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Background: With the advances in radiopharmaceutical research, the development of image-

guided therapy has become a major interest. While the development of theranostic nanotherapeu-

tics is frequently associated with cancer chemotherapy, phototherapy and radiotherapy, there is 

little information available on the in vivo monitoring of gene delivery systems and the applica-

tion of image-guided approach in gene therapy. The goal of this work was to determine the in 

vivo behavior of DNA delivery nanosystems - based on cationic gemini surfactants – designed 

for image-guided gene therapy. We tested the feasibility of monitoring tumor accumulation of 

gene delivery nanoparticles by positron emission tomography.

Methods: To be able to conjugate radiotracers to the nanoparticles, a deferoxamine-modified 

gemini surfactant was synthesized, DNA-containing lipoplex nanoparticles were formulated, 

and radiolabeled with Zirconium-89 (89Zr). The pharmacokinetics and biodistribution of 89Zr 

labeled surfactant and 89Zr labeled nanoparticles were monitored in mice by microPET/CT 

imaging and ex vivo gamma counting. 

Results: Modification of the nanoparticles with deferoxamine did not alter their physicochemical 

properties. The radiolabeled nanoparticles (labeling efficiency of 95±3%) were stable in PBS 

and serum. The biological half-life of the 89Zr labeled nanoparticles was significantly higher 

compared to 89Zr labeled surfactant. As expected, the nanoparticles had significantly higher liver 

accumulation than the radiolabeled surfactant alone and lower kidney accumulation. Tumor 

uptake was detected at 2 hours post injection and decreased throughout the 3-day monitoring. 

Conclusion: We propose that radiolabeling DNA delivery lipoplex nanosystems is a promis-

ing approach for the design and optimization of image-guided nanomedicines, especially in the 

context of cancer gene therapy.

Keywords: gemini surfactant, pharmacokinetic, biodistribution, melanoma, microPET 

imaging

Introduction
The development of nanotechnology has a major contribution in the progress of 

molecular imaging and targeted therapy of cancers.1,2 As imaging and therapeutic 

agents, nanoparticles offer numerous advantages such as increased tissue permeability, 

controlled release, improved biodistribution, modified pharmacokinetics and ability 

to target specific tissues.3 The number of nanoparticle-based medicaments is increas-

ing in clinical trials and on the market, because the efficacy of these nanomedicines 

can considerably exceed the efficacy of the conventional medicines.4,5 The overall 

approach is to use targeted nanoparticles as carriers, for both therapeutic and contrast 

agents, delivering their cargo in higher concentration to the desired location resulting 
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in higher tumor-to-background ratio, better contrast and 

more selective tumor identification.6,7 The importance of 

nanoparticles has increased remarkably in the past decades8 

due to their outstanding biological compatibility and in vivo 

stability.9 Among the nanosized systems, liposomes and other 

lipid-based systems have been used more than four decades 

as vehicles for drug delivery and, more recently, as molecular 

imaging agents in the field of oncology.10–12

To capitalize on the advantages of the lipid-based 

nanoparticles, recent advances in nanoparticle technology 

explore the combination of therapeutic and diagnostic agents 

in a single particle,13 ideal for personalized medicine.14 The 

benefit of creating multifunctional nanoparticles – by incor-

porating both drugs and imaging agent into a single nano-

medicine – is that drug localization and therapeutic efficacy 

can be monitored simultaneously in a noninvasive manner,15 

developing the field of image-guided therapy.16

Radiolabeled nanoparticles represent a new type of agent 

with great potential for clinical applications. The surface of 

these nanoparticles can be functionalized with imaging and 

targeting agents and, by virtue of their improved in vivo 

stability and enhanced permeation and retention effects, 

they can be used to improve the specificity and sensitivity 

of imaging technologies.17 Liposomes have been frequently 

employed to deliver imaging radionuclides for positron 

emission tomography (PET)18 or single-photon emission 

computed tomography.19,20 Multifunctional liposomes 

labeled with radiometals, such as 64Cu (t
1/2

=12.7 hours)21,22 

and 89Zr (t
1/2

=78.41 hours),23,24 for PET imaging showed high 

tumor accumulation due to the unique properties and high 

specificity.

Development of biotechnology products, such as genetic 

material-based drugs, could greatly benefit from radiolabel-

ing nanoparticulate delivery systems. While the benefits of 

gene therapy in numerous inherited and acquired diseases and 

in development of novel vaccines are evident, there are two 

major hurdles this area of research needs to overcome.

The first barrier in gene therapy aiming to restoration or 

blocking of a specific gene function is the development of 

safe and efficient gene delivery systems. Cationic liposomes 

are the most researched nonviral polycationic systems, which 

compact negatively charged nucleic acids leading to the 

formation of lipoplexes. They have unique characteristics, 

such as capability to incorporate DNA/RNA, low toxicity, 

no activation of immune system and the amenability for tar-

geted delivery of bioactive compounds to the site of action.25 

Lipoplexes are considered as alternative gene therapy for 

cancer.26–28 Numerous reports have highlighted the antitumor 

effect of these gene therapy systems.29–31 Gemini cationic 

surfactants are one of the cationic lipid families that assemble 

into nanosized lipoplexes of various morphologies. They 

have multipurpose chemical structure with two alkyl tails 

attached to quaternary ammonium groups and connected 

with a functionalizable spacer. They are able to compact 

the genetic material into 100–150 nm size lipoplex particles 

with positive surface charge,32 which enables interaction 

with the cell surface and endocytosis. In addition, the gemini 

surfactants protect DNA/RNA from premature degradation 

by endonucleases. In our previous work, physicochemi-

cal and interfacial properties,33,34 efficiency and safety of 

gene delivery,35 stability of the DNA delivery system36 was 

demonstrated.

The second barrier to the clinical translation of gene 

therapy is the lack of appropriate monitoring of the biological 

fate of the lipoplex nanoparticles and therapeutic outcome. 

Thus, combination of lipoplexes and radiolabeling opens 

new opportunities in the field of image-guided therapy and 

theranostics. Lipoplexes can be effectively labeled with 

radionuclides, which facilitate evaluation of the fate of these 

gene delivery nanosystems in real-time noninvasively using 

nuclear imaging techniques. To monitor the biological fate 

of these nanoparticles, 89Zr was selected as an appropriate 

radionuclide, because the decay half-life of 89Zr (t
1/2

=78.41 

hours) is appropriate for monitoring the biological fate of 

nanoparticles37 rendering PET imaging with 89Zr-labeled 

agents a highly dynamic research area.38,39

In the present study, nanoparticle labeling, gene expres-

sion properties, in vitro stability and in vivo biodistribution 

and tumor uptake of these novel 89Zr-radiolabeled lipoplex 

nanoparticles were performed and described. The gene 

expression and cell viability of A375 cells were investigated 

in vitro after treated with lipoplex nanoparticles. Pharma-

cokinetic profile and the biodistribution of the radiolabeled 

lipoplex nanosystem compared with the radiolabeled gemini 

surfactants were specified in vivo using healthy athymic CD-1 

nude mice. This system was used for the assessment of the 

kinetics, distribution in the living body and tumor deposition 

of lipoplex nanoparticles. To our knowledge, this is the first 

report on the use of 89Zr-labeled gene delivery nanoparticles 

and the first evidence that this gene delivery system could be 

monitored by radiolabeling, therefore, show a potential for 

the development of image-guided gene therapy.

