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Abstract 

Near infrared (NIR) dyes are useful for in vivo optical imaging. Liposomes have been used extensively 
for delivery of diverse cargos, including hydrophilic cargos which are passively loaded in the aqueous 
core. However, most currently available NIR dyes are only slightly soluble in water, making passive 
entrapment in liposomes challenging for achieving high optical contrast.  
Methods: We modified a commercially-available NIR dye (IR-820) via one-step Suzuki coupling 
with dicarboxyphenylboronic acid, generating a disulfonated heptamethine; dicarboxyphenyl 
cyanine (DCP-Cy). DCP-Cy was loaded in liposomes and used for optical imaging. 
Results: Owing to increased charge in mildly basic aqueous solution, DCP-Cy had substantially 
higher water solubility than indocyanine green (by an order of magnitude), resulting in higher NIR 
absorption. Unexpectedly, DCP-Cy tended to form J-aggregates with pronounced spectral 
red-shifting to 934 nm (from 789 nm in monomeric form). J-aggregate formation was dependent on 
salt and DCP-Cy concentration. Dissolved at 20 mg/mL, DCP-Cy J-aggregates could be entrapped in 
liposomes. Full width at half maximum absorption of the liposome-entrapped dye was just 25 nm. 
The entrapped DCP-Cy was readily detectable by fluorescence and photoacoustic NIR imaging. 
Upon intravenous administration to mice, liposomal DCP-Cy circulated substantially longer than the 
free dye. Accumulation was largely in the spleen, which was visualized with fluorescence and 
photoacoustic imaging.  
Conclusions: DCP-Cy is simple to synthesize and exhibits high aqueous solubility and red-shifted 
absorption from J-aggregate formation. Liposomal dye entrapment is possible, which facilitates in 
vivo photoacoustic and fluorescence imaging around 930 nm. 
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Introduction 
Near-infrared (NIR) dyes are used extensively 

for biomedical imaging applications, owing to 
enhanced tissue penetration of light in the NIR 
window.[1, 2] A wide range of contrast media has 
been explored for NIR fluorescence and photoacoustic 
in vivo imaging.[3-21] Cyanines are amongst the most 
commonly-used NIR dyes.[22-24] They can form 

end-to-end “J-aggregates” with red shifted absorption 
that have been observed since the 1930s.[25-27] 
Indocyanine green (ICG) and IR-820 are two of the 
most commonly used cyanine dyes, with ICG being 
clinically approved for use in humans. ICG is one of 
the more hydrophilic NIR dyes, but its water 
solubility is <5 mg/mL, and it tends to aggregate.[28] 
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This is in contrast to shorter wavelength fluorescence 
dyes such as calcein or sulforhodamine, which can 
readily dissolve at concentrations at least an order of 
magnitude higher. ICG formulations typically make 
use of delivery systems appropriate for hydrophobic 
compounds, such as micelles, lipids, silica particles, 
etc.[29-31] Although liposomal cyanine formulations 
have been reported, the dye is often loaded in the 
bilayer, and not the aqueous core with limited 
solubility.[32, 33] This is consistent with most other 
NIR dyes, which are also hydrophobic and thus have 
similar formulation strategies.[34, 35] A highly 
soluble NIR dye would enable alternative formulation 
strategies (such as passive entrapment in the core of 
liposomes) while providing strong NIR contrast. In 
some cases, formation of J-aggregates in solution can 
be controlled for theranostic purposes.[36-38] 
Previously reported nano-assemblies of J-aggregates 
were successfully used for imaging, photothermal 
therapy (PTT) and chemotherapy using polymers and 
inorganic carriers.[38, 39] In this work we describe the 
synthesis, formulation and characterization of a novel, 
highly soluble cyanine dye that forms J-aggregates 
that could be entrapped in liposomes for photo-
acoustic imaging. 

