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1 Introduction

Indocyanine green (ICG) is a tricarbocyanine dye that absorbs
and fluoresces in the near-IR (NIR) wavelength regionl’2 (650
to 850 nm). It is used extensively in clinical settings to mea-
sure cardiac output and plasma volume, image choroidal
structure, and assess liver function.>* The minimal toxicity
and vascular retention of ICG have motivated investigations
into its utility for diagnostic purposes and a variety of thera-
peutic applications including photodynamic therapy, tissue
As water and most in-
trinsic biomolecules within tissue do not absorb strongly meric  form  at
within the NIR range,15 optical targeting of exogenously ad-
ministered ICG may enable the selective treatment of deeper
tissue structures. Our previous studies have demonstrated that
ICG is a useful exogenous chromophore for laser-mediated
destruction of blood vessels within rabbit earlobes as a model

welding, and photothermal therapy.s’14

system for hypervascular lesions. '

After a bolus injection, the concentration of ICG within the
bloodstream drops at an exponential rate, with a half time (7)
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ranging between 2 and 4 min. ICG binds readily to plasma
proteins and is rapidly excreted to bile."!” The inability to
localize freely dissolved ICG to a desired target and its rela-
tively short retention time within the target limits its potential
for diagnostic and therapeutic applications. Moreover, ICG
effectiveness is hindered by its molecular instability, which
causes'™" its optical properties to vary with factors such as
concentration, temperature, solvent medium, and pH.

The absorbance spectrum of ICG varies considerably with
concentration. ICG molecules in solution remain in mono-
concentrations below  approximately
400 pg/ml, and the absorbance spectrum shows a peak be-
tween 780 and 810 nm, depending on the solvent medium.'®
At higher concentrations, ICG forms dimers and oligomers,
resulting in a new, lower absorbance peak between 680 and
730 nm, again dependent on the solvent medium. At even
higher concentrations (greater than 1.2 mg/ml), ICG is prone
to J-aggregation, a process in which the molecules self-
organize over time into a highly aggregated, thread-like ar-
rangement. The presence of J-aggregates results””?' in in-
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ICG is known to undergo a variety of physicochemical
transformations in aqueous media. It degrades over time
through the formation of leucoforms, a molecular species with
less conjugation, resulting in diminished absorbance in the IR
range, discoloration, and a shift in peak absorbance.'#?%?! The
degradation process occurs more readily in response to light
exposure or elevated temperatures.22

In an effort to overcome the drawbacks faced with freely
dissolved ICG, researchers are currently investigating tech-
niques to encapsulate ICG into nanometer-sized carrier
par“[icles.ZS"25 Encapsulation within these nanoparticles has the
potential to modulate the circulation kinetics of drugs, and by
functionalizing the particle surface, therapeutic agents could
be localized to targeted locations in the body. Researchers
have reported on the use of ICG encapsulated in oil-water
emulsion particles as a chromophore for photothermal
h621ting.23’24 Other investigators have encapsulated ICG at
lower concentrations (1 ug/ml) in biocompatible poly (b,
r-lactide-co-glycolide) (PLGA) nanoparticles for fluorescence
contrast imaging.25

We have previously reported%’27 on the synthesis and char-
acterization of nanoparticle-assembled capsules (NACs) con-
taining ICG. With particle diameters less than 1000 nm, the
NACs contain a polymer-matrix core consisting of positively
charged polymer molecules, poly-(allylamine hydrochloride)
(PAH), bridged by negatively charged multivalent phosphate
salt molecules. A coating of 13-nm silica nanoparticles sur-
rounded the core. Through charge interactions, ICG molecules
are embedded within the polymer-salt matrix core and
through the capsule surface. When compared to other encap-
sulation methods, the NACs offer the advantage of easy syn-
thesis process, size controllability, and encapsulation effi-
ciency.

