-
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Q Plus 185 water purification system (Millipore, Bedford, MA) having a resistivity >18 MΩ 
cm was used to purify water. Regenerated cellulose membrane filters (molecular weight 

cutoff (MWCO) = 1000 and 14 000) were purchased from Thermo Fisher Scientific 

(Pittsburgh, PA).

2.2. Synthesis of NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs.

The PEI–NH2–Mn3O4 NPs were prepared using a solvothermal method. In brief, Mn(acac)2 

(253.0 mg) was dissolved in 10 mL of DEG and reacted with PEI (100 mg) by magnetic 

stirring. After 1 h of continuous stirring of the mixture in air, autoclaving of the mixture was 

performed for 24 h in a sealed vessel (50 mL) under a 2 bar gauge pressure at 180 °C. The 

mixture was then cooled down to 25 °C. The precipitate was acquired through centrifugation 

at 8000 rpm for 5 min, followed by dialysis to purify the PEI–NH2–Mn3O4 NPs. A 14 000 

MWCO membrane was utilized to purify the reaction mixture by extensively dialyzing 

against water (nine times, 8 L) for 3 days to completely eliminate the excess of reactants and 

the side products. The PEI–NH2–Mn3O4 NPs were then obtained through lyophilization.

The PEI–NH2–Mn3O4 NPs (50.53 mg, 0.00151 mmol) in dimethyl sulfoxide (DMSO) 

solution (5.0 mL) were then reacted with 7 molar equiv of FI (3.0 mL, 4.12 mg, 0.01058 

mmol) dissolved in DMSO and allowed to stand for 24 h at 25 °C under magnetic stirring. 

NOTA-NHS (11.99 mg, 0.01816 mmol, in 3.0 mL of DMSO) with the PEI–NH2–Mn3O4 

NPs (12 molar equiv) was then added dropwise into the raw product of the FI–PEI–NH2–

Mn3O4 NPs and stirred continuously for 24 h to form the NOTA–FI–PEI–NH2–Mn3O4 NPs. 

The PEGylated FA was then coupled with the amine groups of the NOTA–FI–PEI–NH2–

Mn3O4 NPs subsequently by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

activation. FA–PEG–COOH was prepared by a previously reported protocol.41 Briefly, FA–

PEG-COOH (74.96 mg) in DMSO solution (5.0 mL) with the PEI–NH2–Mn3O4 NPs (22 

molar equiv) was activated by EDC (114.0 mg in 5.0 mL of DMSO) for 3 h and then stirred 

with the NOTA–FI– PEI–NH2–Mn3O4 NPs for additional 3 days. The acquired NOTA–FA–

FI–PEG–PEI–NH2–Mn3O4 NPs were subsequently acetylated and purified by dialysis41 to 

afford the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs. As a comparison, the non-FA 

targeting NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs as a control were prepared using a similar 

method described above.

2.3. Preparation of 64Cu–NOTA–FA–FI–PEG–PEI–Ac– Mn3O4 NPs.

The 64Cu labeling of the NOTA–FA–FI–PEG–PEI– Ac–Mn3O4 NPs was performed 

according to the previously published protocol42 with some modifications. In brief, at room 

temperature, [64Cu]CuCl2 (37–111 MBq) was incubated with 300 μL of ammonium acetate 

buffer (0.4 M, pH = 5.5) for 15 min. The resulting [64Cu]Cu(OAc)2 was then mixed with the 

solution of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs, which were dispersed in 

ammonium acetate buffer at 45 °C. After 30 min incubation, the 64Cu–NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs were purified by a PD-10 desalting column. The radioactive eluents 

containing the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs were passed through a 

syringe filter (0.22 μm). The product was collected into a sterile vial. The radiochemical 

purity of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs was determined on MKC18 

silica gel 60 Å plates (GE Healthcare, Piscataway, NJ) by a Bioscan AR2000 radio-thin-
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layer chromatogram (radio-TLC) scanner. A development solvent of NH4OAc–

ethylenediaminetetraacetic acid (EDTA) solution (2% EDTA and 10% NH4OAc)/CH3OH = 

1:1 was used for radio-TLC.