Results and Discussion 
Synthesis and characterization of DCP-Cy 

DCP-Cy was synthesized from IR-820 with a 
facile, one-step Suzuki-coupling (Fig. 1A). The 
method followed that described by Achilefu,[40] 
except a dicarboxy phenylboronic acid was used to 
generate two carboxylic acid in the product, intended 
for enhanced solubility. Briefly, IR-820 was stirred 
with 10-fold excess 3,5-dicarboxyphenylboronic acid 
in basic DMF-water (1:1), with Pd(PPh3)4 as a catalyst 
for 24-48 hours at 100 °C. Products were recrystallized 

in THF to remove unincorporated reactants. Crystals 
were further dissolved in 0.1 M NaOH aqueous 
solution and extracted with [water:ethyl acetate] (1:1). 
The aqueous phase was collected, and the products 
were precipitated and collected following addition of 
substantial amounts of acetone (yield: 52.1%). The 
purity of the dye was confirmed by HPLC (>99%) 
(Fig. S1). Further confirmation of the newly 
synthesized compound was observed by the results of 
MALDI-TOF mass spectrum (with both the single 
charged and two charged peaks) and 1H NMR (Fig. 
S2 and S3). The aqueous solubility of DCP-Cy 
improved significantly by introducing two carboxylic 
groups, in mildly basic pH. As shown in Fig. 1B, from 
pH 8-10, DCP-Cy had approximately 10 times greater 
water solubility than ICG and could be readily 
dissolved to concentrations exceeding 20 mg/mL at 
pH 10. 

When dissolved in deionized water, DCP-Cy 
displayed an NIR absorbance peak at 789 nm. 
However, increasing concentrations of NaCl up to 150 
mM caused formation of J-aggregates and induced a 
drastic red-shift by 145 nm, to 934 nm (Fig. 2A). In 
monomeric form, DCP-Cy absorption was red-shifted 
by about 10 nm compared to ICG, whereas in 
J-aggregate form, DCP-Cy absorption is red-shifted 
by about 40 nm compared to ICG J-aggregates.[36] 
The effect of NaCl on ICG solutions in similar 
conditions was far less pronounced (Fig. 2B), with 
limited induction of J-aggregation. In sucrose 
solutions at pH 7.4, no significant spectral effects were 
observed at different osmotic strengths (Fig. 2C). 
Thus, salt contributes to the efficient formation of 
DCP-Cy J-aggregates. Salt-induced J-aggregation of 
cyanines is a known phenomenon.[41, 42] When 
DCP-Cy was dissolved in other salts (KCl, LiCl and 
NaAc), J-aggregate formation (as indicated by the 
934:789 nm absorption ratio) occurred, although NaCl 

appeared to induce this slightly more 
effectively, for reasons that are not clear 
(Fig. 2D). The NIR absorption peak ratio of 
J-aggregates was not sensitive to pH (Fig. 
S4). The presence of salt alone was not 
sufficient for the J-aggregate formation, as 
DCP-Cy concentration was also important. 
In 150 mM NaCl, full transition from 
monomer to J-aggregate occurred within a 
dye concentration range of 0.2 to 1 mg/mL 
(Fig. 2E). The salt-dependent J-aggregation 
state of DCP-Cy could readily be imaged 
with photoacoustic imaging (Fig. 2F). When 
a pulse laser excitation of 789 nm was used, 
the monomeric DCP-Cy generated photo-
acoustic signal, whereas the J-aggregated 
form of the dye generated signal with 934 

 

 
Figure 1. Dicarboxyphenyl cyanine (DCP-Cy). A) Synthesis of DPC-Cy. B. Solubility of 
ICG, IR-820 and DCP-Cy in sucrose phosphate buffer, pH 5-10. 
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nm excitation, which corresponds to the absorption 
spectra properties. The quantified photoacoustic 
values are shown in Table S1. 