Incorporating ICG into the NAC delivery capsules gives
rise to a potentially localizable photothermal absorbing sys-
tem suitable for laser heating of abnormal tissue structures
such as superficial tumors. In this study, we incorporate ICG
into a modified version of the NAC capsule system in which
the silica nanoparticle coating is replaced by dextran polymer,
allowing for increased biocompatibility and
functionalization.”® Our capsule diameters range between 400
and 800 nm, smaller than the diameter range of microcap-
sules (>1000 nm) and yet larger than the range of particles
conventionally referred to as nanoparticles (<100 nm). Con-
sequently, we employ the term “mesocapsule” (MC) to refer
to these dextran capsules to reflect their intermediate diameter
range. The dextran outer coating and polymer-salt matrix core
in our MC system limit the ability of the ICG molecules to
interact with plasma proteins, and therefore could potentially
slow down the excretion kinetics from the vasculature. We
envision that the MC system can be used to accumulate ICG
at the targeted location. On subsequent exposure to high pH or
temperature, the MCs can be disassembled, liberating ICG
within the microenvironment of the target. We focus on deter-
mining how encapsulating ICG within MCs can influence the
sensitivity of ICG to temperature and light exposure. Specifi-
cally, absorbance measurements were recorded on (1) ICG
released from disassembled MCs and (2) freely dissolved ICG
to assess how encapsulation affected the absorbance spec-
trum. The degradation kinetics of both systems at different
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temperatures and when exposed to intense broadband light
and different temperatures were evaluated.

2 Materials and Methods
2.1 MC Preparation

ICG was purchased in powder form under the product name
Cardiogreen from Sigma. Stock solutions of 500 ug/ml were
prepared by dissolving the powder form into sterile, triple-
distilled water, covered with foil, and refrigerated at 3°C to
minimize degradation.

ICG-containing MCs were prepared using a simple three-
step process. The initial step involved the development of a
spherical polymer-salt matrix by lightly mixing 0.5 ml poly-
(allyamine hydrochloride) (PAH, 2 mg/ml in deionized H,O,
4°C) with 3 ml disodium phosphate (Na,HPO,, 0.01 M,
pH=7.4,4°C) for 10 s in a 15-ml centrifuge tube. Through
ionic crosslinking, a cationic polymer-salt aggregate was
formed between the positively charged PAH polymers and the
HPOZ2 anions. The ratio of total negative charge of the added
salt to the total positive charge of the polymer, denoted as the
R ratio, was 6, satisfying the necessary conditions for aggre-
gate formation.”*?’

The second step followed immediately after aggregate for-
mation. The aggregate suspension was mixed with aqueous
ICG solution (0.5 mg/ml, 1.5 ml) for 30 s. By electrostatic
attraction and hydrophobic interaction, the negatively charged
ICG molecules penetrated into the aggregates. By adding a
more dilute solution of ICG (0.1 mg/ml, 1.5 ml) in, a batch
of MCs containing less ICG was also prepared for the light
exposure studies. These MCs with less ICG were compared
with a diluted preparation of ICG solution. In the final step, an
additional 0.5 ml of dextran polymer (40 kDa, purchased
from Aldrich, 2 mg/ml in H,O) was added to the mixture and
mixed for 30 s. The dextran molecules formed a coating
around the surface of the aggregate through electrostatic in-
teraction and H-bonding. The capsules were allowed to age
for 2 h, at which point they were centrifuged at 7000 rpm for
30 min and resuspended in 6.5 ml phosphate-buffered saline
(PBS) by sonication. The process was repeated twice to re-
move excess precursors. The resultant MCs remained sus-
pended in PBS, with pH close to physiological levels in blood
(pH=7.4), for the duration of the experiments.

For comparison with the MCs, ICG aqueous solution was
made by diluting the 500 ug/ml ICG stock solution with
sterile PBS. A concentration of 50 wg/ml was chosen to
match the ICG concentration contained in the MC suspen-
sions. More dilute ICG solution was made to match the ICG
concentration in the less concentrated MC preparations by
further diluting down to 10 ug/ml.

