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Indocyanine green (ICG) has experienced significant expansions in its medical applications ever since its initial approval as a
near-infrared fluorescence (NIR) imaging agent for cardiac output, hepatic function, and liver blood flow more than 60 years ago.
The current ICG products that are approved by the United States Food and Drug Administration (FDA) are sterile lyophilized
powder products containing 25 mg of ICG with no more than 5% of sodium iodide. This review article is aimed at providing
readers with scientific reasoning on the way the ICG products are designed. Because ICG is unstable in aqueous solutions, it is
presented as lyophilized products to increase the shelf-lives of the products. The lyophilized ICG products are sterile and need to
be reconstituted using aseptic techniques due to the reconstituted solutions being administered to patients through intravenous
injection for determining cardiac output, hepatic function, and liver blood flow, for ophthalmic angiography, and for visualization
of vessels, blood flow and tissue perfusion, or by intradermal or interstitial injection for lymphatic mapping. A well-informed
knowledge of the biopharmaceutics of ICG can help to maximize its safe and effective usage and stimulate the development of
new ICG products and new applications.
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Introduction

ICG is a substance that is known for its application as an imaging
agent in the medical field. It was developed in World War II by
the Eastman Kodak Company for color imaging. On February 9,
1959, the FDA approved the ICG product developed by the late
Akorn, Inc. (Lake Forest, Illinois) for medical use to determine
cardiac output, liver function, and liver blood flow I which still
stands today. Later, in 1963, ICG was applied for determining
renal blood flow because of its fluorescent properties?. Then,
in 1965, it was also found to have a use of detecting cardiac
murmurs, and finally, evaluating physiological brain perfusion”.
Several additional indications have since been approved by the
FDA%, and many more indications have been, and continue to
be, tested,

Although ICG has been used for decades, its significance
in determining the function and quality of organs such as the
liver or heart and in lymphatic mapping is only ever expanding,
which is why it is important for healthcare experts to under-
stand on how this agent works and how it can be applied in the
medical field. This paper is intended to provide a review of the
biopharmaceutics of ICG. Biopharmaceutics, as explained by
the McGraw Hill Access Pharmacy Applied Physical Pharmacy
book, is the study of the physical and chemical properties of
drugs and their proper dosage as related to the onset, duration,

and intensity of drug action”; Biopharmaceutics enables the
rational design of drug products®.

Results & Discussion

Physical and Chemical Properties of ICG

ICG is a dark green, odorless, negatively charged polymethine
dye with a chemical formula of C43H47N;NaOgS, and a molec-
ular weight of 774.96 grams per mole. Shown in Fig. 1 is
the chemical structure of ICG. It has a melting point of 235C,
decomposing gradually at temperatures above 200C. The ab-
sorbance of ICG in an aqueous solution has a peak of around
750-800 nm and a fluorescence emission peak of about 810
nmZ. It was reported that a 0.5% (w/w) solution of ICG in
water has a pH of six®. LogP refers to the logarithm of the par-
tition coefficient of a compound in octanol over water”. LogP
value is used in pharmaceutical sciences to measure the relative
hydrophilicity (water-attractive) and hydrophobicity (non-water-
attractive) of a compound9; the logP value of ICG is -0.29 10
which means a partition coefficient value of 0.51, indicating that
ICG is hydrophilic and relatively more soluble in water than in
octanol, less likely to pass through lipid bilayers and more likely
to stay in the blood upon intravenous injection'.

While a solution of ICG can be relatively simple to create, it
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is not recommended for it to be used after long-term storage,
because the stability of this substance is extremely low; the half-
life of an ICG aqueous solution is in the range of 14—17 h in
room temperatures 12 For this reason, it is recommended against
using an ICG solution after a long-term storage in research and
on patients in the medical field.