Materials and methods
Materials
3,3′-Iminobis(N,N-dimethylpropylamine), Boc-Gly-OH, 

Fmoc-Lys(Boc)-OH, and 1-Iodododecane were purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA); N,N′-

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

7803

A Zr-labeled lipoplex nanosystem for image-guided gene delivery

Diisopropylethylamine (DIPEA) and O-(7-Azabenzotriazol-

1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate 

(HATU) were purchased from Chem-Impex International, 

Inc (Wood Dale, IL, USA); 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) was purchased from Avanti 

Polar Lipids, Inc (Alabaster, AL, USA) and p-SCN-

Bn-Deferoxamine (deferoxamine) was purchased from 

Macrocyclics, Inc (Cat. No: B-705) (Dallas, TX, USA). 

All other chemicals, unless otherwise noted, were used 

of the highest grade and purchased from Sigma-Aldrich. 

These chemicals were used without further purification. 

The water used in the process was ultrapure obtained in a 

MilliQ system (resistance of .18.18 MΩ cm at 25°C) and 

the dimethyl sulfoxide (DMSO) was of molecular biology 

grade (.99.9%). The construction of the plasmid pGTh-

CMV. IFN-GFP (pDNA), encoding for murine interferon 

gamma (IFN-γ) and green fluorescent protein (GFP) was 

described previously.32 The p-DNA for this study was 

selected as a robust model used in previous work and will 

be replaced with specific tumor suppressor genes for func-

tional studies.
89Zr was purchased from Washington University (St Louis, 

MO, USA). Activity measurements were made using a Bio-

dex Atomlab 500 Dose Calibrator (Shirley, NY, USA). For 

accurate quantification of activities, samples were counted 

for 1 minute on a calibrated Perkin-Elmer Automatic 

Wizard2 Gamma Counter (Waltham, MA, USA). Labeling 

of gemini surfactants and liposomes with 89Zr was monitored 

using silica-gel impregnated glass-fiber instant thin layer 

chromatography (ITLC-SG) (Agilent Technologies, Santa 

Clara, CA, USA).

Mass spectra were obtained using a QSTAR XL MS/MS 

system. 1H NMR spectra, in D
2
O, CDCl

3
 or DMSO-d

6
, were 

recorded using a Bruker 500 MHz Avance spectrometer. 

Chemical shifts, δ, are reported in parts per million, refer-

enced to the residual 1H and 13C (D
2
O at 4.80, CDCl

3
 at 7.26, 

77.23 and DMSO-d
6
 at 2.50, 39.58), respectively. Purity of 

the compounds was further verified by reversed-phase (RP) 

HPLC (RP-HPLC) using an Agilent 1200 Series HPLC 

coupled to a UV detector and Waters 2796 HPLC System 

coupled to an UV and radiometric detector.

Synthesis
All reactions (Figure 1) were carried out under a nitrogen 

atmosphere using standard Schlenk techniques.

Step a: In a dry Schlenk flask, Boc-Gly-OH (8.65 mmol) 

was dissolved in dry N,N-Dimethylformamide (DMF) 

(10 mL), followed by the addition of HATU (10.4 mmol) 

and DIPEA (17.3 mmol). The reaction mixture was then 

cooled and stirred for 15 minutes before the addition of 

Figure 1 Structure and synthetic scheme of glycine-lysine substituted gemini surfactant (12-7NGK-12) and deferoxamine-modified gemini surfactant (12-7NGK-
Deferoxamine-12).
Notes: a: conjugation of the 3-carbon linker group on the spacer of the gemini surfactant; b: removal of protection; c: conjugation of protected lysine on the spacer; d: 
addition of the tail of the gemini surfactant; e: deprotection; f: deprotection and ion exchange; and g: conjugation of deferoxamine.
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3,3′-Iminobis(N,N-dimethylpropylamine) (8.3 mmol). After 

24 hours, DMF was removed from the reaction mixture 

under high vacuum, and the sample was dissolved in dichlo-

romethane (DCM) (100 mL) and extracted with a saturated 

aqueous solution of sodium bicarbonate (5×100 mL). Then, 

the aqueous layer was washed with DCM (5×75 mL). The 

collected organic phase was dried with sodium sulfate 

before removing the DCM under vacuum. A yellow oily 

compound, N-2-(tert-butyloxycarbonyl) amino-N,Nbis[3-

(dimethylamino)propyl]-acetamide (2), was obtained. 1H 

NMR (CDCl
3
) δ/ppm: 5.55 (brs, 1H), 3.99–3.96 (m, 2H), 

3.40–3.22 (m, 4H), 2.35–2.16 (m, 16H), 1.76–1.67 (m, 4H), 

1.43 (s, 9H). Yield was 76%.

Step b: 8.7 mmol of (2) was dissolved in 10 mL of DCM, 

followed by the addition of 10 equivalents of HCl (4 M in 

dioxane) for 90 minutes. After that, the solvent was removed 

from the reaction mixture under vacuum. The solid residue 

was dissolved in 30 mL DCM and 3.5 equivalents of DIPEA, 

added dropwise. After 90 minutes stirring, the solvent was 

removed under vacuum. A yellow solid compound, N-2-

amino-N,N-bis[3-(dimethylamino)-propyl]-acetamide (3), 

was obtained. 1H NMR (CDCl
3
) δ/ppm: 5.70 (m, 2H), 3.96 

(m, 2H), 3.36 (m, 2H), 3.24 (m, 2H), 2.32 (m, 4H), 2.26–2.16 

(m, 12H), 1.74–1.64 (m, 4H). Yield was 92%.

Step c: Fmoc-Lys(Boc)-OH (11.75 mmol) was dissolved 

in 20 mL dry DMF, followed by the addition of HATU 

(14.1 mmol) and DIPEA (23.45 mmol). The reaction mix-

ture was then cooled and stirred for 15 minutes before the 

addition of N-2-amino-N,N-bis[3-(dimethylamino)-propyl]-

acetamide (3) (11.25 mmol). After 24 hours, the DMF was 

removed from the reaction mixture under high vacuum, and 

the residue was dissolved in DCM (100 mL) and extracted 

with a saturated aqueous solution of sodium bicarbonate 

(5×100 mL). Then the aqueous layers were washed with 

DCM (5×100 mL). The collected organic phase was dried 

with sodium sulfate before removing the DCM under 

vacuum. A yellow oily compound, (9H-fluoren-9-yl)methyl 

tert-butyl (6-((2-(bis(3-(dimethylamino)propyl)amino)-2-

oxoethyl)amino)-6-oxohexane-1,5-diyl)dicarbamate (4), was 

obtained. 1H NMR (CDCl
3
) δ/ppm: 7.76–7.66 (m, 4H), 7.36 

(m, 2H), 7.30 (m, 2H), 4.4–4.1 (m, 4H), 3.45 (m, 4H), 3.28 

(m, 2H), 3.08 (m, 4H), 2.76 (m, 12H), 2.33–2.23 (m, 4H), 

1.42 (m, 9H), 1.24 (m, 10H). Yield was 77%.

Step d: 1.43 mmol of (4) was dissolved in 15 mL dry DMF 

and 1-Iodododecane (3.57 mmol) was added dropwise. The 

reaction mixture was stirred for 18 hours at room tempera-

ture. After 18 hours, DMF was removed from the reaction 

mixture under high vacuum. The residue was washed five 

times with 25 mL diethyl-ether and the diethyl-ether was 

removed with vacuum. 10-((((9H-fluoren-9-yl)methoxy)car-

bonyl)amino)-N-dodecyl-15-(3-(dodecyldimethylammonio)

propyl)-N,N,2,2-tetramethyl-4,11,14-trioxo-3-oxa-5,12,15-

triazaoctadecan-18-aminium iodide (5). 1H NMR (CDCl
3
) 

δ/ppm: 7.76–7.66 (m, 4H), 7.36 (m, 2H), 7.30 (m, 2H), 

4.4–4.1 (m, 4H), 3.45 (m, 4H), 3.28 (m, 2H), 3.08 (m, 

4H), 2.76 (m, 12H), 2.33–2.23 (m, 4H), 1.80 (m, 3H), 1.56 

(m, 6H), 1.48 (m, 6H) 1.42 (m, 12H), 1.24 (m, 35H), 0.86 

(t, 6H). Yield was 72%.