2.2 Absorbance Spectroscopy

Absorbance measurements were taken from 400 to 900 nm
using a spectrophotometer (Shimadzu UV-2401PC) equipped
with a tungsten excitation lamp. For each absorbance reading,
500 ul of sample was extracted and placed in an Eppendorf
tube. Immediately before taking the absorbance measurement,
50 ul of 1 M NaOH was added to each sample to increase
the pH. Increasing the pH served two purposes. Earlier ex-
periments revealed that, at a higher pH (pH>11), the MCs
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lost their integrity and ICG was liberated back into solution.
Disassembling the capsules eliminated the effect of Mie scat-
tering by the submicrometer-diameter MCs. Additionally, it
was found that the nonlinear relationship between ICG con-
centration and its absorbance spectrum, which results from
ICG’s tendency to form molecular aggregates at higher con-
centrations, was eliminated over a wide concentration range at
higher pH (unpublished results). After adding NaOH, 500 ul
of the sample was removed and further diluted in 2.5 ml of
PBS in a disposable cuvette. PBS was used as a reference for
all absorbance measurements. Stability of ICG at high pH was
also assessed. Preparations of ICG in PBS at high pH (pH
>11) and concentrations ranging from 5 to 50 ug/ml were
stored in the dark at room temperature. Absorbance profiles of
these samples were recorded at r=0, 20, 40, and 60 min. No
differences in the absorbance profiles were observed up to 1 h
after preparation. By taking a standard curve, the relationship
between peak absorbance value and ICG concentration was
found to be linear over the range of concentrations used in
this study, from 1.25 to 25 pug/ml.

2.3 Calculation of Encapsulation Efficiency

To measure the encapsulation efficiency (7) of ICG within
the MCs, a standard absorbance profile was created from the
peak absorbance values of several samples of freshly dis-
solved ICG in PBS at different concentrations. The mass of
ICG encapsulated within the MCs was determined by measur-
ing the absorbance value of supernatants and disintegrated
MCs and relating the measurements to their corresponding
ICG concentrations. It was assumed that the ICG monomers
did not degrade during the ICG-MC synthesis. We determined

n as

: total mass of ICG in MCs
~ total mass of ICG utilized in synthesis

n 100% . (1)

2.4 Size Analysis and Morphology Characterization

Particle size analysis was conducted using brightfield and
fluorescence  microscopy. Small volumes of MCs
(<100 ul) suspended in PBS were pipetted onto a glass slide
and covered with a coverslip. Scanning electron microscopy
was used to characterize the MC morphology.

2.5 Light Sensitivity

Effect of light exposure on ICG absorbance characteristics
was analyzed for MCs containing ICG and freely dissolved
ICG at room temperature. Preparations were pipetted into
35-mm Petri dishes (5 ml per trial) placed 28 cm directly
beneath a broadband 250-W tungsten lamp (Lowel Prolite).
Optical power was measured using a Coherent Lasermate 10
power meter with thermal power head. Using an adjustable
iris and a collimating lens, the entire dish was illuminated at a
uniform intensity of 56 mW/cm?. With this intensity and ex-
posure duration, the total energy delivered is comparable to
light doses used for photothermal therapy.29 At various time
points for up to 2 h, 500 ul was withdrawn from the Petri
dish and the absorbance spectrum was recorded. The tempera-

Journal of Biomedical Optics

064031-3

ture of the sample was monitored using a thermometer and
never exceeded 28°C. Each experiment was conducted in
triplicate.

2.6 Temperature Sensitivity

Preparations of freely dissolved ICG and MCs were aliquotted
into microcentrifuge tubes (500 ul per tube) and remained
covered in foil. The samples were either refrigerated at 3°C,
maintained at room temperature 22°C, or incubated in a wa-
ter bath at 40°C. Every 24 h, the absorbance spectra for the
preparations were recorded and analyzed for up to 96 h. The
different temperatures were used to investigate the influence
of temperature on the optical stability of ICG. Specifically,
incubation at 40°C for several days was used to simulate
physiological conditions experienced by nanoparticles as they
accumulate at a targeted tumor site following a bolus injec-
tion. To determine whether ICG escaped from the MCs over
the course of our experiments, the capsules were centrifuged
and resuspended in PBS. The absorbance profiles were re-
corded for both the MCs and the supernatant. Three samples
were used for each time point.

