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Abstract

Polymeric near-infrared (NIR) fluorescent nanocapsules were developed, of which the 

fluorescence exhibited reversible response to local thermal/pH modulation. Our strategy was to 

use polymeric micelles made of temperature-sensitive Pluronic F-127 to encapsulate an 

amphiphilic NIR fluorescent dye—indocyanine green (ICG)—within the core and then cross-link 

the micelle corona by pH-sensitive poly(ethylenimine) (PEI). The size swelling/shrinking property 

of the micelles induced by temperature decrease/increase was used as a switch to control the 

fluorescence yield of the nanocapsules. It was found that the fluorescence yield significantly 

increased with the increase in temperature. The PEI cross-link made the fluorescence yield also 

sensitive to local pH change and enhanced intracellular delivery of the nanocapsules as well. 

Preliminary results suggest the NIR fluorescent probes could be potentially used as a contrast 

agent sensitive to local environment for translational optical imaging/sensing.

Graphical abstract

INTRODUCTION

Optical molecular imaging technology has emerged as a powerful tool for early disease 

detection, cell tracking, drug screening, and monitoring of various physiological activities in 

a noninvasive fashion, and fluorescent dyes as contrast agents are the integral part of this 

emerging imaging technology.1 Polymer-conjugated fluorescent dyes, of which the 

fluorescence properties are sensitive to local stimuli such as temperature and pH changes, 
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have received significant attention.2–5 Most of those environmentally sensitive probes are in 

the visible spectral range, and one associated challenge is the strong interference from the 

background tissue autofluorescence when used for tissue imaging/sensing.6,7 It is well-

known that near-infrared (NIR) cyanine dyes with excitation/emission spectra within the 

“optical window” of biological tissues (i.e., 700–1000 nm) have much reduced interference 

from tissue autofluorescence. In addition, NIR fluorescent dyes can also provide deep 

imaging/sensing penetration depth due to the reduced optical attenuation of biological 

tissues in the NIR wavelength range.8–10 In principle, NIR dyes can be made sensitive to 

local temperature or pH, e.g., by incorporating temperature or pH-sensitive compounds into 

the cyanine molecular framework.11 However, this approach is often rather complex since it 

requires a precise choice of functional groups and a feasible synthetic methodology.12 Here 

we report a novel and general yet simple method to develop an NIR fluorescent probe that 

exhibits reversible sensitivity to both thermal and pH modulation. The probe is based on 

temperature-sensitive Pluronic nanocapsules with an NIR dye (indocyanine green, ICG) 

loaded in the hydrophobic core and poly(ethylenimine) polymers cross-linked in the 

hydrophilic corona. It was found that the fluorescence yield of ICG could be tuned by 

changing the hydrophobicity of the nanocapsules following local temperature or pH 

modulation.

ICG is a water-soluble, amphiphilic tricarbocyanine dye with the adsorption and emission 

maxima around 780 and 810 nm, respectively.13,14 Up to date, ICG is the only NIR 

fluorescent dye approved by the United States Food and Drug Administration (FDA) for 

routine clinical use,15,16 for example, for visualizing blood and clearance, studying liver 

function, and recently for guiding biopsies.17–19 However, the use of ICG for imaging 

applications is limited by several drawbacks of ICG such as aqueous, photo, and thermal 

instability and nonspecific binding with serum proteins.20,21 Recently, we have 

demonstrated that some of the drawbacks, particularly the aqueous and thermal instability of 

ICG, can be overcome by encapsulating ICG molecules with polymeric micelles.22,23 It has 

also been shown that the amphiphilic property of ICG induces aggregation in an aqueous 

solution, resulting in a reduced quantum yield due to self-quenching.16,24 Considering 

aggregation and fluorescence yield of an amphiphilic molecule (such as ICG) is dependent 

on solvent polarity,25,26 it is anticipated that the change of the hydrophobicity/hydrophilicity 

of the micelle interior could potentially induce a change in ICG fluorescence yield.