2.4. Characterization Techniques.
1H NMR spectrum was obtained by a Bruker AV-400 NMR spectrometer using D2O as a 

solvent. Fourier transform infrared (FTIR) spectrometry was recorded by a ThermoNicolet 

Nexus 670 FTIR spectrometer. All spectra were collected by a transmission mode with 650–

4000 cm−1 wavenumber range. UV–vis spectra of samples in water were recorded by a 

Lambda 25 UV–vis spectrophotometer (PerkinElmer, Waltham, MA). X-ray diffraction 

(XRD) was carried out to evaluate the crystal structure of the PEI–NH2–Mn3O4 NPs 

according to a previously published procedure.35 The scan range (2θ) was set as 20–70°. A 

TG 209 F1 thermogravimetric analyzer (NETZSCH Instruments Co., Ltd., Germany) was 

used for thermogravimetric analysis (TGA) by heating the samples from 25 to 750 °C. The 

increase rate of temperature was set at 10 °C/min in nitrogen atmosphere. Transmission 

electron microscopy (TEM) was recorded at 200 kV through a JEOL 2010 F analytical 

electron microscope (Tokyo, Japan). Before measurement, aqueous solution (5 μL) of 

sample (1 mg/mL) was dropped onto a carbon-coated copper grid and followed with air-

drying. The size of the prepared NPs was measured by ImageJ software (https://

imagej.nih.gov/ij/download.html). For each sample, the corresponding TEM image was 

recorded and analyzed from 300 randomly selected NPs.

2.5. In Vitro Stability Test.

The stability of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs was tested in mouse 

serum according to a previously published procedure.43 Briefly, the 64Cu–NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs (3.7 MBq) were incubated with mouse serum (0.5 mL) at 37 °C. 

After incubation for 1, 2, 5, and 24 h, trifluoroacetic acid was added to the above mixture. 

The soluble portion was filtrated through a filter (0.22 μm). An aliquot of the solution was 

collected, and the corresponding radiochemical purity was measured by radio-TLC.

2.6. Cell Culture.

Human cervical carcinoma HeLa cell line was obtained from the ATCC (American Type 

Culture Collection, Manassas, VA). HeLa cells were cultured at 37 °C in a humidified 

atmosphere containing 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (Thermo Fisher Scientific, Grand Island, NY), penicillin 

(100 U/mL), and streptomycin (100 U/mL).

2.7. In Vitro Biocompatibility.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was utilized to 

test the cell viability after treating HeLa cells with the NOTA–FA–FI–PEG– PEI–Ac–

Mn3O4 NPs and the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs. The assay was carried out 

according to the reported protocol.26 After the incubation of the NOTA–FA–FI–PEG–PEI–

Ac–Mn3O4 NPs or the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs at various Mn concentrations 

(0, 5, 10, 25, 50, and 100 μg/mL) with HeLa cells for 24 h, the images of the cell 
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morphology were obtained using a Leica DMIL LED inverted phase contrast microscope 

(200× magnification).

2.8. Flow Cytometry Analysis.

Flow cytometry was used to acquire fluorescence signal of cells after treatment with 

different nanoparticle samples. HeLa cells were first seeded in 12-well plates with a density 

of 2 × 105 cells/well for 24 h. The cells were then washed with DMEM and then cultured 

with the fresh DMEM containing the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs or the 

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs at various Mn concentrations (0, 5, 10, 25, and 50 

μg/mL, respectively). After 4 h incubation, the cells were trypsinized and resuspended in 

phosphate-buffered saline (PBS). A Becton Dickinson FACScan analyzer was used to 

analyze the collected cells.

2.9. Confocal Microscopy.

The targeting efficiency of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs to HeLa cells was 

further evaluated using confocal microscopy based on a previously published protocol.33,35 

The parameters of confocal microscopy were set as follows: excitation at 488 nm; emission 

collected at 505–525 nm; and thickness of the optical section at 5 mm. All samples were 

analyzed using a 63× oil-immersion objective lens.