2.7 Absorbance Calculations

Alterations in absorbance spectra are a measure of the
changes in the concentration of nondegraded ICG molecules
as a function of time (z) and wavelength (\). We use equa-
tions reported by Holzer et al. to quantitatively express:

absy(N) = coeg(N)1, (2)

abs(7,\) = (cg — cg)eoN) 1+ cie,(N)L, 3)

where absy(\) and abs(z,\) represent the absorbance values
immediately after synthesis (1=0) and after elapsed time f,
respectively, ¢, represents the initial concentration (mol L)
of nondegraded ICG molecules, ¢, represents the concentra-
tion (mol L™!) of degraded molecules, gy(\) and &,(\) are
the, respective, molar absorptivity (L mol~! cm™) of nonde-
graded and degraded ICG, and [/ (in centimeters) represents
the path length of the sample.18 From these relationships, the
parameter {(7,\) is derived to represent the percent change
between the initial and final absorbance spectrum:

L) = absy(\) — abs(z,\) B c_d( es\)

absy\)  co\ g\

The ratio provides a means to evaluate which molecular spe-
cies, monomers, dimers, or other aggregates within the ICG
solutions are most sensitive to light exposure. It is assumed
that the degraded molecules have minimal absorption near the
monomeric and dimeric peaks of nondegraded ICG
molecules'®? [g,4(\) =0, A=780 and 680 nm, respectively].

ICG is useful for various diagnostic and therapeutic appli-
cations in its native, monomeric state. Therefore, we are in-
terested in characterizing the potential spectral changes in the
absorption peak of ICG monomers at 780 nm that may result
from external physical stimuli such as temperature and in-
tense, broadband light exposure, and define the parameter

&(1) as

) Y
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Fig. 1 SEM Image of dextran-coated MCs. Capsules had a spherical
conformation and ranged in diameter from 400 to 800 nm.

5(1) = abs(z,\ =780 nm) 100 % )
" abs(r=0,\ =780 nm) o

2.8 Degradation Kinetics

The change in absorbance over time was used to determine
the kinetics of ICG degradation. As the peak absorbance value
was linearly proportional to the ICG concentration within the
concentration range used in this study, the decrease in absor-
bance peak over time was assumed to reflect the physico-
chemical transformations of ICG molecules. The degradation
processes were assumed to occur in a single step, and degree
of linear fits was used to determine the relationship between
the degradation rate and the concentration of ICG. Linear fits
for ¢(¢)~" versus time, log;o| ¢(1)| versus time, and for ¢(r)
versus time, were calculated to determine whether the rate of
ICG monomer degradation was independent of ICG concen-
tration (zero order), directly proportional to ICG concentra-
tion (first order), or proportional to the square of ICG concen-
tration (second order). The reaction order that yielded the best
correlation coefficient was considered to be the approximate
order.

3 Results
3.1 MC Morphology

Figure 1 shows a scanning electron microscopy (SEM) image
of the dextran-coated MCs. The MCs are roughly spherical,
and ranged from 400 to 800 nm in diameter. Brightfield and
fluorescence microscopy verified that the MCs did not aggre-
gate appreciably in aqueous solution.