In this report we chose Pluronic F-127 micelle to encapsulate ICG. Pluronic F-127 is an 

amphiphilic triblock copolymer composed of poly(ethylene oxide) [PEO]–poly(propylene 

oxide) [PPO]–poly(ethylene oxide) [PEO] which can self-assemble into micelle in aqueous 

solution with a hydrophobic core and hydrophilic corona.27 The micelle and gel formation 

of Pluronic copolymers in aqueous solution has been extensively investigated. Because of 

the block architecture and lower critical solution temperature (LCST) of PEO and PPO, 

aqueous solution of Pluronic micelle exhibits temperature sensitivity. As temperature rises, 

the hydrophobicity of the PPO and PEO segments on the Pluronic polymer increases, which 

leads to the packing of more PPO segments in the core of the micelle, expulsion of more 

water from the core, and shrinkage of the PEO segment in the corona of the micelle; 

therefore, the overall size of the micelle decreases.28–30 As a consequence, the fluorescence 

yield of ICG encapsulated within the micelle becomes sensitive to temperature. To make the 
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nanocapsules sensitive to local pH, poly(ethylenimine) (PEI), which contains abundant 

amino groups and exhibits pH-dependent property (such as deprotonation at higher pH),31,32 

is used to cross-link the corona of the ICG-loaded micelles. The cross-link can also improve 

micelle stability, which will be particularly useful for future in vivo optical imaging/sensing 

applications. In addition, the PEI cross-link can also significantly enhance intracellular 

delivery of the micellar nanocapsules considering PEI is the most commonly used cationic 

polymer for gene delivery.33,34 In the present study, we investigated the fluorescence 

characteristics of the micellar ICG nanocapsules and demonstrated their reversible 

responsiveness to local thermal and pH modulation. To the best of our knowledge, this is the 

first report of a stable, reversible NIR fluorescent probe that is responsive to both local 

temperature and pH modulation.

EXPERIMENTAL METHODS

Materials

Pluronic F-127 (PEO100–PPO65–PEO100, average MW ~12 600) was obtained from BASF 

Corp. (Mount Olive, NJ). ICG, poly(ethylenimine) (MW ~ 2000, 50% solution in water), 

and p-nitrophenyl chloroformate (p-NPC) were purchased from Sigma-Aldrich Corp. (St. 

Louis, MO). Dulbecco’s modified Eagle’s medium (DMEM), streptomycin/penicillin, 

trypsin, fetal bovine serum (FBS), and all other cell culture supplements were purchased 

from Invitrogen (Carlsbad, CA). All chemical reagents used in this study were analytical 

grade.

Activation of Pluronic F-127 for Cross-Linking Micelles with PEI

The hydroxyl groups of Pluronic F-127 were activated by p-NPC to prepare amine-reactive 

Pluronic F-127.35,36 Pluronic F-127 was first completely dried in vacuum overnight. 2 g of 

Pluronic F-127 was then dissolved in 6 mL of anhydrous benzene and slowly added to a 

stirred 6 mL solution of anhydrous benzene containing p-NPC (192 mg) in a dropwise 

manner. The reaction proceeded at room temperature with gentle stirring under nitrogen 

purge for 3 h, and the product was precipitated three times in ice-cold diethyl ether and then 

dried under vacuum.

Preparation of ICG Encapsulation with Activated Pluronic Micelles

A solvent evaporation method was employed to encapsulate ICG into the activated Pluronic 

micelles. Briefly, a 1 mM solution of ICG was prepared in chloroform, and then the ICG 

solution was added dropwise to a 2% activated Pluronic solution (pH ~ 6.0) under stirring to 

achieve a final ICG concentration of 50 μM. The chloroform was removed by evaporation 

with ICG partitioning into the core of the micelles. Free ICG molecules were removed by 

using cellulose centrifuge filters (MWCO 10 kDa, Millipore, Billerica, MA), and the 

remaining ICG-loaded micelle solution was rinsed two times with deionized water (pH ~ 

6.0). Rinsed micelles were concentrated in 200 μL of DI water (pH ~ 6.0).