2.10. T1 MR Relaxometry.

An NMI20-Analyst NMR Analyzing and Imaging system (0.5 T, Shanghai NIUMAG 

Corporation, Shanghai, China) was utilized to measure the T1 MR relaxometry of the 

NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs. The samples were prepared in solution using 

various Mn concentrations (0.05–0.4 mM). The parameters were utilized according to the 

published protocol.35 All samples were scanned via the MRI system. As a function of Mn 

concentration, the T1 relaxivity (r1) of NPs was acquired through a linear fitting of the 

inverse relaxation time (1/T1).

2.11. MRI of NPs with HeLa Cells.

HeLa cells were cultured in six-well plates with a density of 3 × 106 cells/well for 24 h. The 

cell medium was then replaced with fresh medium containing the NOTA–FA–FI–PEG–PEI–

Ac–Mn3O4 NPs, or the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs with FA blocking 

(coincubated with 5 μM FA), or the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs at various Mn 

concentrations (0, 5.5, 11.0, 22.0, and 44.0 μg/mL, respectively). After 4 h incubation, the 

cells were then washed with PBS, trypsinized, centrifuged, and resuspended in a 1.5 mL 

Eppendorf tube with 1 mL of PBS (containing 0.25% agarose) prior to MRI. T1 MRI of the 

cell suspension was measured by a Signa HDxt superconductor MR system (1.5 T, GE 

Medical Systems, Milwaukee, WI) using a wrist ECHO sequence. The following parameters 

were used: repetition time (TR) = 900 ms; echo time (TE) = 10.7 ms; point resolution = 256 

mm × 256 mm; slice thickness = 5 mm; and field of view (FOV) = 100 mm × 100 mm.
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2.12. PET/MR Imaging of HeLa Mouse Xenografts.

All animal procedures were performed in accordance with and approved by the Animal 

Ethics Committee of the University of Southern California (USC), Los Angeles, CA, and 

conformed to the guidelines of the USC Institutional Animal Care and Use Committee. 

Female athymic nude mice (4–6 weeks old; 20–25 g) were purchased from the Envigo, Inc. 

(Livermore, CA). The nude mice were subcutaneously injected with HeLa cells (5 × 106 per 

mouse) in the right flank. The tumors gradually grew about 3–4 weeks until 0.5–1.0 cm3 in 

volume was achieved.

For MRI, a 200 μL saline solution of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs (Mn 

concentration = 2.5 mg/mL) was intravenously injected via the mouse tail vein (n = 4/

group). As a comparison, the same dose of the nontargeted NOTA–FI–PEG–PEI–Ac–

Mn3O4 NPs (Mn concentration = 2.5 mg/mL) was also intravenously injected into a group 

of mice (n = 4). An Aspect M7 scanner with an animal coil was used with an FSE sequence. 

The following parameters were used: slice thickness = 1 mm; TR = 600 ms; TE = 9.39 ms; 

FOV = 4 cm × 6 cm; and point resolution = 320 mm × 256 mm. Two-dimensional (2D) spin-

echo T1-weighted MR images were obtained for each animal before and after 1, 2, 5, 18, and 

24 h injection of NPs.

For PET imaging, the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs (7.4 MBq) were 

injected into each animal (n = 4/group) intravenously via the mouse tail vein under 

isoflurane anesthesia condition. Five minute static scans were acquired at different time 

points (1, 2, 5, 18, and 24 h pi). A 2D ordered-subsets expectation maximum algorithm was 

used for image reconstruction. The PET imaging was performed on a small animal scanner 

(MicroPET R4 scanner; Siemens Medical Solutions USA, Inc., Knoxville, TN). The regions 

of interest (ROIs) were drawn over the major organs and tumor in the whole-body coronal 

images. The radioactivity concentrations within major organs and tumor were measured 

from the mean value within the multiple ROI and converted to percentage injected dose per 

gram of tissue (% ID/g). At 24 h pi of the 64Cu-labeled NPs, mice were euthanized and 

dissected for ex vivo PET imaging. Tumor, blood, major tissues, and organs were collected. 