Step e: 0.967 mmol of (5) was dissolved in 15 mL dry 

DMF and 15 mL of piperidine was added dropwise. The reac-

tion mixture was stirred for 18 hours at room temperature. 

After 18 hours, DMF/piperidine was removed under high 

vacuum. The residue was washed five times with 25 mL 

ethyl-acetate and the ethyl-acetate was removed with vacuum. 

10-amino-N-dodecyl-15-(3-(dodecyldimethylammonio)

propyl)-N,N,2,2-tetramethyl-4,11,14-trioxo-3-oxa-5,12,15-

triazaoctadecan-18-aminium (6). 1H NMR (CDCl
3
) δ/ppm: 

4.09 (m, 2H), 3.45 (m, 4H), 3.28 (m, 2H), 3.08 (m, 4H), 2.76 

(m, 12H), 2.33–2.23 (m, 4H), 1.80 (m, 3H), 1.56 (m, 6H), 

1.48 (m 6H) 1.42 (m, 12H), 1.24 (m, 35H), 0.86 (t, 6H). 

Yield was 83%.

Step f: 0.739 mmol (6) was dissolved in 10 mL DCM. 

10 equivalents of HCl (4 M in dioxane) was added and stirred 

for 90 minutes at room temperature. Solvent was removed 

from the reaction mixture under vacuum. The crude com-

pound was washed ten times with acetone and pure solid 

6-((2-(bis(3-(dodecyldimethylammonio)propyl)amino)-2-

oxoethyl)amino)-6-oxohexane-1,5-diaminium chloride, 

12-7NGK-12 (7) gemini surfactant was obtained. 1H NMR 

(500 MHz, D
2
O) δ/ppm, 4.25 (m, 2H), 4.15 (brs, 1H), 3.52 

(m, 4H), 3.35 (m, 4H), 3.17–3.00 (m, 12H), 2.96 (s, 2H), 

2.93 (s, 2H), 2.26–1.88 (m, 8H), 1.76 (m, 11H), 1.52 (brs, 

5H), 1.32 (m, 33H), 0.90 (t, 6H). Yield was 88%.

Step g: 0.070 mmol of (7) was dissolved in 2 mL DCM 

and 25 µL DIPEA was added and stirred for 1 hour. The DCM 

was removed under vacuum and the residue was dissolved 

in 2 mL DMSO. Deferoxamine 0.056 mmol was added to 

the solution and the pH of the solution was adjusted to 8.5 

by adding DIPEA. The mixture was stirred for 24 hours. 

The solvent was removed under vacuum and the product 

was purified by flash column chromatography (C18-RP 

silica-gel particle size 15–25 µm) eluting with water/

acetonitrile. The appropriate fraction was verified with high-

resolution mass spectrometry (MS) and freeze dried to obtain 

the N,N′-(((2-(2-amino-6-(3-(4-(3-(3,14,25-trihydroxy-

2,10,13,21,24-pentaoxo-3,9,14,20-tetraazatriacontan-30-yl)
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thioureido)phenyl)thioureido)hexanamido)acetyl)azanediyl)

bis(propane-3,1-diyl))bis(N,N-dimethyldodecan-1-aminium) 

chloride, 12-7NGK-Deferoxamine-12, (8) deferoxamine-

modified gemini surfactant solid product. The purity was 

further verified on RP-HPLC using Phenomenex Gemini-NX 

(Phenomenex, Torrance, CA, USA) C18 analytical column 

(3 µm, 4.6×150 mm). Gradient elution was performed at a 

flow rate of 1 mL/min using an Agilent 1200 Series HPLC 

System. Detection was performed using an Agilent absor-

bance detector at 254 nm. The mobile phase consisted of 

0.1% trifluoroacetic acid in H
2
O (solution A) and 0.1% trif-

luoroacetic acid in acetonitrile (solution B). The mobile phase 

was programmed as follows: gradient from 90% A:10% B 

to 10% A:90% B in 30 minutes.

12-7NGK-Deferoxamine-12: 1H NMR (500 MHz, 

DMSO-d
6
) δ/ppm, 9.68 (m, 2 hours), 8.2 (m, 1H), 7.8 

(m, 4H), 7.44–7.32 (m, 3H), 3.48 (m, 40H), 3 (m, 10H), 2.76 

(m, 2H), 2.58 (m, 2H), 2.50 (m, 17H), 2.28 (m, 3H), 1.96 

(s, 3H), 1.66 (m, 2H), 1.56–1.48 (m, 8H), 1.38 (m, 4H), 1.24 

(m, 36H), 0.86 (t, 6H). Yield was 63%.

Formulation of the lipoplex nanoparticles
The standard nanoparticle formulation was described 

earlier.35,36 Briefly, in step 1, plasmid–gemini surfactant 

complexes were created by mixing an aqueous solution of 

pDNA with an appropriate amount of 3 mM gemini surfac-

tant solution at 1:5 phosphate to nitrogen ratio and incubated 

at room temperature for 20 minutes. In step 2, lipoplex 

nanoparticles were formulated by mixing plasmid–gemini 

surfactant complexes with the DOPE (1 mM) vesicles at 

gemini surfactant to DOPE molar ratio of 1:10 and incubated 

at room temperature for 20 minutes. For the preparation of 

deferoxamine-modified lipoplex nanoparticles, a predeter-

mined amount (2.5%, 5%, 7.5% and 10%) of gemini surfac-

tant was replaced with the deferoxamine-modified gemini 

surfactant (which amounts to a 0.25%–1% final concentration 

of the total lipids, Figure 2).

Radiolabeling and characterization
For radiolabeling, the deferoxamine-modified gemini sur-

factant was dissolved in HEPES buffer (pH 7.4) in 3 mM 

concentration. [89Zr] Zr-oxalate 10–15 MBq (300–400 µCi) 

in oxalic acid was diluted with 20–30 µL HEPES buffer 

and was adjusted to pH 7.0–7.5 with 2.0 M Na
2
CO

3
. After 

the evolution of CO
2
 (g), the surfactant solution was added 

to 89Zr solution, and the labeling solution was incubated at 

37°C for 1 hour resulting in the formation of 89Zr-labeled 

gemini surfactant (89Zr-Surfactant). For nanoparticle labeling, 

the [89Zr] Zr-oxalate solution 40–50 MBq (1–1.5 mCi) was 

added to nanoparticles, and the pH was adjusted to 7.0–7.5 

with 2.0 M Na
2
CO

3
. The mixture was incubated at 37°C for 

1 hour, resulting in the formation of 89Zr-labeled lipoplex 

nanoparticles (89Zr-LNP) (Figure 2).

The 89Zr labeling of gemini surfactant was confirmed by 

RP-HPLC method with XBridge (Waters Corp., Milford, 

MA, USA) C18 analytical column (5 µm, 4.6×150 mm). 