Liposomal DCP-Cy 
DCP-Cy in J-aggregate form was dissolved at 20 

mg/mL in 150 mM NaCl PBS, pH 10 for passive 
encapsulation in liposomes. Liposomes were formed 
with dioleoylphosphatidylcholine and distearoylpho-
sphatidylcholine in a molar ratio of 1:3, along with 50 
mol. % cholesterol and 5 mol. % of PEGylated DSPE, a 
formulation used previously for dye entrapment.[43] 
Lipids were dissolved in ethanol and then injected 
into an aqueous dye solution at 60 °C, followed by 
size-exclusion chromatography to remove non-entra-
pped dye. Liposomes cooled at room temperature for 
1 hr prior to gel filtration, during which time the 
formation of a rusty metallic color became apparent 
(Fig. S5). Subsequent membrane filtration of DCP-Cy 
liposomes resulted in decreasing J-aggregate 
composition as revealed by lower 934:789 nm 
absorption ratio (Fig. S6), possibly due to disassembly 
of the aggregates or loss of larger particles. Based on 
dynamic light scattering, liposome size decreased 
from 434 nm to 306 nm or 249 nm following filtration 
through 0.45 or 0.2 µm filters respectively (Fig. S7). 
Liposomes were subsequently used without filtration 
steps. When examined with cryo-electron microscopy, 

no distinct J-aggregate structures were apparent, 
suggesting the J-aggregates were small in size (Fig. 
3A). When liposomes were lysed with detergent, the 
934:789 nm absorption ratio decreased, showing that 
the entrapped dye was released and converted to 
monomeric form (Fig. 3B). Conversely, prior to 
detergent addition, the intensity of the J-aggregate 
absorption band to the monomeric absorption band 
was approximately 9.4, implying that less than 10 
percent of the liposomal dye formulation was in the 
monomeric form. To further confirm the nature of dye 
release following exposure to detergent, centrifugal 
filtration was used to separate entrapped and released 
DPC-Cy (Fig. 3C). As expected, only lysed liposomes 
released DCP-Cy as could be detected by passage of 
the small dye through the 100,000 Da pore size 
membrane into the filtrate. Fluorescence imaging 
could also confirm the dye release (Fig. 3D). Under a 
710-760 nm excitation source (specific to the 
monomeric form of the dye), the detergent-lysed 
liposomes exhibited greater fluorescence, reflecting 
conversion of J-aggregates into monomers. As shown 
in Fig. 3E, Photoacoustic imaging was able to reveal 
aggregation state of liposomal DCP-Cy J-aggregates 
(at 934 nm), whereas following liposome lysis, the free 
dye was signal apparent became apparent 789 nm. 
Photoacoustic imaging of the DCP-Cy was also 
successful through agar phantoms (with 1 % 

intralipid) at 2 cm depth. Both DCP-Cy dye 
and DCP-Cy liposomes could be bleached 
under high laser power continuous irradiation 
at 808 nm of 1000 mW/cm2 (Fig S8). 

Pharmacokinetics, biodistribution and in 
vivo optical imaging 

Next, liposomal DCP-Cy was injected via 
tail vein to mice (≈11 mg/kg). DCP-Cy was 
detected from small volumes of collected 
mouse serum (Fig. 4A). The liposomal 
J-aggregates were stable in vivo in circulating 
blood, based on the dominant absorption peak 
at 934 nm. DCP-Cy liposomal J-aggregates 
were also shown to be stable in serum in vitro 
(Supporting Fig. S9). 

The liposomes were cleared from 
circulation relatively quickly, with a half-life of 
less than 2 hours (Fig. 4B). The serum 
absorption at 934 nm generally ranged from 1 
to 0.1 for 6 hours following intravenous 
administration. Despite the relatively short 
half-life, liposomal dye entrapment resulted in 
substantially greater serum presence 
compared to the free dye, which produced 
extremely low serum absorption at the same 
injected dose. 

 

 
Figure 2. Characterization of DCP-Cy J-aggregates. Spectra of DCP-Cy (A) or ICG 
(B) in solutions of pH 7.4 and indicated NaCl concentrations. C. Spectra of DCP-Cy at 
indicated sucrose concentration; D. Ratio between 934 and 789 nm absorbance peaks of 1 
mg/mL DCP-Cy at pH 7.4 in indicated salt conditions. E. Absorbance ratio of varying 
concentrations of DCP-Cy in 150 mM NaCl, pH 7.4. F. Photoacoustic images of DCP-Cy 
using 789 or 934 nm excitation pulses in pH 7.4 buffer with indicated salt concentration. 
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Figure 3. DCP-Cy J-aggregates can be loaded into liposomes A) Cryo-EM image of DCP-Cy liposomes; B) Ratio between 934 and 789 nm absorbance with 
or without lysis of the liposomes with 0.1 % Tritron X100 (+/- det.) C) Detergent-induced release of DCP-Cy from liposomes based on centrifugal filtration 
retention. D) Liposomal DCP-Cy fluorescence +/- det. with excitation around 735 nm. E) Photoacoustic imaging of liposomal DCP-Cy +/- det. at 789 nm laser 
excitation. The imaging on the right was carried out in an agar phantom (with 1 % intralipid) at 3 cm depth. 