PEI Cross-Linking of ICG-Loaded Micelles

200 μL of aqueous solution of ICG-loaded micelles was added dropwise to 2 mL aqueous 

solution of PEI (0.5% w/v at pH ~ 9.0). The reaction proceeded at room temperature with 
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gentle stirring for 3 h. The byproduct was removed using cellulose centrifuge filters 

(MWCO 10 kDa, Millipore, Billerica, MA), and the remaining PEI cross-linked ICG/micelle 

solution was rinsed three times using deionized water and the final volume of the ICG–

micelle solution was kept at 1 mL.

ICG Concentration Assay

50 μL of the above ICG–micelle solution was added to 950 μL of dimethyl sulfoxide 

(DMSO), resulting in complete disassembling of the micelles and release of the 

encapsulated ICG molecules. A solution of 50 μL of DI water plus 950 μL of DMSO was 

used as blank. The equivalent ICG concentration of the ICG–micelle solution was 

determined by comparing the absorbance of the (dissolved) ICG–micelle DSMO solution at 

794 nm to a standard absorption curve of free ICG in the same solution. All measurements 

were performed in triplicate.

Particle Size and Zeta Potential Measurements

The effective (or hydrodynamic) diameter and zeta potential of the ICG-Pluronic/PEI 

micelles were measured using a dynamic light scattering (DLS) instrument (ZetaPlus, 

Brookhaven Instrument Co., Holtsville, NY) at a wavelength of 632 nm and a 90° detection 

angle. The concentration of the micelles was 0.5% in water (pH ~ 7.2), and the temperature 

was controlled at 22–40 °C. The measurements were carried out in triplicate.

Transmission Electron Microscopy (TEM) Imaging of ICG Micellar Nanocapsules

For TEM imaging, 0.5% (w/v) ICG nanocapsule solutions were pre-equilibrated at 22, 28, 

34, and 40 °C. One drop of each solution was deposited onto a 300 mesh Formvar/carbon 

coated copper grid and dried at 22, 28, 34, and 40 °C, and then the samples were stained for 

1 min with 1 drop of 2% (w/v) uranyl acetate solution. Negatively stained samples were 

imaged with a Philips F20 transmission electron microscope.

ICG Fluorescence Measurements under Temperature and pH Modulation

The temperature dependence of the fluorescence yield of ICG-Pluronic/PEI micelles was 

determined by measuring the variation of the fluorescence intensity of a given ICG micellar 

solution using Fluorolog-3 spectrofluorometer (Jobin Yvon) which was equipped with a 

temperature controller. The monochromator-based spectrofluorometer offered a spectral 

resolution better than 0.5 nm and thus enabled effective separation of the ICG emission 

spectrum (with a peak around 810 nm) from the excitation light (780 nm). The ICG micellar 

solutions were pre-equilibrated at different temperatures (i.e., 22–40 °C) for 30 min before 

the spectrofluorometry measurements. During fluorescence measurements, the sample 

temperature was maintained constant by putting the cuvette in a thermostated fluid with a 

preset digitally controlled temperature. Fluorescence intensities of the ICG micelle solutions 

at various pH values (4, 7, and 10) were acquired at a fixed wavelength (i.e., 810 nm which 

was around the ICG peak emission wavelength). During the measurements, HCl and NaOH 

were used to adjust the solution pH to a desired value, and the fluorescence intensity of the 

sample was measured at different digitally controlled temperature ranging from 22 to 40 °C. 

The pH of the samples was measured by a digital pH meter.
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Test of Intracellular Uptake of ICG–Pluronic/PEI Micelles

Cancer cells (A431) were cultured in DMEM medium with 10% FBS and 1% penicillin/

streptomycin. Cells were seeded at a density of 5 × 105 cells/well over cover glass in a 6-

well plate and cultivated at 37 °C and 5% CO2 in a humidified incubator. After 24 h, the cell 

culture medium in each well was replaced with 2 mL of serum-free DMEM medium plus 

200 μL of ICG–Pluronic/PEI micelle solution (with an ICG dose of ~10 μg) in each well. 