3.2 Encapsulation Efficiency and ICG Release
Kinetics

Freshly prepared MCs were disintegrated with NaOH, and #
was evaluated by comparing the peak absorbance values to a
standard curve for ICG dissolved in PBS. Our earlier experi-
ments revealed that 7 depends largely on the initial ICG con-
centration and volume utilized in the MC synthesis process.
The ICG concentration and volume used for these studies was
selected to optimize 7, which was determined to range be-
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Fig. 2 Influence of broadband light exposure on, &(t), normalized
monomeric peak absorbance abs(\=780 nm) of freely dissolved ICG
(left) and MCs (right) under different exposure conditions. Freely dis-
solved ICG and ICG within MCs experienced similar amounts of mo-
nomeric degradation at 50 ug/ml. At a more dilute concentration
(10 ug/ml), ICG monomers within MCs were more stable, while
monomers in freely dissolved ICG degraded much more significantly.

tween 48 and 85%. Other experiments showed that when not
encapsulated as MCs, PAH, phosphate, and dextran in solu-
tion had negligible influence on the absorbance profile of
ICG.

The amount of ICG released from the MCs over the course
of our studies was determined by absorbance measurements
of the supernatants from preparations stored in dark at 3, 22,
and 40°C over 2 or 4 days. In the case of MCs stored at 3 and
at 22°C, the ICG concentration within the supernatants did
not exceed 3% of the initial ICG concentration within the
capsules. At 40°C, the supernatant concentration did not ex-
ceed 7.5% of the initial capsule concentration. These results
suggest that more than 90% of ICG did not escape from the
MCs over the course of our experiments. ICG leakage was not
considered in the light sensitivity and temperature sensitivity
studies. The ICG molecules remain trapped within the aggre-
gate core by electrostatic interaction, and moreover, any
change in the absorbance profile at later time points were
attributable to the instability of the ICG molecules.

3.3 Light Sensitivity

Figure 2 shows the normalized change in monomeric peak
absorbance value, ¢(f), for both MCs and freely dissolved
ICG in the dark when irradiated with broadband light for vari-
ous exposure durations. At a concentration of 50 ug/ml,
freely dissolved ICG was found to degrade significantly in
response to broadband light exposure over the course of 2 h.
MCs containing a comparable amount of ICG were found to
degrade by a similar amount.

As the profiles of ¢() versus ¢ yielded the greatest corre-
lation coefficients, the rate of degradation for peak absor-
bance, and therefore the degradation rate for nondegraded
monomeric ICG, followed first-order kinetics. The rate con-
stants were determined by the slope of the linear fits and are
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Table 1 Calculated degradation rate constants for freely dissolved
ICG and MCs in response to broadband light exposure; all constants
have units of inverse minutes.

Influence of Light Exposure and Concentration
on ICG Monomer Degradation Rate Constants

ICG MCs
50 ug/ml k=0.0055 k=0.0067
R?=0.9776 R?=0.9683
10 ug/ml k=0.0142 k=0.0042
R?=0.9928 R?=0.9718
50 ug/ml k=0.0008 k=0.0008
(no light exposure) R?=0.9429 R?=0.5372

provided in Table 1. Interestingly, the degradation rate con-
stants are dramatically different for more dilute preparations
(20% of the original concentration) that were irradiated with
the same light exposure conditions. When compared to the
typical ICG concentrations utilized for this study, the values
in Table 1 reveal that the peak absorption value decreases
much further for a dilute solution of freely dissolved ICG,
with a degradation rate constant nearly 3 times higher than
that of the typical solution. This is consistent with previous
reports that demonstrate ICG’s increased sensitivity to light
exposure at lower concentrations.'® Conversely, a more dilute
suspension of MCs demonstrates greater photostability than
the more concentrated preparations of MCs and freely dis-
solved ICG, evident by a more gradual slope. The results
suggest that the protection of ICG from photodegradation pro-
vided by encapsulation within MCs is concentration depen-
dent, with more dilute capsule preparations allowing greater
stability.