Gradient elution was performed at a flow rate of 1 mL/min 

using a Waters 2796 HPLC System. Detection was performed 

using a Waters 2487 absorbance detector at 254 nm and using 

a Flow-Ram Radio-HPLC detector. The same condition was 

used as for the non-labeled surfactant. Briefly, the mobile 

phase consisted of 0.1% trifluoroacetic acid in H
2
O (solution 

A) and 0.1% trifluoroacetic acid in acetonitrile (solution B). 

The mobile phase was programmed as follows: gradient from 

90% A:10% B to 10% A:90% B in 30 minutes.

The radiochemical purity (RCP) of radiolabeled surfac-

tant and lipoplex nanoparticles solutions was evaluated by 

instant thin layer chromatography (ITLC) also. Plates were 

developed in 20 mM sodium citrate (pH 5.5). The reten-

tion factor of labeled surfactant and lipoplex nanoparticles 

was ,0.1; however, the retention factor of the free radio 

metal was .0.9.

	
% chelated 89Zr

Counts from the strip at the origin

Total c
=

oounts on the strip
100×

Figure 2 Schematic drawing of lipoplex assembly and radiolabeling procedures of the gene delivery nanosystem.
Abbreviation: DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.
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The distribution of radioactivity in developed ITLC plates 

was determined with the Automatic Wizard2 Gamma Coun-

ter. HEPES-buffered 89Zr-solution was used as a control. For 

stability studies, 89Zr-labeled surfactant and 89Zr-labeled lipo-

plex nanoparticles were added to 0.5 mL mouse serum and 

PBS in 1:10 volume ratio and incubated at 37°C for 72 hours. 

At 24 hours intervals, samples were taken from the solution 

and evaluated using ITLC and gamma counting.

Characterization of lipoplex 
nanoparticles
Size and zeta potential measurements
The hydrodynamic size, size distribution and zeta potential 

measurements were obtained by dynamic light scattering 

and laser Doppler micro-electrophoresis technique using 

a Malvern Zetasizer Nano ZS instrument (Malvern Instru-

ments Ltd, Malvern, Worcestershire, UK). Particle size 

measurements were performed using a particle-sizing cell in 

the automatic mode. The mean hydrodynamic diameter was 

calculated from the autocorrelation function of the intensity 

of light scattered from the particles. Size distribution values 

were derived from three measurements, each consisting of 

a minimum of ten individual runs. The data are reported as 

intensity distribution. Zeta potential of the nanoparticles was 

determined by phase analysis light scattering analysis. Sam-

ples were measured in the automatic mode and the reported 

zeta potentials are the average of three measurements, each 

derived from a minimum of ten individual runs.

Transmission electron microscopy (TEM)
A HT7700 transmission electron microscope (Hitachi Corp, 

Tokyo, Japan) was used to characterize the morphology of 

the dried lipoplex nanoparticles. For TEM observation, the 

lipoplex nanoparticle formulations were prepared as for the 

in vitro and in vivo study. The samples for TEM analysis were 

obtained by placing a drop (10 µL) of lipoplex nanoparticles 

onto a formvar/carbon-coated copper grid. Excess liquid was 

wicked away with absorbent tissue after 2-minutes incubation 

and the grids were dried at room temperature. The grids were 

rinsed in water for 30 seconds then floated on a droplet of 

phosphotungstic acid for 1 minute for negative staining. The 

grids were rinsed and the thin layer was allowed to dry.

SAXS measurements
The formulations were prepared as for the transfection study 

using ten times higher concentrations. The SAXS experi-

ments were performed at the BL4-2 beam line at Stanford 

Synchrotron Radiation Lightsource (SSRL, Stanford, CA, 

USA) using a wavelength of 1.1271 Å (11KeV energy). The 

scattered X-ray was detected on MAR225-HE (225×225 mm 

(3,072×3,072 pixels, pixel size 73.24 µm) at 20 seconds expo-

sure time and at sample to detector distance of 1.1 m. The 

SAXS detector was calibrated with silver behenate. GSASII 

software was used to plot diffraction intensity vs 2θ (where θ 

is the diffraction angle) or the scattering vector (q =
4π
λ

θsin )  

by radial integration of the two-dimensional patterns.

Characterization of 89Zr-labeled gemini 
surfactant and nanoparticles
Cell line and animals
A375, human amelanotic melanoma cells (American Type 

Culture Collection CRL-1619), were used as a model for 

future development of image-guided therapy for melanoma 

and were purchased from Cedarlane (Burlington, ON, 

Canada). The cells were grown as monolayer cultures at 

37°C in a humidified incubator with 5% CO
2
 and 95% air 

and passaged in DMEM (Gibco) supplemented with 10% 

FBS (Gibco), 100 U/mL penicillin, 100 µg/mL streptomycin 

and 25 ng/mL amphotericin B (Sigma). For all experiments, 

passage numbers and incubation times were kept consistent. 

The cell culture was purchased from BD Biosciences. Female 

athymic CD-1 nude mice were purchased from Charles River 

Laboratories International, Inc. Animals were housed under 

pathogen-free conditions in air-conditioned rooms and artifi-

cial lighting with a circadian cycle of 12 hours. The diet and 

drinking water were available ad libitum to all the animals. 

This work was approved by the University of Saskatchewan 

Animal Research Ethics Board, and adhered to the Canadian 

Council on Animal Care guidelines for humane animal use 

(protocol Nos: 20130103 and 20150044).

Gene expression and cell proliferation 
assay
On the day before transfection, cells at the second passage 

were seeded at a density of 1×104 cells per well in 96-well 

tissue culture-treated plates (Falcon, BD Mississauga, ON, 

Canada) and then incubated at 37°C in a humidified incuba-

tor with 5% CO
2
 and 95% air for 24 hours. One hour prior 

to treatment, the supplemented DMEM was replaced with 

DMEM. The cells were treated with standard nanoparticle 

formulation and the deferoxamine-modified nanoparticles 

formulations in 0.2 µg pGThCMV. IFN-GFP plasmid/well 

concentration (n=6 per treatment group). Lipofectamine 

Plus reagent (Invitrogen Life Technologies) was used as a 

positive control according to the manufacturer’s protocol 
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in 0.2 µg pDNA/well concentration. Then the tissue cul-

ture plates were incubated in CO
2
 incubator at 37°C for 

5 hours when the transfection agents were removed and 

replaced with supplemented DMEM. Supernatants were 

replaced with fresh supplemented DMEM in every 24 hours 

and were collected with the secreted IFN-γ at the end of the 

experiment 72 hours after the transfection. The collected 

supernatants were stored at 80°C. For the quantification of 

the IFN-γ, ELISA was performed using flat bottom 96-well 

plates (Synergy HT, BioTek, Winooski, VT, USA) follow-

ing the BD Pharmingen protocol as described earlier.36 The 

concentration of expressed IFN-γ was calculated from a stan-

dard IFN-γ curve using recombinant mouse IFN-γ standard 

(BD Pharmingen, BD Biosciences). The cells treated with 

media were considered as negative control where the gene 

expression value is zero. For the cell proliferation experi-

ment, fresh media containing a concentration of 450 µg/mL 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT, Invitrogen) solution was added to each well, 

and the plates were incubated at 37°C for 2 hours. When 

purple precipitate was clearly visible under microscope, the 

MTT solution was removed and DMSO was added to each 

well, and the plates were incubated for 10 minutes at 37°C 

to dissolve the trapped formazan. Absorbance of the wells 

was measured at 550 nm using a Synergy HT BioTek plate 

reader. Proliferation of untreated cells was determined as 

a control.