The cells were then incubated for 30 min. As a control, the cells were incubated with a 

solution of ICG–Pluronic micelles (which were not cross-linked with PEI but had the same 

ICG dose). After incubation, the cells were washed three times with PBS prewarmed to 

37 °C. ICG fluorescence images of the cells were then acquired by a microscope (Zeiss 

Axiovert 200) with an ICG filter set (49030 ET, Chroma Technology Corp., excitation 

775/50 nm, emission 845/55 nm) and a 20× objective (Zeiss, Ecplan-NEOFLUAR). Images 

were recorded using an EMCCD camera (Andor) with a gain of 200 and an exposure time of 

0.2 s.

In Vitro Cytotoxicity Assay

The in vitro cytotoxicity of PEI cross-linked ICG nanocapsules was investigated by 

performing methyl thialzolyl tetrazolium (MTT) assays on cancer cells (A431). Cells were 

first seeded at a density 5 × 104 cells per well in a 96-well plate. After 24 h of incubation at 

37 °C with 5% CO2 under 100% humidity, the cells were divided into four groups with each 

group incubated with a 200 μL DMEM medium containing PEI cross-linked ICG nano-

capsules at a different concentration (0.01, 0.1, 1, and 10 mg/mL), and each concentration 

was tested in triplicate. After 3 h incubation, MTT aqueous solution (20 μL, 5 mg/mL) was 

added to each well, and the plate was incubated for an additional 2 h. The medium in each 

well was then removed, and 200 μL of DMSO was added to dissolve any purple formazan 

crystals. The absorbance at 570 nm of each well was measured by a microplate reader 

(Tecan Safire2), and the cell viability in each well was directly proportional to the measured 

absorbance. For comparison, the same experiment was repeated, except that cells in this case 

were incubated with ICG nanocapsules instead of PEI cross-linked ICG nanocapsules. Cells 

incubated with standard culture medium were served as control. The cell viability is 

expressed as the percentage of viable cells relative to the survival of the control group.

RESULTS AND DISCUSSION

ICG is a water-soluble and amphiphilic tricarbocyanine NIR dye. It has two hydrophobic 

polycyclic parts and a hydrophilic sulfate group bound to each polycyclic part as shown in 

the inset of Figure 1A. In general, the fluorescence quantum yield of an amphiphilic dye 

(such as ICG) depends on the solvent polarity. Figure 1B shows the fluorescence intensity of 

ICG at a concentration ~1 μg/mL in a solvent (water mixed with DMSO with different 

volume ratios). The ICG fluorescence intensity in 20% DMSO is much higher than in pure 

water. This is mainly because the latter is more hydrophilic and ICG molecules are more 

subjective to aggregation.25,26 Supported by the above observation, we hypothesize that the 

fluorescence yield of ICG encapsulated within the micelles can be tuned by modulating the 

hydrophobicity/hydrophilicity of the micelle core, which in turn can be modulated by local 
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temperature and pH. This forms the basis for developing the thermo/pH-sensitive NIR 

fluorescent probes.

In this study we chose temperature-sensitive Pluronic micelles to encapsulate ICG and then 

cross-linked the corona of the micelles by pH-sensitive polymer–PEI, aiming to develop a 

dual thermo/pH-sensitive fluorescent probe in the NIR wavelength range. Figure 2 illustrates 

the detailed steps to synthesize the fluorescent nanoprobes and structures of the chemicals 

involved. In essence, the terminal hydroxyl groups of Pluronic F-127 were preactivated by p-

nitrophenyl chloroformate (p-NPC) (Figure 2A), and ICG molecules were then encapsulated 

into the micelles made of activated Pluronic F-127 by using a solvent evaporation method 