 
The calculated absorption (i.e., considering the 

experimental dilution factor) of the DCP-Cy liposome 
stock solution used for injection is shown in Fig. 4C, 
dissolved in either PBS or methanol. In PBS, the full 
width half maximum was just 25 nm. Dissolving the 
liposomes in methanol effectively destroyed the 
J-aggregates, enabling straightforward quantification 
of the dye in homogenized organs following over-
night methanol extraction, based on an absorption 
standard curve.  

As shown in Fig. 4D, 6 hours after 
administration, DCP-Cy accumulated in the spleen of 
the mice. From 6 to 24 hours after intravenous 
injection, DCP-Cy concentration in the spleen 
decreased from 320 to 150 µg of DCP-Cy per gram of 
tissue. The dye was nearly completely removed by 48 
hours. Very low amounts of DCP-Cy were detected in 
any other parts of the body. When the spleen was 
homogenized in PBS, the J-aggregate peak was 
present, although aqueous extraction resulted in 
higher background than methanol extraction (Fig. 
S10). Over a period of a couple of days, DCP-Cy 
absorption was cleared from the spleen.  

Nanoparticles are typically taken up by the 
reticular endothelial system which includes the liver 
and spleen. However, the reason for the strong 

accumulation observed in the spleen (over 50 times 
more avidly than the liver on a per gram tissue basis) 
requires further investigation. Other types of 
PEGylated nanoparticles have been previously 
observed to accumulate substantially more in the 
spleen than liver [44, 45]. Of note, Cui and colleagues 
found that large PEG nanoparticles of both 500 nm 
and 280 nm accumulated strongly in the spleen, 
compared to liver. However, the larger nanoparticle 
accumulated more rapidly in the spleen [46]. 
Therefore, the relatively larger size of the liposomes 
(400 nm) may contribute, as might the inclusion of 
PEG on the liposome surface. Nanocarriers with 
imaging and therapeutic function hold potential for 
theranostic applications.[47] In this study the 
liposomes were only loaded with DCP-Cy, but in the 
future, it might be possible to co-load therapeutic 
cargo with the dye, to enable photoacoustic-guided 
drug delivery.[48]  

Based on the splenic avidity of DCP-Cy 
liposomes, we assessed non-invasive photoacoustic 
computed tomography (PACT) in living mice. Mice 
were imaged 24 hours following injection of the dye. 
The J-aggregate absorption wavelength at 934 nm was 
used. As shown in Fig. 4F, control mice lacking 
DCP-Cy injection did not exhibit any photoacoustic 
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signals. However, in mice that were administered 
DCP-Cy liposomes, a strong signal was detected in 
the spleen. Dye localization was confirmed by 
subsequent dissection and opening the abdomen of 
the mouse and overlapping the signal to the visible 
location of the spleen. As shown by the highlighted 
white and yellow squares, DPC-Cy photoacoustic 
signal was localized in the spleen, but not the liver. 
Interestingly, Kim et al. recently reported techniques 
for enhancing localization of photoacoustic probes 
specifically to the liver[49], which suggests the future 
possibility for combining multiplexed, organ-specific, 
color-coded contrast agents. 