Pharmacokinetic and biodistribution 
of 89Zr-labeled gemini surfactant and 
nanoparticles
Normal athymic CD-1 mice (n=4 per group) were injected 

intravenously via the tail vein with 3–4 MBq 89Zr-labeled sur-

factant or 89Zr-labeled lipoplex nanoparticles. Blood samples 

(25–35 µL) were collected from the saphenous vein at a 

series of time points (5 minutes to 72 hours) into a capillary 

tube. The volume of the blood was determined by measuring 

the length of the blood sample in the capillary tube using a 

digital caliper. Thereafter, the capillary tube was moved to 

a γ-counting tube, and the radioactivity was measured in a 

γ-counter and expressed as a percentage of the injected activ-

ity per mL (% IA/mL). Pharmacokinetic parameters were 

calculated by fitting the blood radioactivity concentrations vs 

time to a two-compartment model using Prism 5.0 software 

(GraphPad). The half-life (t
1/2

), area under the percentage of 

the injected activity per mL vs time curves (AUC), clearance 

(CL) and volume of distribution (Vd) were calculated. For 

biodistribution studies, the animals were euthanized under 

deep anesthesia and tissue samples including small intestine, 

stomach, lung, heart, muscle, liver, spleen and kidneys were 

harvested at 6, 24, 48 and 72 hours post injection. Samples of 

selected tissues were excised and weighed and the amounts 

of radioactivity in tissue samples were measured using an 

automatic γ-counter. For the calculation, the “time zero” (t
0
) 

time point was used, representing the time of the injection, 

the decay corrected activity, and weight of selected tissues. 

The radioactivity in the organs was expressed as percent 

injected activity per gram (% IA/g).

PET imaging in tumor bearing mice
Athymic CD-1 mice bearing A375 xenografts (n=4 per group) 

were injected via a tail vein with 12–15 MBq of 89Zr-labeled 

gemini surfactant or of 89Zr-labeled nanoparticles. At 2, 24, 

48 and 72 hours after injection, PET and CT images acquired 

in the MILabs Vector4CT scanner (Molecular Imaging Labo-

ratories, MILabs B.V., Leiden, the Netherlands). PET scans 

were acquired in a list-mode data format with a high-energy 

ultra-high resolution (HE-UHR-1.0 mm) mouse/rat pinhole 

collimator. Corresponding CT scans were acquired with a 

tube setting of 50 kV and 480 μA. Images were reconstructed 

using a pixel-based order-subset expectation maximization 

algorithm that included resolution recovery and compensa-

tion for distance-dependent pinhole sensitivity and were 

registered on CT and quantified using PMOD 3.8 software 

(PMOD Technologies, Zürich, Switzerland). The scale was 

set at 2 hours and decay-corrected for subsequent time points. 

Tracer uptake was expressed as percentage injected activity 

(% IA) per cc of tissue volume (% IA/cc).

Statistical analyses
All characterization experiments were performed in tripli-

cates at the minimum and the results are expressed as mean 

values ± SD. Statistical analyses were evaluated by ANOVA 

followed by the Bonferroni post hoc test using SPSS version 

23.0 (IBM Corporation, Armonk, NY, USA). Significant 

differences were considered at P,0.05 values.

Results
Synthesis
In order to label the DNA delivery lipoplex nanoparticles 

with 89Zr, 12-7NGK-12 gemini surfactant and deferoxamine-

modified gemini surfactant were synthesized in seven steps. 

Following synthesis, both compounds were chemically 

characterized by HPLC (Figure S1), NMR (Figure S2A) 

and high-resolution MS. The theoretical and measured 

mass of synthesized compounds were in concordance 
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where 6-((2-(bis(3-(dodecyldimethylammonio)propyl)

amino)-2-oxoethyl)amino)-6-oxohexane-1,5-diaminium 

chloride, 12-7NGK-12 MS m/z: calculated mass: 355.3557, 

found mass: 355.3571 [M]2+/2. N,N′-(((2-(2-amino-6-

(3-(4-(3-(3,14,25-trihydroxy-2,10,13,21,24-pentaoxo-

3,9,14,20-tetraazatriacontan-30-yl)thioureido)phenyl)

thioureido)hexanamido)acetyl)azanediyl)bis(propane-3, 

1-diyl))bis(N,N-dimethyldodecan-1-aminium) chloride, 

12-7NGK-Deferoxamine-12, MS m/z: calculated mass: 

731.5232, found mass: 731.5338 [M]2+/2 (Figure S2B).

Formation and characterization of 
lipoplex nanoparticles
The non-modified lipoplexes had particle size of 115±5 nm 

and zeta potential of +29.5±0.7 mV. Adding deferoxamine-

modified gemini surfactant to the lipoplexes did not change 

the size significantly, remaining in the range of 111–117 nm. 

The polydispersity index also remained under 0.2. The zeta 

potential increased slightly from 29.5±0.7 to 31–33 mV. 

There was no significant difference (P.0.05) in the particle 

size and zeta potential values between the non-modified 

and deferoxamine-modified lipoplexes (Table 1). Particle 

morphology and aggregation behavior can also influence 

the in vitro and in vivo behavior of nanoparticles. The 

TEM images of the non-modified and deferoxamine-

modified lipoplex nanoparticles showed consistency with 

the previous light scattering measurement and showed no 

aggregation behavior of the particles (Figure 3). SAXS data 

demonstrated that an inverted hexagonal phase was adopted 

in both modified and non-modified lipoplexes (Figure 4). 

The position of the scattering peaks and the correspond-

ing unit cell spacing (a=4π/√3 q
10

) (where q
10

 is the first 

Bragg peak) were at q
10

=0.097, q
11

=0.167 and q
20

=0.193 

corresponding to the inverted hexagonal structure with the 

ratio of 1:√3:√440 and a unit cell spacing a=74.796 Å for 

the deferoxamine-modified lipoplexes, similar to the non-

modified lipoplexes at q
10

=0.098, q
11

=0.168 and q
20

=0.195 

corresponding to a unit cell spacing a=74.033 Å. Thus, 

modification with deferoxamine did not change the overall 

gemini surfactant organization in the nanoparticles signifi-

cantly, as we expected.

89Zr labeling and stability of gemini 
surfactants and nanoparticles
On the basis of the ITLC and the HPLC results (Figure S3), 

the labeling efficiency in case of 89Zr-labeled surfactant 

was greater than 95% (98.6%±2.4% ITLC, 96.5%±1.3% 

HPLC) and in case of 89Zr-labeled lipoplex nanoparticles was 

95.2%±3.4%; therefore, further purification of the complexes 

was not necessary.

Under the same reaction conditions, labeling efficiency 

was not detectable by non-modified gemini surfactant and 

non-modified nanoparticles. The maximum specific activ-

ity of the deferoxamine-modified gemini surfactant was 

5 MBq/µg. Specific activity of the 2.5%, 5%, 7.5% and 

10% deferoxamine-modified nanoparticles was 19.7±3.5 

MBq/mg, 34.4±5.5 MBq/mg 54.8±3.8 MBq/mg and 78.8±9.4 

MBq/mg, respectively.

Table 1 Formulation and physicochemical properties of parent 
(LNP_0) and deferoxamine modified (LNP_2.5-LNP_10) lipoplex 
nanoparticles

Formulation ID Size (nm) PDI Zeta potential (mV)

1: LNP_0 (0%) 115±5 0.168 29.5±0.7

2: LNP_2.5 (2.5%) 116±3 0.197 31.3±0.9

3: LNP_5 (5%) 116±2 0.172 33.1±0.7

4: LNP_7.5 (7.5%) 111±3 0.161 32.8±0.4

5: LNP_10 (10%) 114±4 0.170 31.3±0.3

Note: Size and zeta potential values represent the mean ± SD.
Abbreviation: PDI, polydispersity index.