A 10 min static PET imaging was obtained. For blocking study, HeLa tumor-bearing mice 

were scanned after the coinjection of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

(7.4 MBq) with 100 μg of free FA per animal. As a control group (n = 4/group), the 

nontargeted 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs (7.4 MBq) were intravenously 

injected into each HeLa tumor-bearing animal.

2.13. Biodistribution.

The 64Cu-labeled NPs (7.4 MBq) were intravenously injected to the HeLa tumor-bearing 

mice (n = 4/group). At 24 h pi, animals were euthanized and dissected. Tumor, blood, major 

tissues, and organs were collected and wet weighed. The radioactivity from the tissues was 

determined by a PerkinElmer 2480 WIZARD2 automatic gamma counter (PerkinElmer Inc., 

Waltham, MA). A known aliquot of the radioactivity was used for the calibration of the 

radioactivity of the tissue samples. The mean uptake with a standard deviation was then 

calculated for a group of animals.
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2.14. Statistical Analysis.

Quantitative data were presented as mean ± standard deviation. Mean values were compared 

via one-way analysis of variance and Student’s t-test. p values <0.05 were set as findings 

that are statistically significant, and the data were marked with (*) for p < 0.05, (**) for p < 

0.01, and (***) for p < 0.001, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of NPs.

In this study, PEI was utilized as a nanocarrier to coat the Mn3O4 NPs, followed by the 

sequential loading with FI, NOTA, and PEGylated FA on the surface of PEI. The remaining 

surface terminal amines were neutralized by the acetylation reaction, and the resulting NPs 

were radiolabeled with 64Cu (Figure 1).

The PEI-coated Mn3O4 NPs were prepared via the solvothermal approach by decomposition 

of Mn(acac)2. As shown in Figure S1 (Supporting Information), the crystal structure of the 

constructed PEI–NH2–Mn3O4 NPs was confirmed by XRD. The lattice spacing at 2θ of 

29.2, 32.5, 36.4, 44.7, 50.9, 58.7, and 60.2° matched the [112], [103], [211], [220], [105], 

[321], and [440] planes of magnetic Mn3O4 crystals, respectively, which is in agreement 

with the previously reported data.44,45 Then, FTIR spectroscopy was utilized to determine 

the formation of the PEI–NH2–Mn3O4 NPs (Figure S2, Supporting Information). The peaks 

located at 1600 and 1445 cm−1 in the FTIR spectra are attributed to the C=O bond, and the 

peaks located at 2950 and 2850 cm−1 are associated with –CH2– bonds of PEI. In addition, 

the characteristic peak located at 636 cm−1 is attributed to the formation of Mn–O bond in 

the PEI–NH2–Mn3O4 NPs. The results confirmed that the PEI-coated Mn3O4 NPs were 

successfully synthesized.

The PEI-coated Mn3O4 NPs were sequentially conjugated with FI, NOTA, and PEGylated 

FA (characterized with 0.5 FA per PEG through 1H NMR, Figure S3, Supporting 

Information). UV–vis spectroscopy result demonstrated the successful conjugation of FI and 

PEGylated FA (Figure S4, Supporting Information). The FI characteristic peak located at 

about 505 nm can be found in the spectra of the FI–PEI–NH2–Mn3O4 NPs, the NOTA–FI–

PEG–PEI–Ac–Mn3O4 NPs, and the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs, confirming 

the successful modification of FI. In addition, the characteristic absorption at 280 nm of the 

NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs is attributed to the characteristic absorption of 

FA, suggesting the conjugation of FA–PEG-COOH was accomplished.

The morphology and size of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs were measured 

via TEM (Figure 2). The result showed that the NPs present spherical shape with a relatively 

narrow size distribution (Figure 2a,b). The mean diameter of the NPs is about 7.29 nm 

(Figure 2c). The hydrodynamic size and ζ-potential of the NOTA–FA–FI–PEG–PEI–Ac–

Mn3O4 NPs and the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs were measured by dynamic light 

scattering (DLS) (Table S1, Supporting Information). The hydrodynamic size of the NOTA–