As cyanine J-aggregates tend to be fluorescently 
emissive, we sought to assess whether liposomal 
DCD-Cy could be detected using fluorescence imag-
ing, in addition to photoacoustic imaging. Different 
imaging modalities have distinct advantages with 
respect to cost, resolution and imaging depth.[50] As 
shown in Figure 5A, using a custom setup with a 915 
nm laser diode excitation source with a 950 nm long 

pass filter, DCP-Cy liposomes could be detected at 
high dilutions from the as-prepared stock solution. 
DCP-Cy liposomes were then intravenously injected 
into mice, which were imaged 6 hours after injection. 
The outline of a spleen could be seen non-invasively 
through the abdominal wall using fluorescence 
imaging (Fig 5B). Next, experiments were conducted 
with the abdomen opened, in order to better visualize 
dye distribution kinetics. As shown in Fig 5C, 30 
minutes following the administration of liposomal 
DCP-Cy, relatively little signal was observed in the 
spleen. However, in the next 6 hours, the spleen signal 
intensified, implying that macrophages in the spleen 
gradually entrapped the liposomes. The kinetics of 
spleen uptake are shown in Fig S11. To confirm this, 
fluorescent imaging of spleen sections showed that 
cells of the spleen reticular endothelial system took up 
the liposomes (Fig 5D). Further work is required to 
assess the impact of DCP-Cy on spleen function and 
better elucidate uptake and clearance mechanism. 

 

 
Figure 4. In vivo administration and photoacousic imaging of DCP-Cy liposomes. A) Absorption of serum at various time points following DCP-Cy liposomes 
intravenous administration to mice B) Serum absorption at 934 nm (n = 7 mice). C) Absorption of DCP-Cy liposomes diluted in in MeOH or PBS (multiplied by the 
dilution factor which was 100, measured in 1 cm path length cuvette); D) Biodistribution of liposomal DCP-Cy 24 hours post injection, following homogenization and 
methanol extraction of the dye (n=7 mice per time point). E) Non-invasive photoacoustic images of mice with 934 nm pulse laser excitation. Mice were imaged with 
the transducer on the abdomen under anesthesia. Following imaging and sacrifice, a photograph confirmed that the photoacoustic signal is localized to the spleen. 
White and yellow squares mark the location of the liver and spleen, respectively. 
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Figure 5. Fluorescence imaging using liposomal DCP-Cy. A) White light and fluorescence imaging of DCP-Cy liposomes with the indicated dilution factors. 
B) Non-invasive fluorescence imaging in a mouse of DCP-Cy liposomes 6 hours after intravenous injection. C) Fluorescence imaging demonstrates dye distribution 
kinetics. Arrows indicate the location of the spleen. D) H&E and fluorescence imaging of the spleen 24 hours after intravenous injection. (×10 for left panel and 20x 
for right pannel) 

 
Conclusion 

Commercially available IR-820 dye was chemic-
ally modified using Suzuki coupling to generate 
DCP-Cy in a one-step, facile reaction. DCP-Cy formed 
J-aggregates in the presence of salts, especially NaCl, 
resulting in a drastic red shift from 789 nm to 934 nm. 
Solubilization of DCP-Cy in basic aqueous solutions 
at 20 mg/mL enabled encapsulation of the dye, in 
J-aggregate form, into liposomes. Liposomes 
exhibited a sharp peak at 934 nm of the encapsulated 
J-aggregates. Liposomal DCP-Cy circulated substant-
ially longer than the free dye and localized to the 
spleen, which could be imaged non-invasively with 
fluorescence and photoacoustic imaging around 930 
nm. We conclude that DCP-Cy represents a new, 
easy-to-synthesize dye with high water solubility and 
unique properties for liposome entrapment and 
J-aggregate imaging. 

Experimental Section 
Materials 

IR-820 was obtained from Sigma-Aldrich; 3,5- 
Dicarboxyphenylboronic acid was obtained from 
Combi-Blocks Inc.; Sodium hydroxide was obtained 

from Fisher Scientific; Tetrakis(triphenylphosphine)- 
palladium(0) (Pd(PPh3)4) was obtained from TCI; 
Indocyanine green (ICG) was obtained from Chem- 
Impex International Inc. Lipids purchased from 
CordenPharma include 1,2-Dioleoyl-sn-glycero-3- 
phosphocholine (DOPC, #LP-R4-070), 1,2-distearoyl- 
sn-glycero-3-phosphocholine (DSPC, #LP-R4-076), 1, 
2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(
methoxy(PEG)-2000 (MPEG-2000-DSPE, #LP-R4-039). 
Cholesterol was purchased from Nu-Chek Prep, Inc. 
(#CH-800-A28-Z).  