Figure 3 TEM images of (A) non-modified and (B) deferoxamine-modified lipoplex nanoparticles (LNP).
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mouse serum and to 92.6%±3.3% in PBS. Similarly, the 

RCP of 89Zr-labeled lipoplex nanoparticles decreased from 

95.26% to 94.21% and 92.64% in serum and PBS, respec-

tively (Figure 5).

Determination of gene expression and 
cell viability
The influence of the amount of modified gemini surfactants in 

nanoparticle formulation on the gene expression and cell via-

bility was investigated in A375 humane melanoma cells. The 

level of expressed IFN-γ in case of non-modified nanopar-

ticles was the highest of 1,202±148 pg/103 cells. The modified 

formulations showed slightly lower efficiency of 925±116 pg, 

944±352 pg, 936±158 pg and 896±280 pg of IFN-γ/103 

A375 cells for the 2.5%, 5%, 7.5% and 10% replacement 

with modified gemini surfactants, respectively (Figure 6A). 

However, no significant difference (P,0.05) between the 

transfection efficiency of the standard non-modified and 

deferoxamine-modified formulations was observed. The 

viability of A375 cells treated with non-modified nanopar-

ticle was 83%±18% of the non-treated cells (Figure 6B). 

Incorporation of 2.5%–10% deferoxamine-modified gemini 

Figure 4 SAXS scattering profile of deferoxamine-modified and non-modified 
lipoplex nanoparticles (LNP).

Figure 5 Stability testing of 89Zr-labeled gemini surfactant (A) and 89Zr-labeled lipoplex nanoparticles (LNP) (B) in mouse serum and PBS during the 72 hours at 37°C. 
Note: Error bars present SD, n=4.

The dissociation of 89Zr from radiolabeled gemini sur-

factants and nanoparticles in mouse serum and PBS was 

evaluated by ITLC. Over a 72 hour period, there was no sig-

nificant loss of 89Zr (formation of free 89Zr) from 89Zr-labeled 

surfactant and 89Zr-labeled lipoplex nanoparticles in serum 

or PBS. In both serum and PBS, the RCP of 89Zr-labeled 

surfactant decreased from 95.2%±3.4%–94.2%±2.9% in 
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surfactant did not alter cell viability, remaining in the accept-

able range of 84%–89%, indicating no significant change 

between the cell viability of non-modified and deferoxamine-

modified nanoparticle formulations.

Pharmacokinetics and biodistribution
Pharmacokinetics of 89Zr-labeled gemini surfactant 

and 89Zr-labeled lipoplex nanoparticles was studied in 

healthy athymic CD-1 nude mice. There was an overall 

significant difference (P,0.05) in the pharmacokinetic 

parameters of the 89Zr-labeled nanoparticles. Notably, the 

half-life of the nanoparticles (t
1/2

=10.1±0.4 hours) was sig-

nificantly higher compared with the 89Zr-labeled surfactant 

(t
1/2

=1.3±0.1 hours). Similarly, the AUC was significantly 

larger for the nanoparticles (AUC =561%±135% IA/

mL×hours) vs the labeled surfactant (AUC =148%±87% IA/

mL×hours). Conversely, the Vd of the surfactant alone (Vd 

=39.3±12.3 mL) was larger compared with the lipoplexes 

(Vd =2.0±0.7 mL), while the CL of 89Zr-labeled lipoplex of 

CL =0.18±0.04 mL/h was markedly lower compared with 

the 89Zr-labeled surfactant of CL =1.23±0.85 mL/h (Figure 7,  

Table 2).

Furthermore, quantitative whole organ biodistribution 

data obtained from automatic γ-counter analysis are shown 

in Table 3. The highest accumulation of radiolabeled nano-

particles was found in the liver (33.87%±2.20% IA/g) and 

spleen (24.76±11.34) at 72 hours post injection. The liver 

accumulation of 89Zr-LNP was 5.49±1.29, 21.59±1.95, 

19.40±4.87 and 33.87%±2.20% IA/g the spleen accumula-

tion of 89Zr-LNP was 6.59±0.96, 9.01±0.42, 14.76±1.52 

and 24.76%±11.34% IA/g at 6, 24, 48 and 72 hours post 

injection, respectively. The liver and the spleen uptake 

showed similar increasing trend from 6 to 72 hours post 

injection. The 89Zr-LNP accumulation in the additional 

specified organs was under 5% IA/g and showed decreas-

ing trend during the 72 hours. The highest accumulation 

was found in the liver (20.75%±5.35% IA/g at 72 hours) 

and spleen (29.54%±2.41% IA/g at 6 hours) also in case 

of radiolabeled surfactant; however, there was no trend 

and significant differences in the liver and spleen uptake 

through the 72 hours post injection. The kidney uptake of 
89Zr-Surfactant was 2.42±0.23, 1.86±0.22, 1.87±0.20 and 

1.34%±0.16% IA/g and statistically significantly higher 

(P,0.05) than the 89Zr-LNP at 6, 24, 48 and 72 hours post 

injection, respectively.

PET imaging and tumor accumulation
PET imaging shows similar pattern to the biodistribution 

studies assessed by gamma counting (Figure 8). 89Zr-labeled 

gemini surfactant shows early accumulation in the kidneys 

and bladder (Figure 8A), while there is a more diffuse 

distribution of the radiotracer in the animals treated with 
89Zr-labeled lipoplex nanoparticles at 2 hours (Figure 8B). 

At later time points (24–72 hour), both gemini surfactant 

and lipoplex nanoparticles show accumulation in the liver. 

Tumor uptake (Figure 8, areas marked by red circles on the 

tomographs) of the lipoplexes was higher compared with 

γ

Figure 6 Gene expression (A) and cell viability (B) of A375 cells treated with non-modified and deferoxamine-modified lipoplex nanoparticles (LNP).
Note: Error bars present SD, n=6 per treatment group.

Figure 7 Blood clearance of 89Zr-labeled surfactant and 89Zr-labeled lipoplex 
nanoparticles (LNP) in healthy athymic CD-1 nude mice.
Note: Error bars present SD, n=4 per group.
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the gemini surfactant. Quantitatively, tumor uptake was 

determined using PMOD software (Figure 9). At 2 hours post 

injection, tumor uptake was significantly higher (P,0.05) 

for the 89Zr-lipoplex nanoparticles (3.48% IA/cc) compared 

with the gemini surfactant (2.08% IA/cc). At later time points, 

tumor uptake of 89Zr-lipoplex nanoparticles remained higher 

than for 89Zr-gemini surfactant even though the difference 

was not significant.

Discussion
In this present study, we have modified our gemini surfactant-

based DNA delivery nanoparticles with deferoxamine to 

chelate 89Zr for PET imaging. We selected deferoxamine 

as previous studies showed that labeling nanoparticles and 

antibodies with 89Zr could be effectively performed with 

high specific activity using this chelator.41 Seo et al initially 

introduced 89Zr labeling with deferoxamine, which forms a 

thiourea during the coupling reaction.23 In our case, deferox-

amine was conjugated to a primary amine of the 12-7NGK-12 

surfactant using conventional conjugation protocol at 

pH 8.5.42 The specific chemical properties of the deferox-

amine and primary amines on the gemini surfactants makes 

this conjugation a robust and reproducible methodology. This 

successful conjugation will be the basis of future labeling of 

gemini surfactants and could be expanded to other similar 

cationic surfactants in order to create a tool for monitoring 

their biodistribution by PET.