FA–FI–PEG–PEI–Ac–Mn3O4 NPs is measured to be 476.5 ± 13.5 nm, which is larger than 

the size from the TEM measurement. This may be due to the fact that DLS measures the size 

of NPs clusters in solution, whereas TEM measures a single nanoparticle.46,47 The ζ-
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potential results indicate that the surface potentials of the NOTA–FI–PEG– PEI–Ac–Mn3O4 

NPs and the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs are 17.6 ± 1.9 and 14.1 ± 1.6 mV, 

respectively, which is close to electric neutrality due to the acetylation reaction of the 

terminal amines of PEI. Electric neutrality of NPs is favorable to eliminate the electrostatic 

attachment between NPs and cell membrane. It is also worthy of noting that the synthesized 

NPs exhibit excellent stability. After 3 weeks, no precipitation was observed after the 

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs or the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

were dispersed in solution, including water, PBS, and cell culture medium (Figure S5, 

Supporting Information).

After the modification with FI, NOTA, FA–PEG-COOH, or mPEG-COOH, and acetylation 

on the surface of the PEI–NH2–Mn3O4 NPs, TGA was utilized to characterize the content of 

each organic component in the formed NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs and NOTA–

FA–FI–PEG–PEI–Ac–Mn3O4 NPs (Figure 3). Based on the TGA curve of the PEI–NH2–

Mn3O4 NPs, there is a loss of 55.8% weight due to the PEI decoating. For the NOTA–FI–

PEG–PEI–Ac–Mn3O4 NPs and the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs, there are 

weight losses of 64.1 and 66.7%, respectively. By subtracting the weight loss of the PEI–

NH2–Mn3O4 NPs (55.8%), the loading amounts of NOTA/FI/PEG/Ac and 

NOTA/FA/FI/PEG/Ac can be calculated to be 8.3 and 10.9%, respectively.

Radiolabeling of the formed NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs with 64Cu was 

successful in >85% yield (n = 8, decay-corrected) with >99% radiochemical purity. Based 

on the average molecular weight of NPs and the radiochemical yield of the 64Cu-labeled 

NPs, the specific activity of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs was 

calculated to be 1.5 MBq/nmol.

The radiolabeled, antibody-conjugated Mn3O4 NPs were recently reported for CD105-

targeted PET/MR imaging of tumor angiogenesis,48 where the DSPE–PEG5000-NH2 was 

used for the construction of liposome-based NPs, and the targeting moiety is anti-CD105 

antibody TRC105. In this study, the NPs are PEI-based branched polymers, and the surface 

of NPs was functionalized with FA for targeting FR. In terms of the difference of 

nanomaterials and NPs functionalization, the different biological behaviors of the NPs are 

expected in this study versus those reported previously.

3.2. In Vitro Biocompatibility.

Before in vivo evaluation, it is important to assess the cytocompatibility of the NOTA–FI–

PEG–PEI–Ac–Mn3O4 NPs and the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs. MTT assay 

was used to investigate the cytotoxicity. As shown in Figure 4, the cell viability of HeLa 

cells is larger than 70% even when the cells were treated with a high concentration of the 

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs or the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs, 

where the Mn concentration is up to 100 μg/mL. The data demonstrated the good 

cytocompatibility of the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs and the NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs within the given Mn concentration range (5–100 μg/mL). The 

phase contrast microscope was also used to observe the cell morphology and confirm the 

biocompatibility of the prepared NPs indirectly (Figure S6, Supporting Information). As 

compared to the cells treated with PBS, morphology of HeLa cells does not present obvious 
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changes in the group where cells were treated with the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 

NPs or the NOTA–FI–PEG–PEI–Ac–Mn3O4 within the given Mn concentrations. This result 

is in agreement with the data from the MTT assay, further demonstrating excellent 

biocompatibility of the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs and the NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs.