Synthesis of DCP-Cy 
1098.05 mg of 80% contained IR-820 (1.03 mmol), 

2171.10 mg 3,5-Dicarboxyphenylboronic acid (10.34 
mmol, 10 times of IR-820), 413.60 mg NaOH (10.34 
mmol, NaOH: 3,5-Dicarboxyphenylboronic acid = 1:1) 
and 239.00mg Pd(PPh3)4 (0.207 mmol, 20% of IR-820) 
were mixed together in 50 mL DMF:water = 1:1 (v/v) 
solution. Oxygen was removed with a freeze-pump- 
thaw method three times. The reaction was carried 
out at 100 °C for 48 hr (for small scale reaction, the 
reaction time can be reduced to 24 h). After cooling 
down to room temperature, solvents were removed 
and the solids were re-dissolved in methanol and 
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centrifuged to remove salts. The supernatants were 
collected and recrystallized in THF overnight. The 
crystals were washed with THF for three times and 
re-dissolved in 100 mL 0.1 M NaOH and reacted for 
overnight. Then, 200 mL DMSO was added to the 
solution and centrifuged to remove salts. By extract-
ing with ethyl acetate, products were concentrated in 
the aqueous phase while DMSO moved to the organic 
phase. The aqueous phase was collected and acetone 
was added to precipitate the final product. The yield 
was 52.1% (564.15 mg). For purity analysis on HPLC, 
DCP-Cy dye was diluted in water and assessed with a 
Waters Micromass® ZQ™ with a 2790 Separations 
Module and a 996 Photodiode Array Detector. A 10 
minute gradient of 30-80 % acetonitrile in 0.1% 
trifluoroacetic acid was used. 

Solubility tests for ICG, IR-820 and DCP-Cy 
ICG, IR-820 and DCP-Cy were dissolved in 

phosphate buffer and a standard curve was obtained. 
The samples were weighted and mixed with pH = 
5-10 10% sucrose contained phosphate buffer and 
sonicate for 10min. After that, the solutions were 
centrifuged at 14,000 rcf for 15 min and supernatants 
were collected. The solubility test of each dye was 
performed by comparing the absorbance intensities of 
related supernatants and comparing them to the 
standard curves. 

Spectral properties of DCP-Cy 
For assessing the absorbance spectra of DCP-Cy 

and ICG in different NaCl contained phosphate 
buffer, the dyes were dissolved in 0, 25, 50, 75, 100 and 
150 mM NaCl phosphate buffer pH = 7.4 at the 
concentration of 1 mg/mL, then the absorbance 
spectra were tested with Perkin Elmer Lambda 35 
UV/VIS Spectrometer. For the absorbance spectra of 
DCP-Cy in sucrose, DCP-Cy samples was dissolved in 
5%, 10%, 15% and 20% sucrose pH = 7.4 at the 
concentrations of 1mg/mL. For the absorbance of 
DCP-Cy in different salts, DCP-Cy was dissolved in 
various concentrations of NaCl, KCl, LiCl and NaAc 
in phosphate buffer pH = 7.4 at the dye concentration 
of 1 mg/mL, then the absorbance spectra were tested 
and the ratios were calculated by using the intensities 
at 934 nm divided intensities at 789 nm. To test the 
relationship between absorbance ratio and dye 
concentration, DCP-Cy was dissolved in 150 mM 
NaCl pH = 7.4 phosphate buffer with the concentra-
tions of 100, 200, 500, 800 and 1000 µg/mL. To test the 
pH effects on absorbance ratios, DCP-Cy was 
dissolved in 150 mM NaCl contained pH=5-8 
phosphate buffer at the concentration of 1 mg/mL.  