Figure 3 shows the (=120 min,\) profiles for samples
that were exposed to broadband light for 120 minutes, the
maximum exposure duration. We present results for the wave-
length region between 600 and 850 nm, as the absorbance
outside this region was essentially negligible both before and
after light exposure. In all cases, near maximal change in { is
found at the monomeric peak, A=780 nm, indicative of the
monomers’ sensitivity to light-induced degradation. In the
case of freely dissolved ICG at 50 wg/ml, the (¢
=120 min,\) profile exhibits negative values at wavelengths
greater than A=820 nm, suggesting that light exposure for
120 min resulted in increased molar extinction coefficient &
in this wavelength region. Other investigators have also
reported'® increased absorbance at wavelengths greater than
A=780 nm in response to laser light exposure for nearly 1 h.
As it is assumed that the degraded ICG molecules have mini-
mal absorbance at the monomeric and dimeric peak for non-
degraded ICG, the values of {(A=780) and {(A=680) can be
regarded as the fraction of ICG monomers and dimers that
degraded over the course of the experiment, respectively. Ap-
proximately 83% of the monomers of the freely dissolved
ICG in the dilute solution (10 wg/ml) degraded, while
roughly 50% of the monomers of the freely dissolved ICG
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Fig. 3 Spectral absorbance ratio {(t,\) at 2 h of broadband light ex-
posure for freely dissolved ICG (left) and MCs. Freely dissolved ICG
degraded more readily at the more dilute concentration (10 ug/ml)
while the converse was observed in MCs.

and MCs degraded 50 wg/ml concentrations. In the case of
the dilute suspension of MCs, 30% of the monomers degraded
when exposed to light for 120 min. The freely dissolved ICG
samples exhibited dramatic change at the monomeric peak in
comparison to the dimeric peak. The flatter profiles of the
ICG-MCs suggest that ICG monomers, aggregates, and other
oligomer forms of the molecule exhibit comparable sensitivity
to light induced degradation.

The {(¢,\) values at (r=48 min, A\=680 nm) for freely
dissolved ICG at concentration of 50 ug/ml shows that ap-
proximately 20% of the dimers degraded, whereas nearly 70%
of dimers degraded in the case of freely dissolved ICG at
concentration of 10 wg/ml. The degradation of the mono-
meric and dimeric molecules resulted in discoloration of
freely dissolved ICG at both concentrations. This discolora-
tion was not as pronounced within the MC suspension. For
the dilute (10 wg/ml) MC suspension, only 26% of the
dimers degraded, whereas 54% degraded in the MC suspen-
sion 50 pg/ml samples.

3.4 Temperature Sensitivity

To evaluate how encapsulation of ICG within MCs affects
ICG sensitivity to temperature, preparations of MCs and
freely dissolved ICG at concentration of 50 wg/ml were in-
cubated in the dark at 3, 22, and 40°C for up to 96 h. Figure
4 displays ¢(z) at various times for both systems at the three
temperatures. In all cases, the correlation coefficients were
<0.8, suggesting that the degradation kinetics did not suitably
follow zero-, first-, or second-order trends. Nevertheless, the
best-fit profiles for first-order kinetics are included in the fig-
ures. Freely dissolved ICG is far more vulnerable to thermal
degradation than the ICG within the MCs, as the monomeric
peak absorbance decreased by less than 10% for the MCs
stored at 40°C after 48 h. Freely dissolved ICG also experi-
enced noticeable degradation at 22 and 3°C, whereas virtu-
ally no degradation occurred for MCs stored at these tempera-
tures over the course of the experiments.
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Fig. 4 Influence of temperature on normalized peak absorbance ¢(t)
of freely dissolved ICG and MCs.

Figure 5 shows the normalized initial and final absorbance
spectra of both freely dissolved ICG and ICG-MCs at
50 pg/ml incubated at 40°C for 48 h. The spectra are nor-
malized by the initial monomeric peak value abs(r=0,\
=780 nm). The spectrum for freely dissolved ICG changed
dramatically, exhibiting substantially reduced absorbance and
broadening at the peak values as well as the emergence of a
new, small peak near 850 nm. However, the overall spectrum
for the MCs retained the same shape, while the peak values
diminished slightly. Similar, but less pronounced, changes in
the monomeric and dimeric peaks were observed for the ab-
sorbance spectra of freely dissolved ICG incubated at 22 and
3°C, while the spectra for the ICG encapsulated in MCs had
little change.