3.3. Targeting Specificity of NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs.

It has been well studied that many human carcinomas overexpress FR.49,50 In this work, 

both flow cytometry and confocal microscopy were utilized to assess the target specificity of 

the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs to FR-overexpressing HeLa cells. As shown 

in the flow cytometry result (Figure S7, Supporting Information), HeLa cells incubated with 

the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs exhibit remarkable fluorescence enhancement 

as compared to those incubated with the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs (p < 0.001) 

at the same concentrations of Mn. The fluorescence intensity associated with HeLa cells 

after the incubation with the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs is apparently 

enhanced when compared to that after incubation with the nontargeted NPs, suggesting the 

targeting of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs toward HeLa cells is likely 

through the FR-mediated endocytosis.51,52 The slight fluorescence enhancement of HeLa 

cells incubated with the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs could be caused by the 

nonspecific uptake of NPs by phagocytosis or diffusion through cell walls.53,54

The FI conjugation with NPs enables the observation of cell uptake of the NOTA–FI–PEG–

PEI–Ac–Mn3O4 NPs and the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs via confocal 

microscopy (Figure 5). After 4 h treatment, the HeLa cells incubated with the NOTA–FA–

FI–PEG–PEI–Ac–Mn3O4 NPs present more apparent fluorescence signals than that with the 

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs, suggesting the remarkable cell uptake of NPs into 

the cytoplasma according to the FR-mediated specific binding effect. In addition, the HeLa 

cells incubated with the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs or the NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs both display appreciable fluorescence, which is comparable to those 

cells incubated with PBS. The result from confocal microscopy is consistent with flow 

cytometric analysis. Overall, the formed NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs are 

specifically taken up by FR-overexpressing HeLa cells due to FR-mediated binding and 

endocytosis pathway.

3.4. T1 MR Relaxometry.

The NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs can be used as T1 MRI agents due to the 

presence of the Mn3O4 NPs. From analysis of the MR images (Figure S8a, Supporting 

Information), MR signal intensity of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

enhances with the increasing Mn concentration of the NPs. The T1 relaxation time in 

aqueous solutions of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs with various Mn 

concentrations was measured. Through a linear fitting of the inverse relaxation time (1/T1) 

as a function of Mn concentration, the slope (0.996 mM–1 s−1) of a linear curve was 

acquired (Figure S8b, Supporting Information). The slope is defined as T1 relaxivity (r1) of 

the formed NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs. Interestingly, the r1 of the NOTA–

FA–FI–PEG–PEI–Ac–Mn3O4 NPs is higher than that of the similar Mn3O4 NPs (0.57 mM−1 
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s−1) previously reported.38 This may be caused by the high PEG loading percentage in the 

NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs facilitating the accessibility of water protons 

towards the core Mn3O4 NPs of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs.35 In fact, the 

high T1 relaxivity is beneficial for sensitive MRI applications.

3.5. In Vitro Stability of 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs.

The in vitro stability of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs was determined 

in mouse serum at 37 °C for 1, 2, 5, and 24 h, respectively. Based on the radio-TLC analysis, 

the stability was presented as a percentage of parent radiolabeled probe. Greater than 90% of 

the intact 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs presented after 24 h incubation 

(Table 1), suggesting that the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs are quite 

stable in mouse serum within the study period.

3.6. Targeted MRI of HeLa Cells.

HeLa cells incubated with the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs, or the NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs, and FA-blocked HeLa cells incubated with the NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs demonstrate an enhancement of the MR signal with the increase 

of Mn concentration in general (Figure 6a). Based on the quantitative analysis of MR signal 

intensity (Figure 6b), the HeLa cells treated with the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 

NPs display higher MR signal than (i) the HeLa cells incubated with the nontargeted 

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs and (ii) FR-blocked HeLa cells with treatment of the 

NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs at the same Mn concentration, especially at high 

Mn concentrations (22.0 μg/mL (p < 0.001) and 44.0 μg/mL (p < 0.01)). The result further 

indicates the target-specific binding of the constructed NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 

NPs in FR-overexpressing HeLa cells.

3.7. Targeted Tumor PET/MR Imaging.

The in vivo MRI of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs was performed after the 

mouse tumor model was established. As shown in Figure 7a, the tumor site becomes brighter 

after the injection of the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs and the NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs than pre-injection. At 1 and 2 h pi, the tumor MR signals cannot 

be clearly distinguished between the mice treated with the NOTA–FI–PEG–PEI–Ac–Mn3O4 

NPs and the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs. However, the quantitative analysis 

demonstrates that the MR signal of the tumor with the injection of the NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs is significantly higher than that of the tumor with the treatment of the 

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs at 5 h (p < 0.001) and 18 h (p < 0.01) pi (Figure 7b). 