We demonstrated in earlier studies that substitutions on 

the gemini surfactants modified their physicochemical prop-

erties (eg, particle size, zeta potential and critical micellar 

concentration) compared with the first-generation gemini 

surfactants, and led to a significant increase in their biological 

effect, namely gene expression efficiency, without increase 

in toxicity.32,35 As the deferoxamine might also affect the 

assembly of the nanoparticles, we compared the behavior 

of the original parent nanoparticles with the newly created 

deferoxamine-modified nanoparticles aiming for conserva-

tion of their properties after modification. We did not find 

significant size difference between the non-modified and 

deferoxamine-modified lipoplex nanoparticle formulations 

(Table 1). The ratio of deferoxamine-modified gemini sur-

factants did not change the hydrodynamic size of lipoplex 

particles. The average size of all formulations remained 

100–120 nm, optimal for endocytotic internalization by the 

cells.43 There was no difference between the zeta potential of 

the non-modified and deferoxamine-modified nanoparticles, 

indicating that modification did not affect the positive surface 

charge on the particles that is necessary for the interaction 

with the negatively charged surface of mammalian cells facil-

itating endocytosis.44 The values of approximately +30 mV 

also indicates that both non-modified and deferoxamine-

modified systems are colloidally stable, an important factor in 

pharmaceutical formulation development.45 Electron micros-

copy images also support the uniform mono-modal particle 

Table 2 Pharmacokinetic parameters of 89Zr-labeled LNP and 89Zr-labeled gemini surfactant

Formulation ID t1/2 (h) AUC (% IA/mL X h) Vd (mL) CL (mL/h)
89Zr-LNP 10.1±0.4 561±135 2.0±0.7 0.18±0.04
89Zr-gemini surfactant 1.3±0.1 148±87 39.3±12.3 1.23±0.85

Abbreviations: AUC, area under the curve; CL, clearance; LNP, lipoplex nanoparticles.

Table 3 Normal tissue uptake in healthy athymic CD-1 nude mice 6, 24, 48 and 72 hours after intravenous injection

Tissue 89Zr-lipoplex nanoparticles (LNP) 89Zr-gemini surfactant

6 hours 24 hours 48 hours 72 hours 6 hours 24 hours 48 hours 72 hours

Small intestine 1.31±0.36 0.32±0.05 0.32±0.14 0.14±0.03 0.35±0.10 0.17±0.02 0.13±0.02 0.12±0.03

Heart 1.85±0.22 0.97±0.20 0.63±0.12 0.31±0.08 0.25±0.08 0.18±0.04 0.16±0.02 0.10±0.03

Kidney 1.56±0.27 1.63±0.31 1.51±0.37 0.95±0.08 2.42±0.23 1.86±0.22 1.87±0.20 1.34±0.16

Liver 5.49±1.29 21.59±1.95 19.40±4.87 33.87±2.20 19.99±0.54 14.76±2.99 15.88±1.89 20.75±5.34

Lung 2.80±0.50 4.52±0.89 2.67±0.93 1.07±0.07 3.22±1.24 1.69±0.75 2.17±1.46 0.94±0.36

Muscle 0.78±0.23 0.36±0.14 0.18±0.04 0.21±0.01 0.16±0.01 0.08±0.01 0.08±0.01 0.08±0.02

Spleen 6.59±0.96 9.01±0.41 14.76±1.52 24.76±11.34 29.54±2.41 25.00±4.44 29.28±5.67 23.83±12.26

Stomach 0.79±0.25 0.26±0.04 0.15±0.05 0.18±0.03 0.18±0.03 0.07±0.04 0.05±0.03 0.07±0.02

Note: Unit is % IA/g.
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Figure 8 Positron-emission tomographs of representative animals at 2, 24, 48 and 72 hours post injection of (A) 89Zr-gemini surfactant and (B) 89Zr-lipoplex nanoparticles 
(LNP) tumor position was identified on the computed tompgraphic scan and red circles indicate the area of the tumor.

distribution (ie, no aggregation of the nanoparticles) and the 

similar morphology of the non-modified and deferoxamine-

modified lipoplexes (Figure 3). The inverted hexagonal phase 

is known to be responsible for high transfection efficiency 

of lipid-based nanoparticles due to the ability of this kind 

of assembly to facilitate the fusion of the nanoparticles with 

the cell membrane and cytoplasmic release of the DNA into 

the cytosol.46 Recently, we demonstrated that the shape of 
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the gemini surfactant molecule plays an important role in 

the overall structural organization of the nanoparticles in the 

presence of helper lipid DOPE. Variations between the ratios 

of the hydrophilic headgroup and hydrophobic tail area of the 

gemini surfactants can lead to changes in structural organiza-

tion, a factor that, in our estimation, is critical, a determinant 

of the transfection efficiency.47 Thus, for this study, it was 

important to ascertain that this structural organization is 

maintained after modification of the nanoparticles.

In addition to the stability of the nanoparticles formulated 

with deferoxamine-modified surfactants, the complexation 

with the radioactive element, 89Zr might also pose challenges. 

Using the isotonic condition during 89Zr complexation was 

important to retain the stability of the nanoparticles. This 

procedure resulted in a stable and highly efficient labeling for 

both deferoxamine-modified surfactants and deferoxamine-

modified nanoparticles, similar to other 89Zr complexation 

studies.42,48 Thus, this labeling strategy is suitable for 

performing further in vitro and in vivo investigations.

While there are several in vitro stability tests of 89Zr-

labeled monoclonal antibodies and nanoparticles in the 

literature, there are no reports to our knowledge on labeling 

and using cationic gemini surfactants. Perk et al investigated 

the stability of 89Zr-labeled monoclonal antibodies (89Zr-

deferoxamine-mAbs) in serum at 37°C. It was found that the 

loss of 89Zr from 89Zr-deferoxamine-mAbs was less than 4% 

at 72 hours and was less than 4.7% after a 7-day incubation 

period.42 Keliher et al tested 89Zr-labeled dextran nanopar-

ticles (89Zr-DNPs) and found that the nanoparticles did not 

show any sign of degradation at 36°C in PBS.49 Furthermore, 

stability of 89Zr-labeled liposome was evaluated in serum at 

37°C for 48 hours by Seo et al.23 The results showed less 

than 3% loss of 89Zr over the 48 hours. Using similar experi-

mental design, we monitored the stability of the 89Zr-labeled 

surfactant and 89Zr-labeled nanoparticles for 72 hours in order 

to match the timeframe with the hypothesized residence of the 

nanoparticles in the body. Our stability tests for the gemini 

surfactants showed promising outcome as there was no 89Zr 

loss during the 72 hours evaluation in mouse serum and PBS. 

The nanoparticles stability showed a minimal loss of 89Zr 

from the lipoplexes. The 89Zr loss from nanoparticles was less 

than 3% from PBS and even lower at 2% from biologically 

relevant medium, mouse serum (Figure 5). These results 

demonstrate that the self-assembling gemini nanoparticles 

are stable complexes and do not lose their structural integ-

rity in the presence of serum, an important factor to con-

sider for intravenous administration. As mentioned earlier, 

modification of the structure could lead to the alteration of the 

biological activity and safety of the lipoplex nanoparticles. 

The deferoxamine-modifications did not cause significant 

changes in the biological activity, as observed by the levels 

of gene expression, and cell viability, compared with the 

non-modified nanoparticles (Figure 6). We hypothesized that 

the similarity in the physicochemical properties and in vitro 

efficiency and toxicity between the deferoxamine-modified 

and parent nanoparticles gives us a good prediction that their 

in vivo behavior will also be similar.

