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biodistribution studies of NIR dyes and related compounds.29,30 

In the case of blood samples, immediately after collection, 

the samples were centrifuged two times for 3 minutes at 

12,000  rpm, to extract plasma. Plasma samples were then 

incubated in DMSO (1:50 [plasma:DMSO]) in glass vials 

covered with aluminum foil for 30 minutes and centrifuged 

again. The resulting supernatant was used to perform spectro-

fluorometric measurements of dye concentration in plasma, 

using a previously created calibration curve of IR820 or ICG 

in DMSO at 785 nm excitation.

For organ samples in the 24-hour groups, organs were 

carefully dissected and placed in black-coated Petri dishes 

for imaging. Fluorescent organs were then cut into small 

pieces using a scalpel, placed in preweighed glass vials, 

and homogenized. Then, 5 mL of DMSO was added for dye 

extraction. Samples were incubated in DMSO for 4 hours 

and centrifuged at 9,000 rpm for 15 minutes. The super-

natant was used to perform spectrofluorometric measure-

ments of dye content, using a previously created calibration 

curve of IR820 or ICG in DMSO at 785 nm excitation. 

To report the data, organ dye content was normalized to 

organ mass.

Pharmacokinetic analysis of plasma data
Dye concentration in plasma obtained from spectrofluo-

rometer measurements was averaged for each group, and 

the average concentration for each time point was entered 

into MATLAB. The initial concentration (concentration at 

injection) for an average 25 g mouse was estimated to be 

approximately 4 µg dye/mL in plasma. Using the Curve 

Fitting Tool in MATLAB, average data points at 0, 15, 30, 

60 minutes, and 24 hours were fit to biexponential curves 

via a least squares algorithm to represent a two-compartment 

model. The resulting biexponential fit equations were used 

to determine the half-lives of distribution and elimination, 

the area under the pharmacokinetic curve (AUC), the mean 

plasma residence time, and the clearance rate. The mean 

residence time in plasma, t
p
, is the average time spent by 

the agent of interest in plasma, and is given, in its simplest 

expression, by:

	
Mean plasma 
residence time

Area under curve
Initial co
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The total body clearance rate (ie, volume of agent cleared 

from the body per unit time) is given by:

	 Total body clearance rate
Dose

Area under curve
�� � (2)

Based on the preceding calculations, we compared the 

IRPDcov, IR820, and ICG pharmacokinetic parameters, 

using one-way ANOVA (P0.05) followed by Bonferroni 

post hoc test.

Results and discussion
Characterization of IRPDcov
IRPDcov size and morphology were characterized using 

TEM, which showed nearly spherical, uniformly distrib-

uted nanoconjugates of approximately 150 nm diameter 

(Figure 2). The zeta potential of IRPDcov was -0.4±0.3 mV 

due to charge neutralization during formulation. The 

nanoconjugates are soluble in aqueous solution, and PEG-

mediated steric repulsion assists in preventing the formation 

of aggregates.
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Figure 2 TEM images of IRPDcov.
Abbreviations: IRPDcov, covalent conjugates of IR820 and PEG-diamine; PEG, polyethylene glycol; TEM, transmission electron microscopy.
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Particle yield was 74% for a 6kDa PEG-diamine formula-

tion. Samples of IRPDcov in deuterated methanol were also 

analyzed by 1H NMR, which confirmed conjugate formation. 

The conjugate 1H NMR spectrum contained peaks contrib-

uted both from IR820 and PEG-diamine, which suggested 

that we had indeed prepared the conjugate. Any unreacted 

IR820 would have been removed during the dialysis process, 

so the presence of aromatic peaks (in the region between 

7 and 9 ppm) indicated that both IR820 and PEG-diamine 

were present in the conjugated structure. Additionally, the 

spectrum of the conjugate showed an upfield proton shift in 

the 7.5–8.5 ppm area compared with the spectrum of free 

IR820. This is likely explained by the fact that conjugation 

replaces the electron-withdrawing chlorine group in IR820 

with an electron-releasing amine group from PEG-diamine, 

and indicates that the covalent linkage between IR820 and 

PEG-diamine was successful. IRPDcov fluorescent dye 

content was determined by spectrofluorometry to be approxi-

mately 0.113 mg IR820/mg IRPDcov.