The result indicates that the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs render targeted 

tumor MRI via FA-mediated targeting effect.

We next investigated the targeted tumor PET imaging application of the 64Cu–NOTA–FA–

FI–PEG–PEI–Ac–Mn3O4 NPs in vivo. After the intravenous injection of the 64Cu–NOTA–

FA–FI–PEG–PEI–Ac–Mn3O4 NPs, the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

with FA blocking or the 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs with the same dose, 

the animals (n = 4/group) were scanned through a microPET imaging system. As shown in 

Figure 8, similar to the result from the MRI, at 1 and 2 h pi, the PET signal cannot be clearly 
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distinguished at the tumor site among the mice with the 64Cu–NOTA–FI–PEG–PEI–Ac–

Mn3O4 NPs, the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs, and the 64Cu–NOTA–

FA–FI–PEG–PEI–Ac–Mn3O4 NPs with FA blocking. However, at 5 and 18 h pi, the 64Cu–

NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs displayed predominant HeLa tumor uptake as 

compared to the 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs and the 64Cu–NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs with FA blocking. From the PET images, the radioactivity in 

major organs and tumors was measured from the coronal images at different time points pi 

(Figure 9). Radioactivity was gradually excreted from the liver and kidneys (Figure 9a–c). 

Based on the quantitative analysis, significantly high tumor uptake of the 64Cu–NOTA–FA–

FI–PEG–PEI–Ac–Mn3O4 NPs was observed as compared to the 64Cu–NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs with FA blocking or the 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs 

at 5 h (p < 0.001) and 18 h (p < 0.001) pi, suggesting the target-specific tumor uptake of the 
64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs (Figure 9d). The radioactivity of major 

organs and tumor in different groups at 18 h pi is shown in Table S2 (Supporting 

Information). The results demonstrate that the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 

NPs exhibit good tumor uptake in HeLa tumor xenografts at 18 h pi (tumor-to-muscle (T/M) 

ratio: 5.35 ± 0.31) through the FA-mediated targeting pathway, whereas lower tumor uptake 

was observed for the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs with FA blocking 

(T/M ratio: 2.78 ± 0.68) and the 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs (T/M ratio: 

3.64 ± 0.16) at 18 h pi. It is worthy to note that we did not find statistically significant 

difference on the tumor uptake among the FR-targeted group, the FR-blocked group, and the 

nontargeted group at 24 h pi (Figure 9d). One explanation could be the FR-targeted NPs 

were off-targeted to some degree from the FR target in relatively small tumors (around 0.5 

cm3 in volume) at 24 pi. Thus, the uptake of the NPs in living animals cannot be accurately 

quantified by drawing the ROI based on the images. To reveal the findings from the in vivo 

PET, the ex vivo PET scans at 24 h pi (Figure S9, Supporting Information) were carried out. 

Apparently, the HeLa tumor from the mouse injected with the 64Cu–NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs presents the strongest PET signal, whereas the HeLa tumor in the FA-

blocking group or the nontargeted group has minimal PET signal (Figure S9D, Supporting 

Information).

3.8. Biodistribution.

The biodistribution of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs in HeLa tumor-

bearing mice was investigated at 24 h pi. The tumors and major organs were collected, and 

the corresponding radioactivities were acquired by a gamma counter. The % ID/g is 

calculated and presented in Figure 10. The biodistribution data were consistent with the 

findings from in vivo and ex vivo PET imaging. As a result of the FA-mediated targeting 

effect, the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs show significantly higher 

radioactivity uptake (1.40 ± 0.24% ID/g) in HeLa tumor than the 64Cu–NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs with FA blocking (0.73 ± 0.25% ID/g, p < 0.05) or the 64Cu–

NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs (0.64 ±0.04% ID/g, p < 0.01).
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4. CONCLUSIONS