Figure 6 shows {(r=48 h,\) at three different tempera-
tures. All of the spectra display large negative values in the

-

rFreely Dissolved ICG & 1 1tMCs s
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Fig. 5 Absorbance spectra normalized to the monomeric peak (A
=780 nm) at t=0 for both freely dissolved ICG and MCs at 48 h of
incubation at 40°C. Baseline profiles prior to incubation at 40°C are
also presented for comparison.
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Fig. 6 Spectral absorbance ratios for freely dissolved ICG and MCs,
{(t,N), at 48 h of incubation at different temperatures.

NIR region (A>800 nm). This might be attributable to the
increase in absorbance over time that results from the first
stages of J-aggregation. Reports have shown that, at room
temperatures, J-aggregation of ICG molecules in solution
does not set in for several weeks.?’ However, because the
initial absorbance in this region is so low (< 1), even a slight
change is emphasized, i.e., normalizing by abs, (\)<1
yields a more pronounced value for {(z,\). With increasing
temperature, ICG solution is more prone to degradation, as
indicated by the higher values for {(\). The maximal change
for freely dissolved ICG occurs at the monomeric peak (A
=780 nm), indicating that the monomers degraded by 13, 25,
and 42% when stored at 3, 22, and 40°C, respectively. ICG
dimers also experience noticeable degradation, by as much as
12, 19, and 20% after being stored at 3, 22, and 40°C, re-
spectively. The high values near A=680 nm indicate the deg-
radation of dimers, although the actual local maximum occurs
closer to 705 nm.

For the MCs, the maximal change in absorbance occurs
around the dimeric peak in the samples stored at 3 and 22°C.
The negative (=48 h,A=680 nm) values of —13 and —15%
suggest that more dimers are present after incubation at 22
and 3°C, respectively. At these temperatures, a slight nega-
tive change is also observed at the monomeric peak, however,
the change is negligible and most likely a consequence of
experimental error. For the sample stored at 40°C, the wave-
lengths at which there is the most pronounced change in ab-
sorbance occurs between 620 and 640 nm, with a steady de-
cline in sensitivity at higher wavelengths. At all three
temperatures, {(\) is significantly lower for the MCs than for
freely dissolved ICG stored under the same conditions. At all
temperatures, less than 7% of the ICG monomers located
within the MCs underwent degradation.

4 Discussion

Dextran-coated electrostatically assembled MCs with diam-
eters ranging from 400 to 800 nm and containing ICG were
synthesized with 7 ranging between 48 and 85%. Synthesis
parameters were selected to yield MCs with maximal 7 val-
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ues and smallest capsule diameter. Both 7 and MC diameter
depend largely on the initial ICG concentration and volume
utilized in the synthesis process. Adding smaller amounts of
concentrated ICG solution resulted in clumping of the poly-
mer cores and therefore influenced the size of the MCs, while
adding large volumes of more dilute ICG solution influenced
the R ratio of positive polymer to dissociated salt anions and
resulted in smaller cores. The polymer aggregate core of the
complex has a finite number of positive charges for ICG to
bind to, which establishes a maximal limit for the number of
ICG molecules that can be incorporated into each capsule.

Encapsulating ICG molecules within MCs enables protec-
tion of the molecules from light-induced degradation only un-
der certain conditions. The photostability of the complexes is
dependent on their concentration. ICG monomers within the
MCs remain resistant to degradation when the MCs are sus-
pended in a larger volume of liquid (i.e., less dilute suspen-
sion of MCs). This is in contrast to freely dissolved ICG,
whose stability decreases drastically in more dilute solutions.