Absorbance studies
The ultraviolet (UV)-visible spectra of IR820, PEG-diamine, 

and IRPDcov are shown in Figure 3. Concentrations of 

PEG-diamine and IR820 were chosen based on molar ratios 

used in the formulation of the nanocomplexes, and IRPDcov 

concentration was chosen to approximately match the concen-

tration of the IR820 solution, given the previously estimated 

dye content (0.113 mg IR820/mg IRPDcov). IRPDcov dis-

played a bathochromic main absorption peak shift compared 

with IR820 (IRPDcov λ
max

 =702 nm, IR820 λ
max

 =688 nm) as 

well as a shift in the secondary absorption peak (located at 

836 nm for IRPDcov versus 815 nm for IR820). These shifts 

can be attributed to the formation of an extended π system by 

the conjugation process. There was also an overall broadening 

of the spectral profile. Increased absorption and scattering 

within the environment of the nanoconjugate may explain 

the spectral observations. There were no peaks above 0.01 

AU between 200 and 900 nm for PEG-diamine at 24 μg/mL. 

The free-dye spectrum showed a maximum peak at 688 nm, 

with almost the same absorption intensity as the IRPDcov 

solution, confirming our dye content determination.

Fluorescence properties of IRPDcov  
and fluorescence stability studies
A representative fluorescence emission spectrum of IRPDcov 

after 785 nm excitation is shown in Figure 4, along with the 
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Figure 3 Absorption spectra of IR820 (solid black), IRPDcov (dashed black), and PEG-diamine (gray) in deionized water.
Abbreviations: IRPDcov, covalent conjugates of IR820 and PEG-diamine; PEG, polyethylene glycol; AU, absorbance units.

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


International Journal of Nanomedicine 2014:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4638

Fernandez-Fernandez et al

corresponding profile for IR820 at comparable dye content. 

After 785 nm excitation, the peak emission for IRPDcov was 

located at 822 nm, with fluorescence intensity 6% smaller 

than IR820. The slight reduction in fluorescence intensity 

may have been due to increased scattering within the struc-

ture or to secondary self-absorption due to the presence of 

the 836 nm absorption peak. IRPDcov and IR820 solutions 

in buffer were measured up to 72 hours after preparation, to 

determine the percent remaining fluorescent intensity com-

pared with baseline. Samples were kept at 4°C, in the dark. 

The decrease in fluorescence from baseline after 72 hours was 

significantly lower for IRPDcov (39.9% decrease) compared 

with IR820 (80% decrease) (P0.05). This indicates that 

covalent conjugation provides significant stabilization to 

the dye, likely as a result of increased rigidity of the IR820 

molecule from its incorporation into the nanoconjugate lat-

tice, which would reduce intermolecular IR820 aggregation. 

PEG-mediated steric hindrance may also have played a role 

in preventing aggregation of IR820 molecules and the sub-

sequent degradation process. The enhanced preservation of 

fluorescence properties also indicates that the conjugate was 

stable as formulated for at least 72 hours, based on the large 

differences in fluorescence observed between the conjugate 

and free-dye samples after that time period.

Cellular imaging
Figure 5 shows fluorescence microscopy images of Dx5, 

SKOV-3, and MES-SA cell lines after 4 hours incubation 

at 5 μM concentration of IR820 and IRPDcov at equivalent 

dye content. This concentration was chosen based on our 

previous cellular studies with IR820. In all three cell lines, 

intense fluorescence was observed inside the cells after 

4-hour incubation with IR820 or IRPDcov, indicating that 

both the free dye and the nanoconjugates were capable of 

entering the cells. However, the images taken after IRPDcov 

incubation showed higher normalized intensity ratios than 
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Figure 4 Fluorescence spectra of IR820 and IRPDcov in phosphate-buffered saline.
Abbreviations: IRPDcov, covalent conjugates of IR820 and PEG-diamine; PEG, polyethylene glycol.
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