For diagnostic and image-guided drug delivery applica-

tions, it is necessary that the nanoparticles are stable in vivo 

and the radiolabels remain associated with the nanoparticles 

in the circulation. Here, we investigated the pharmacokinetics 

parameters and biodistribution of 89Zr-labeled gemini surfac-

tant and 89Zr-labeled nanoparticles after intravenous injection 

to mice. The differences in pharmacokinetic parameters 

were as expected: the 89Zr-labeled nanoparticles had a higher 

plasma half-life and lower CL compared with the 89Zr-labeled 

surfactant (Figure 7, Table 2), namely, a sevenfold lower 

plasma half-life and expressively higher CL. Wang et al 

investigated the pharmacokinetics of 111In/177Lu-liposome 

in BALB/c mice. It was found that the half-lives of 100 nm 

sized 111In- and 177Lu-liposomes in blood were 10.2 and 

11.5 hours, respectively.50 Seo et al evaluated the CL of 89Zr-

labeled liposomes with a size of 120 nm from blood, and the 

image-based pharmacokinetic study showed the half-life of 
89Zr-labeled liposomes was 13.3 hours.23 The 10-hour plasma 

half-life of the gemini nanoparticles indicates that nanopar-

ticles remained intact in the blood. This long circulation time 

permits these nanoparticles to spend sufficient time in the 

blood stream to accumulate in the tumor.51

In addition to the blood CL, the biodistribution data 

were also investigated. Several biodistribution studies of 

radiolabeled liposomes can be found in the recent literature. 

Figure 9 Tumor accumulation of the 89Zr-gemini surfactant and 89Zr-lipoplex 
nanoparticles (LNP) by microPET/CT.
Notes: The values for % IA/cc are decay-corrected from PET/computed tomographic 
images. Error bars present SD, n=4 per group. *P,0.05.
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However, there are few studies with 89Zr-labeled nano-

particles and no studies on gemini surfactants. Kang et al 

evaluated the biodistribution of 64Cu-labeled liposomes in 

mice. MicroPET imaging and ex vivo tissue distribution 

analyses showed high radioactivity accumulation in the 

liver and spleen.52 van der Geest et al found that the highest 

accumulation of the 111In-labeled liposome was in the liver 

and spleen53 and Seo et al also found that the higher residual 

radioactivity of the 89Zr-labeled liposome was in the spleen 

and liver.23 Similar to the liposomes, the 89Zr-labeled gemini 

surfactant-based lipoplex nanoparticles also accumulated in 

spleen and liver. The uptake of the nanoparticles in the liver 

and the spleen showed increasing tendency from 6 to 72 

hours post injection compared with the other organs, which 

showed decreasing trend in nanoparticles uptake. For 89Zr-

labeled surfactant, the liver and the spleen initially displayed 

a relatively high accumulation at 6 hours post injection with 

minimal changes through 72 hours post injection. On the 

basis of the images, the 89Zr-labeled lipoplex nanoparticles 

exhibited an overall lower accumulation in the liver compared 

with the 89Zr-labeled surfactant, which might be an advantage 

of the lipid-based nanoparticles. These outcomes support the 

pharmacokinetic data, namely that the 89Zr-labeled lipoplex 

nanoparticles spend long time in the blood while the 89Zr-

labeled surfactant eliminate fast from the blood compartment 

(Table 3). The reason for the high nanoparticle uptake in the 

liver and spleen is that the liver and the spleen play a central 

role in the removal of foreign particles from the circulation, 

mainly via Kupffer cells and spleen macrophages.54–56 The 

hepatobiliary system of the liver represents the primary route 

of excretion for particles. Furthermore, spleen macrophages 

are also activated in addition to liver Kupffer cells. Con-

versely, small molecules are cleared from the body through 

the kidney as we observed in the case of our gemini sur-

factants.55 The fact that nanoparticles showed significantly 

higher liver accumulation, while the free surfactant showed 

higher kidney accumulation suggests that gemini surfactant 

and the nanoparticles had different route of metabolism. The 

low-level 89Zr-labeled nanoparticles in the lung indicate that 

the nanoparticles remained dispersed and not aggregated 

in the blood. When the size of the injected nanoparticles 

is larger than 1 µm or the size of the injected nanoparticles 

increases to this value after the injection, high lung accumula-

tion can be seen.57,58 Furthermore, the absence of a bimodal 

CL (ie, fast CL of the gemini surfactants released from the 

nanoparticles followed by the second CL peak of the intact 

nanoparticles) also indicates that the nanoparticles do not 

disintegrate in the blood. While the concept of enhanced 

tumor uptake of non-targeted nanoparticles, attributed to 

the EPR effect, is controversial and amounts to less than 

1% of the administered dose were taken by the tumor,59 our 

nanoparticles showed a 3% tumor accumulation as early 

as 2 hours after administration. Similar tumor localization 

was found by Lee et al when chemotherapeutic drugs were 

encapsulated in liposomal delivery systems.60

Similarly, porphyrin-based liposomes showed 

4%–7% ID/cc tumor uptake, depending on the type of 

cells injected to generate the orthotropic cancer model.61 

Nevertheless, these findings are the basis of further devel-

opment and optimization of gemini surfactant-based gene 

delivery nanoparticles for cancer therapy. As conjugation of 

targeting vectors might improve accumulation of the nano-

particles in tumors, our next efforts focus on evaluation of 

targeted lipoplexes. The structural versatility of the gemini 

surfactants provided us with the opportunity to chemically 

attach peptides that target overexpressed surface ligands 

on melanoma cells. We found that incorporation of 10% of 

peptide-conjugated gemini surfactants into the nanoparticle 

formulation (similar to the formulation used in this study) 

improved reporter gene expression significantly.62

Conclusion
In this study, 89Zr-labeled lipoplex nanoparticles were 

successfully produced and tested in vitro and in vivo. We 

identified that the replacement of the peptide-modified 

gemini surfactant with the deferoxamine-modified surfac-

tant did not influence the physicochemical properties and 

biological activity of the gene delivery nanosystems. We 

demonstrated that the nanoparticles spend sufficient time in 

the blood stream, thus might promote tumor accumulation in 

cancer models. Future studies in tumor-bearing animals will 

probe this hypothesis. The lipoplex nanoparticles maintain 

structural integrity without shedding the radioactive label 

of gemini surfactants and their pharmacokinetic profile 

renders them applicable as potential theranostic or image-

guided therapeutic agents. Our ability to monitor the tumor 

uptake of the nanoparticles in real time using PET imaging 

will increase our capacity to screen and optimize the gemini 

surfactant-based gene delivery nanoparticles. Overall, the 

outcome of our study indicates that 89Zr-labeled DNA 

delivery nanosystems could become an attractive nanoplat-

form for cancer diagnosis and therapy.
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Supplementary materials

Figure S1 HPLC chromatogram of the deferoxamine-modified gemini surfactant detected with absorbance detector at 254 nm. (Using Agilent 1200 series HPLC system).

Figure S2 (A) NMR 12-7NGK-Deferoxamine-12 of (B) mass spectrum of 12-7NGK-Deferoxamine-12. Found mass: 731.5338 [M]2+/2 m/z: calculated mass: 731.5232.
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Figure S3 HPLC chromatogram of 89Zr labeled gemini surfactant detected with absorbance detector at 254 nm (A) and Radio-HPLC Detector (B). (Using Waters 2796 
HPLC System). N.B. free 89Zr was eluted with the solvent.
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