(Figure 2B). After ICG encapsulation, the poly(ethylenimine) (PEI) polymer which has a 

positively charged amino group was used to cross-link the corona of the micelles and 

achieve sensitivity to local pH (Figure 2C), and the ICG concentration within cross-linked 

micelles was determined by DMSO extraction as described in the Experimental Methods 

section. The absorption curve of the ICG micelles dissolved in the DSMO solution was 

compared with the standard absorption curve of free ICG dissolved in the same solution 

(DSMO) in the concentration range of 0–3.0 μg/mL, and an R2 correlation coefficient of 

0.999 was achieved. The hydrophobicity/hydrophilicity of the micelle interior and the ICG 

fluorescence yield can be then modulated by local temperature/pH variation. Furthermore, 

considering PEI is the most common cationic polymer for gene delivery, the PEI cross-

linkage within the micelle corona can also significantly enhance intracellular delivery of the 

micellar nanocapsules.

The size and the temperature/pH-sensitive swelling/shrinking behavior of the ICG 

nanocapsules were characterized by using dynamic light scattering (DLS) and TEM imaging 

(Figure 3). Figure 3A shows the thermosensitive swelling/shrinking hydrodynamic size of 

the nanoprobes at various temperatures measured by DLS. The size is very sensitive to 

temperature change (22–40 °C), and the hydrodynamic diameter reduces dramatically from 

162 ± 20.5 nm at 22 °C down to 45.6 ± 4.6 nm at 40 °C. The cross-linkage by the positively 

charged PEI on the surface of the nanocapsules makes the surface zeta potential sensitive to 

nanocapsule size and thus to temperature as shown in Figure 3B. The zeta potential greatly 

increases from 6 ± 0.6 mV at 22 °C up to 34 ± 1.4 mV at 40 °C. The reduced size at an 

elevated temperature increases the charge density on the nanocapsule surface, resulting in an 

increase in zeta potential. Temperature-induced size change of the ICG nanocapsules was 

also directly revealed by TEM imaging. Figure 3C shows representative TEM images of 

ICG–Pluronic/PEI nanocapsules pre-equilibrated at different temperature on a 300 mesh 

Formvar/carbon support grid. To improve the image quality, the nanocapsules were stained 

with 1 drop of 2% (w/v) uranyl acetate solution for 1 min. The average sizes of ICG 

nanocapsules at 22, 28, 34, and 40 °C were 155 ± 23, 95 ± 17.4, 69 ± 10.5, and 37 ± 9.8 nm, 

respectively. Increasing the solution temperature from 22 to 40 °C caused the nanocapsule to 

shrink by almost 5-fold. Temperature-dependent micellization and gel formation are two 

most characteristic properties of aqueous Pluronic copolymers solutions. Above the critical 

micellar temperature (CMT), the Pluronic polymer molecules become more lipophilic and 

self-assemble to micelles with hydrophobic PPO groups at the core of the micelle.30 A 

unique property of Pluronics micelles is that its core becomes increasingly hydrophobic with 
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a shrinking size by increasing the temperature, which results in the enhancement of 

fluorescence yield/intensity of the encapsulated ICG.

The changes in fluorescence intensity/yield of the ICG nanocapsules versus temperature and 

pH are shown in Figure 4. In Figure 4A, it is noted that the fluorescence intensity (over the 

emission spectrum of ICG) greatly increased with the increase in temperature at a given pH 

(i.e., 7.0). From 22 to 40 °C, the fluorescence intensity of the ICG nanocapsules at the same 

concentration (~3 μM) was enhanced by about 6 times. As discussed above, ICG is 

amphiphilic molecules, and its fluorescence yield is dependent on solvent polarity. As the 

temperature increases, the size of the ICG micelles decreases and the increased 

hydrophobicity within the micellar core resulted in the enhancement of ICG fluorescence. It 

should be noted that the fluorescence intensity of ICG-Pluronic/PEI micelles exhibited pH-

dependent behavior as well owing to the positively charged amine groups of PEI within the 

micelle corona. The influence of local pH on the ICG nanocapsule fluorescence at the peak 

wavelength around 814 nm is shown in Figure 4B. The detailed fluorescence spectra of the 

nano-capsules versus temperature (22–40 °C) at three different pH values (4.0, 7.0, and 