Preparation and characterization of DCP-Cy 
liposomes 

Liposomes were formed with [DOPC:DSPC: 
Chol:DSPE-PEG] at a molar ratio of [2.25:6.75:10:1]. 
Liposomes were prepared by the ethanol injection 
method. Briefly, 20 mg/mL lipids were dissolved in 
200 µL ethanol and mixed in glass tubes at 60 °C. 
Lipids were injected into 800 µL of a solution 
containing 20 mg/mL of DCP-Cy in PBS (150 mM 
NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 10) at 60 
°C. The samples were incubated in at 4 °C for 1 hr and 
the solution presented with a metallic color (Fig. S5). 
To remove the non-encapsulated components, 
size-exclusion chromatography was used. Columns 
containing Sephadex G-75 were loaded with 1 mL of 
liposome samples and the liposome fractions in the 
void volume were collected. Dye entrapment 
efficiency was estimated at 17 %. The size of DCP-Cy 
liposomes was determined by dynamic light 
scattering in a NanoBrook 90 plus PALS. 

To determine the correlation of particle size and 
absorbance values liposomes were filtered using a 25 
mm syringe filter with 450 nm cellulose acetate 
membrane purchased from VWR international, North 
America (#28145-497) and a 13 mm syringe filter with 
200 nm nylon membrane from Agilent Technologies 
(Agilent Captiva Econo Filter, #5190-5269). After 
extrusion, absorbance spectra were tested with Perkin 
Elmer Lambda 35 UV/VIS Spectrometer. 

To induce liposome breakage and release of 
DCP-Cy dye, 10% Triton® X-100 (Alfa Aesar, 
#9002-93-1) was added to samples. Triton® X-100 
treatment was utilized for observation on spectra 
changes (l789 nm/l934 nm ratio) by adding 10 µL 
TX-100 to 1 mL of diluted sample in 150 mM NaCl 
PBS, pH 10. For detergent-induced dye release, 
liposomes were added to 100K Nanosep® tubes (Pall 
Life Sciences Nanosep® Centrifugal Device, 
#OD100C34) and induce loss of self-quenching of 
DCP-Cy dye entrapped in the liposomes.  

Cryo-electron microscopy (cryo-EM) 
Holey carbon grids (c-flat CF-2/2-2C-T) were 

washed by submerging them into chloroform 
overnight. Two samples were analyzed: free- DCP-Cy 
dye (4 mg/mL) in 150 mM NaCl PBS (pH 10) and 
DCP-Cy liposomes (2 mg/mL lipids). Grids were 
glow discharged at 5 mA for 15 seconds prior to 
application of the sample. 4µL of the liposomes were 
deposited on the electron microscopy grid. Vitrifica-
tion was performed in a Vitrobot (ThermoFisher) by 
blotting the grids once for 3 seconds and blot force +1 
before they were plunged into liquid ethane. 
Temperature and relative humidity during the 
vitrification process were maintained at 25 °C and 
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100%, respectively. The grid was loaded into the 
Tecnai F20 electron microscope operated at 200kV 
using a Gatan 626 single tilt cryo-holder. Images were 
collected using a defocus of -2.7 µm in a CCD camera 
at a nominal magnification of 50,000X, which 
produced images with a calibrated pixel size of 2.21Å. 
Images were collected with a total dose of 25 e-/Å2. 

Photoacoustic system for tube and spleen 
imaging 

The excitation source for our photoacoustic 
computed tomography (PACT) system is an Nd:YAG 
pumped optical OPO laser (SureliteTM OPO Plus, 
Continuum) with 10 Hz pulse repetition rate and 10 
ns pulse duration. Sample was filled into a tube (1 mm 
in diameter) placed at the focus of transducer array 
(ATL/Philips L7-4, 5 MHz central frequency, 128 
elements), and was imaged under both 789 nm and 
934 nm excitation, which was routed to the imaging 
region through a cylindrical fiber bundle with 1.4 cm 
diameter. The light intensity on the tube surface was 
around 12 mJ/cm2, which is below the American 
National Standards Institute (ANSI) safety limit. The 
received PA signals were amplified (by 54 dB) and 
digitized by a 128-channel ultrasound data acquisition 
(DAQ) system (Vantage, Verasonics) with 20 MHz 
sampling rate. After each laser pulse, the raw channel 
data was reconstructed using the universal 
back-projection algorithm[51], and was displayed in 
real-time during experiments. In each experiment, 100 
frames were acquired for averaging. For better 
comparison, only signals within tube region are 
shown. 