Our results show that entrapment within the MCs effec-
tively protects ICG monomers from thermal degradation. The
exposure to high temperatures causes a significant reduction
in the absorbance of freely dissolved ICG at its monomeric
and dimeric peaks, indicative of their degradation. At each
temperature tested, the absorbance profile for the capsules at
the final time shows a slight increase in absorbance at wave-
length range from A =800 to 900 nm, as seen for T=40°C in
Fig. 5. This could possibly indicate the temperature-
independent onset of a molecular transformation such as
J-aggregation within the MCs. Figure 6 also shows that a third
constituent is prone to thermally induced changes for freely
dissolved ICG stored at room temperature or warmer condi-
tions. The molecule, which absorbs light between A =600 to
650 nm, is most likely a more aggregated oligomer or possi-
bly an unstable leucoform. The molecule is either not present
in the ICG solution stored at 4°C, or it does not undergo any
changes at this colder temperature. These phenomena must be
further investigated. In Figs. 3 and 5, the large decrease of
{(¢,\) in the IR region (A >780 nm) for ICG solution reflect
an increase in the absorbance value within this wavelength
region. This could have emerged through charge transfer with
ambient O, molecules, or it could indicate the formation of
other photoproducts or aggregates that absorb light in the
long-wavelength range.

Photodegradation comes about from the electronic excita-
tion of ICG molecules to a higher singlet or triplet energy
state. The change in energy states can lead to a change in
conformational state of the molecules, vibrational excitation,
or slight heat generation from nonradiative relaxation. Any of
these effects can lead to the formation of destructive radical
species. Thermally mediated molecular degradation is attrib-
utable to the increased likelihood of vibrational and transla-
tional agitation, which also increases the prospect of radical
formation or the diffusion of intrinsic solvent radicals within
the solvent to vulnerable molecular sites.”

From our thermal stability results, it can be reasoned that,
when encapsulated within the complexes, the mobility of ICG
is significantly hindered by its charge interactions within the
polymer-salt core. The electrostatic attraction immobilizes the
molecules sufficiently enough to render them invulnerable to
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random changes in vibrational and translational states that oc-
cur at elevated temperatures. However, when the ICG mol-
ecules absorb photons of light, the excited molecule has suf-
ficient energy to overcome the immobilizing electrostatic
effect, and altered vibrational state and subsequent radical for-
mation within the molecules can ensue. While, the effect of
concentration on photostability must be further investigated,
we presume that the effect could be explained by the density
of ICG molecules and the amount of destructive radicals gen-
erated in response to light. In a more concentrated collection
of capsules, the excited ICG molecules are more densely
packed, and radicals generated from photo-excited molecules
will have a more pronounced effect on nearby ICG molecules.
A greater population of excited ICG molecules undergoing
nonradiative relaxation also leads to a larger rise in tempera-
ture, which would more likely degrade the neighboring, vul-
nerable photoexcited ICG molecules. The same effect would
not be found in more concentrated solutions of freely dis-
solved ICG, as they are more likely to produce aggregates and
oligomers with different absorbance peaks.

The discoloration and diminished absorbance of ICG at its
NIR peak is attributable in part to fragmentation of molecules,
but it is primarily the result of loss of conjugated double
bonds within molecules that otherwise remain intact. Encap-
sulation within MCs reduces the likelihood of these molecular
changes by immobilizing the molecules through electrostatic
attraction to the positive charges distributed throughout the
core.

As the absorbance properties of ICG are not adversely af-
fected through encapsulation within the MCs, the dextran-
coated MCs containing ICG could be useful for photothermal
therapy. The MCs can be used to overcome drawbacks that
limit the ICG therapeutic abilities, including rapid clearance
from the bloodstream and its inability to be localized. By
functionalizing the dextran surface with site-specific antibod-
ies, the MCs could provide an efficient means to deliver and
localize ICG to targeted therapeutic sites such as tumors.

5 Conclusion

ICG was encapsulated within spherical dextran-coated MCs
with diameters ranging from 400 to 800 nm, and the sensitiv-
ity of the encapsulated ICG to broadband light and tempera-
ture was investigated. We found that the sensitivity of encap-
sulated ICG to light varies with the concentration of ICG
incorporated within the MCs. Encapsulation of ICG within
MC:s reduces the effects of thermally induced degradation.
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