10.0) are illustrated in Figure S-1 (Supporting Information). The positively charged amine 

groups in the cross-linked corona of the micelles can be neutralized by anions in solution, 

which will influence the micelle core hydrophobicity and thus induces the sensitivity of the 

encapsulated ICG fluorescence yield to local pH. At a high pH (i.e., 10.0), the nanocapsules 

would be more hydrophobic due to deprotonation of the amine groups of PEI in the micelle 

shell, resulting in an increased hydrophobicity in the nano-capsule interior and thus an 

increase in the ICG fluorescence intensity/yield. In comparison, at a low pH (i.e., 4.0), the 

nanocapsules would be more hydrophilic due to protonation of the amine groups in the shell, 

and thus the nanocapsule interior hydrophobicity would decrease, resulting in a decrease in 

the ICG fluorescence intensity/yield.

Our study has also shown that the above response of the nanocapsule fluorescence to local 

temperature and pH modulation is reversible (see Figure 5). These results are consistent with 

the thermoreversible sol–gel transition of the Pluronic F-127 micelles.37 It was found that 

the resulted reversible change of the micelle hydrophobicity accompanies with a reversible 

modulation of the encapsulated ICG fluorescence intensity/yield. During each cycle of 

temperature or pH modulation, the fluorescence could almost come back its previous value, 

and the time to reach an equilibrium was ~30 (~10) min for thermo (pH) modulation.

It has been shown that salt can influence the critical micellization temperature (CMT);38 

thus, it is naturally interesting to assess the performance of the micellar ICG nanocapsules in 

electrolytes at different concentrations. Figure 6 illustrates the change of the ICG 

nanocapsule fluorescence (at a given ICG concentration of ~1 μM) in response to the 

varying medium temperature at different ionic strengths (i.e., different NaCl concentrations). 

At a given temperature, it was found that the fluorescence intensity increased with sodium 

chloride concentration (as shown in Figure 6). The detailed fluorescence spectra of the 

nanocapsules versus temperature (22–40 °C) at different concentrations of sodium chloride 

are illustrated in Figure S-2 of the Supporting Information. The underlying mechanism is 

that salt can change the hydrogen-bonding interactions in water, which decreases the 

interaction of polymer molecules with water. Both the EO and PO blocks of Puronic-127 are 
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dehydrated by the addition of salt in a similar way, which results in a decrease in the critical 

micellization temperature (CMT).38 It is found that the addition of salt favors a more 

compact micellar core, where the water content is decreased and the PO–PO block 

interaction is increased, thus leading to an increase in the hydrophobicity of the nanocapsule 

and consequently an increase in the fluorescence yield of the encapsulated ICG.39

As mentioned previously, PEI is the most commonly used cationic polymer for gene 

delivery. The PEI cross-link in the micelle corona can thus significantly enhance 

intracellular delivery of the micellar nanocapsules. To demonstrate the feasibility of 

enhanced intracellular delivery, A431 cancer cells were incubated with the nanocapsules for 

about 30 min, followed by PBS wash and fluorescence microscopy imaging. Significantly 

enhanced ICG fluorescence was observed from the cells incubated with the PEI cross-linked 

ICG nanocapsules (as shown in Figure 7A) compared with the cells incubated with the ICG 

nanocapsules that did not have PEI cross-linkers (as shown in Figure 7B) under the same 

imaging condition. We noticed in Figure 7A that strong fluorescence signals were detected 

throughout the cytoplasm in some cells, while in other cells strong fluorescence signals were 

only observed around the cell membrane. We suspected in some cells some ICG 

nanocapsules had traversed the cell membrane at the time the fluorescence microscopy 

image was taken, and the cytoplasm thus exhibited strong fluorescence. In other cells, the 

majority ICG nanocapsules might be in the process of going through the membrane when 

the microscopy image was taken, and thus only the cell membranes exhibited strong 

fluorescence. The effective intracellular transfer was facilitated by the highly basic and 

positively charged aliphatic polymers–PEI. The results also suggest that PEI-cross-linked 

ICG–Pluronic nanocapsules can potentially serve as NIR fluorescent contrast agents for 

intracellular imaging and for monitoring intracellular gene/drug delivery (once gene/drug is 

coencapsulated with ICG within the micelles).