For in vivo PA imaging, a lab-made holder was 
used to combine optical fiber bundles and the linear 
array transducer. Optical fiber bundles were placed 
on both side of the transducer for an illumination 25 
mm above the spleen and the photoacoustic waves are 
detected by the transducer (L7-4) in the middle. The 
holder was fixed on a step-motor stage which moves 
the holder during the scanning. The field of view of 
the in vivo PA imaging was 38 mm × "40 mm", which 
fully covered the spleen area. 

Pharmacokinetics 
Seven BALB/c mice were intravenously injected 

in the tail with 200 µL of DCP-Cy liposomes at a dose 
of ≈11 mg/Kg of DCP-Cy (≈277 µg of DCP-Cy, 
considering mice having an average weight of 25 
grams). For each time-point, small volumes of blood 
were collected. Samples were centrifuged at 500 rcf 
for 15 min and the serum was collected. For free 
DCP-Cy pharmacokinetics, 12 BALB/c mice were 
intravenously injected in the tail with 200 µL of 
DCP-Cy dye at the same dose of the liposomal 

formulation. Mice were sacrificed at specific 
time-points and larger volumes of blood were 
collected. Serum was diluted or not (depending on the 
serum volume) in PBS (150 mM NaCl, pH 10) and the 
absorbance scan was obtained using a Perkin Elmer 
Lambda 35 UV/VIS Spectrometer.  

Biodistribution 
Nineteen BALB/c mice were intravenously 

injected in the tail with 200 µL of DCP-Cy liposomes 
at a dose of ≈11 mg/kg of DCP-Cy. Mice were 
sacrificed and had their organs removed and weighed 
at 6, 24 or 48 hr post-injection. The small cut of each 
organ was placed in homogenization tubes with metal 
beads and 500 µL of PBS (150 mM NaCl, pH 10) or 
MeOH was added to each tube. Tubes were placed in 
a Bullet Blender® Storm 24 homogenizer for 15 min at 
maximum speed. Samples homogenized in MeOH 
were further incubated overnight at 4 °C. After 
homogenization, samples were centrifuged at 1500 rcf 
for 15 min and the supernatant was collected. An 
additional centrifugation step was performed to 
further remove any remaining tissue. The supernatant 
was placed in a 700 µL quartz cuvette and the 
absorbance scans were obtained using a Perkin Elmer 
Lambda 35 UV/VIS Spectrometer. Dye concentration 
in MeOH was determined by comparing to a standard 
curve. Calculations were adjusted by organ weight. 

Fluorescence Imaging 
Animals were housed in an AAALAC-certified 

facility and studied under the supervision of 
Massachusetts General Hospital (MGH) Institutional 
Animal Care and Use Committee (IACUC) in 
accordance with the approved institutional protocol 
(#2016N000136). Exposure to isoflurane inhalant 
anesthesia was used to anesthetize mice for brief 
non-surgical procedures. 100 µL of DCP-Cy liposomes 
was injected intravenously into CD-1 mice, and the 
major organs were imaged at each time point after 
lateral laparotomy under the real-time FLARE 
imaging system equipped with a 915 nm excitation 
laser source and a 950 nm long pass emission filter. 
Color and NIR fluorescence images were acquired 
simultaneously using customized software. The 
fluorescence and background intensities of a region of 
interest over spleen and muscle were quantified using 
ImageJ v1.48 (National Institutes of Health, Bethesda, 
MD) and the signal-to-background ratio (SBR) was 
calculated as SBR = (spleen fluorescence-background) 
/background, where the background is the fluoresc-
ence intensity of muscle. 

Abbreviations 
DCP-Cy: dicarboxyphenyl cyanine; ICG: Indocy-
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anine green; NIR: Near infrared; PACT: photoacoustic 
computed tomography; PBS: Phosphate-buffered 
saline; UV/VIS: ultraviolet/visible. 
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