In summary, the 64Cu-labeled multifunctional PEI-coated Mn3O4 NPs (64Cu–NOTA–FA–

FI–PEG–PEI–Ac–Mn3O4 NPs) were successfully synthesized for targeted tumor dual-

modality PET/MR imaging. The nonradiolabeled NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

demonstrate improved T1 relaxivity and effective targeted MRI toward FR-over-expressing 

tumor. The radiolabeled 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs showed excellent 

in vivo targeted PET imaging of FR-overexpressing tumor. PET/MR imaging with 

multifunctional NPs could provide a new quantitative method to precisely measure the FR in 

tumors. Given the distinctive structural features of PEI which can be readily modified with 

other target-specific ligands, multifunctional PEI-based nanoprobes hold a great potential on 

the development of targeted multi-modality contrast agents for the management of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the synthesis of the multifunctional 64Cu–NOTA–FA–FI–PEG–

PEI–Ac–Mn3O4 NPs.
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Figure 2. 
TEM image (a, b) and size distribution histogram of the NOTA–FA–FI–PEG–PEI–Ac–

Mn3O4 NPs (c).
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Figure 3. 
TGA curves of the PEI–NH2–Mn3O4 NPs, the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs, and 

the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs.
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Figure 4. 
MTT assay of HeLa cell viability after incubation with the NOTA–FI–PEG–PEI–Ac–Mn3O4 

NPs or the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs at the Mn concentration of 5–100 

μg/mL for 24 h. HeLa cells incubated with PBS were used as a control.
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Figure 5. 
Confocal microscopy images of HeLa cells after 4 h incubation with PBS (a), the NOTA–

FI–PEG–PEI–Ac–Mn3O4 NPs at the Mn concentration of 5 μg/mL (b), the NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs at the Mn concentration of 5 μg/mL (c), the NOTA–FI–PEG–

PEI–Ac–Mn3O4 NPs at the Mn concentration of 10 μg/mL (d), and the NOTA–FA–FI–

PEG–PEI–Ac–Mn3O4 NPs at the Mn concentration of 10 μg/mL (e).
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Figure 6. 
(a) T1-weighted MR images of FR-blocked HeLa cell suspensions (1), HeLa cell 

suspensions (3) incubated with the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs, and HeLa 

cell suspensions incubated with the NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs (2) at various Mn 

concentrations for 4 h. (b) The quantitative MR signal intensity of the FR-blocked HeLa cell 

and HeLa cell suspensions as a function of Mn concentration.
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Figure 7. 
In vivo T1-weighted MR images (a) and signal intensity (b) of HeLa tumors after 

intravenous injection of the NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs or the NOTA–FI–

PEG–PEI–Ac–Mn3O4 NPs (500 mg Mn, in 0.2 mL saline) at different time points. Tumors 

are indicated by white arrows.
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Figure 8. 
microPET images of the nude mice bearing HeLa xenografted tumors at different time 

points post intravenous injection of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs 

(targeted NPs), the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs with FA blocking, and 

the 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs (nontargeted NPs). The whole-body 

coronal (top) and transverse (bottom) microPET images of nude mice bearing HeLa 

xenografted tumors are shown. Tumors are indicated by arrows.
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Figure 9. 
Time–activity curves of tumor, liver, kidneys, and muscle from quantitative microPET 

imaging analysis of (a) the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs in the HeLa 

tumor model, (b) the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs in the FR-blocked 

HeLa tumor model, and (c) the 64Cu–NOTA–FI–PEG–PEI–Ac–Mn3O4 NPs in HeLa tumor. 

(d) Quantitative microPET imaging analysis of tumor uptake of the 64Cu-labeled NPs at 

different time points postinjection.
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Figure 10. 
Biodistribution of the 64Cu–NOTA–FA–FI–PEG–PEI–Ac–Mn3O4 NPs or the 64Cu–NOTA–

FI–PEG–PEI–Ac–Mn3O4 NPs in HeLa tumor-bearing nude mice and the 64Cu–NOTA–FA–

FI–PEG–PEI–Ac–Mn3O4 NPs in FR-blocked HeLa tumor-bearing mice at 24 h 

postinjection.
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