Considering the potential cytotoxicity associated with PEI.40,41 In vitro cell viability 

experiments based on MTT assay were performed on A431 cancer cells, and the results are 

shown in Figure S-3. Drastic cell death (e.g., about 50%) was observed after cells were 

incubated with PEI cross-linked ICG nanocapsules at a concentration of 10 mg/mL for 3 h, 

which corresponded to a LD50 value of about 10 mg/mL for the PEI cross-linked ICG 

nanocapsules. In comparison, cells incubated with ICG nanocapsules (10 mg/mL) that did 

not have the PEI cross-linkers exhibited much less cytotoxicity, and the cell viability loss 

was less than 10%. It is also noted that the LD50 of the PEI cross-linked ICG nanocapsules 

is still much higher (i.e., by about 300-fold) than the critical micelle concentration (CMC) of 

the ICG Pluronic F-127 micelles (i.e., 0.035 mg/mL),23 leaving a fairly large concentration 

range for using the PEI cross-linked ICG nanocapsules in vitro and potentially in vivo. 

Nonetheless, for future in vivo applications, it will be desirable to pursue more 

biocompatible polymers (as opposed to PEI) for developing pH/thermo NIR fluorescent 

probes.

CONCLUSIONS

In summary, NIR fluorescent molecular probes based on PEI-cross-linked ICG-loaded 

Pluronic micelles were successfully developed. It has been shown that the ICG nanocapsules 
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are responsive to local thermal/pH modulation in a reversible fashion. The nanocapsules also 

exhibit significant enhancement for intracellular delivery which may be very valuable for 

intracellular optical molecular imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Absorption and emission spectra and molecular structure of ICG (A) and ICG fluorescence 

intensity versus solvent polarity (B), where the ICG concentration was 1 μg/mL.
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Figure 2. 
Steps for engineering ICG-loaded Pluronic micellar nanocapsules that are cross-linked by 

PEI polymers. Molecular structures are also shown in this figure for the chemicals involved 

in engineering the polymeric ICG nanocapsules.
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Figure 3. 
Size and zeta potential of ICG–Pluronic/PEI nanocapsules measured by DLS (A) and a zeta 

potential analyzer (B) over a temperature range of 22–40 °C and TEM images of the 

nanocapsules at different temperatures (C).
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Figure 4. 
ICG nanocapsule fluorescence intensity versus temperature at a given pH (i.e., 7.0) (A) and 

fluorescence intensity versus pH at a given temperature (i.e., 22 °C) (B) in aqueous solution. 

cps: counts per second.
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Figure 5. 
Reversible response of the ICG nanocapsule fluorescence to temperature (A) and pH (B) 

modulation in aqueous solution. For temperature modulation in (A), the pH was kept at 7.0. 

For pH modulation in (B), the temperature was kept at 22 °C. It took about 30 min to reach 

equilibrium during thermal modulation and about 10 min during pH modulation.
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Figure 6. 
Fluorescence response of the ICG nanocapsules to the change in medium temperature at 

different ionic strengths.
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Figure 7. 
ICG fluorescence images of A431 cells after incubation with PEI-cross-linked ICG 

nanocapsules (A) and ICG nanocapsules without PEI cross-linkers (B) for 30 min with an 

ICG concentration of 5 μg/mL. After washing with PBS three times, fluorescence 

microscopy images of the cells were acquired by a microscope (Zeiss Axiovert 200) with an 

ICG filter set (49030 ET, Chroma Technology Corp., excitation 775/50 nm, emission 845/55 

nm) and a 20× objective (Zeiss, Ecplan-NEOFLUAR). Images were recorded using an 

EMCCD camera (Andor) with a gain of 200 and an exposure time of 0.2 s.
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