ICGs degradation in aqueous solutions can be directly af-
fected by air, light, temperature, the nature of the solvent, addi-
tives, and its concentration, and the degradation kinetic follows
first order?. Li and Smith (2021) described that the combination
of light and molecular oxygen promotes three main pathways
to chemical degradation; the first one is conducting a reaction
with an excited state of singlet oxygen and ICG to produce frag-
ments containing carbonyl that dont absorb or emit NIR light;
the second one is conducting a heptamine truncation reaction
to create small bits of pentamethine homologue; and finally,
the third one is to couple together two molecules of ICG to
give an oxidative dimer!®. Saxena et al. (2023) studied the
degradation of ICG in aqueous solutions and reported that the
rate constant of the degradation is 0.0412  0.0038 hour ! in
dark environments at 22C, 0.0480  0.0052 hour ! in room,
lighted environments at 22C, and 0.0344  0.0027 hour Lin
dark environments at 8C13, For first-order reactions, the rate
law is: In[A] = In[A],  kt, where [A] is the initial concentra-
tion of the reactants, [A]; is the concentration of the reactants
at time t, and k is the first-order rate constant'?. Therefore,
assuming first-order degradation kinetics, in lighted rooms and
at 22C, the half-life of ICG or the time at which 50% of the ICG
is degraded in a solution will be around 14.4 2.4 hours (or

In[0:5]=k =  In[0:5]=0:048)">, and the toy value, or the time
at which 10% of the ICG is degraded in a solution, is about 2.2
hours (or  In[0:9]=k = 1n[0:9]=0:048)>, which means that
in 2.2 hours, 10% of the ICG will be degraded. Saxena et al.
(2023) used 1 mg/L of ICG or ICG-sodium iodide (Nal) in water
solution in most of their experiments, and concluded that to slow
down ICG degradation in an aqueous solution, a high concentra-
tion of ICG solution should be stored at low temperatures and

away from light exposure .

US FDA approved ICG products

For information on FDA-approved ICG products, one can look
up the FDA Approved Drug Products with Therapeutic Equiva-
lence Evaluations, also known as the Orange Book''?, and press
the Search the Orange Book Database link. There, one can type
in indocyanine green in the search bar; the search results will
return a list of FDA-approved ICG products. In the list, only 3
of the 6 results are available on the market and the others are
discontinued (Table 1). Two available products are marketed
by Renew Pharmaceuticals LTD (now Renew Health Limited),
IC-Green and Indocyanine Green, Injectable, 25 mg per vial
(Table 1). On Renew Pharmaceuticals webpage (renewhealth-

limited.com), ICG is sold under the Diagnostic Green name; in
the United States, the product is supplied as IC-Green (indocya-
nine green for injection, 25 mg/vial); in Canada, the product is
named as Indocyanine Green for Injection, USP; in Europe, the
Middle East, and Africa (the EMEA countries), the product is
sold as Verdye. In its package insert or prescribing information,
the stated indications of the Indocyanine Green for Injection,
USP are for determining cardiac input, hepatic function and
liver blood flow, and for ophthalmic angiography''Z. The stated
indications of IC-Green include fluorescence imaging of ves-
sels, blood flow and tissue perfusion, fluorescence imaging of
extrahepatic biliary ducts, fluorescence imaging of lymph nodes
and lymphatic vessels during lymphatic mapping in adults with
cervical and uterine cancer, and ophthalmic angiography'%.

The other product listed in the FDA Orange Book that is avail-
able on the market is the ICG product by Novadaq Technologies
ULC; the product is named the Spy Agent Green Kit, which con-
tains ICG powder for intravenous or interstitial injection, 25 mg
per vial (Table 1). Since 2017, Novadaq Technologies ULC has
been acquired by the Stryker Corporation (Kalamazoo, MI). In
the Spy Agent Green Kit package insert, there are 4 indications
of usage, which are (1) visualization of vessels, blood flow and
tissue perfusion, (2) visualization of extrahepatic biliary ducts,
(3) lymphatic mapping of cervical and uterine cancer, and (4)
lymphatic mapping of breast cancer. For first two indications,
the dye should be injected intravenously, for the third indication,
the dye should be injected interstitially through the cervix, and
for the fourth indication, it should be injected intradermally'™®.
For more information about the Spy Agent Green Kit, read-
ers can see the package insert/prescribing information of the
product online'?.

Applications of ICG in the Medical Field

Over the past 66 years, the U.S. FDA has approved ICG as an
imaging agent in the medical field with a wide range of usages
(Table 1). In the next paragraphs, ICGs uses in two of the FDA
approved indications will be described.

One of FDA approved indications of ICG is for ophthalmic
angiography; angiography is a medical procedure that visualizes
the contents of blood vessels using a contrast agent, or in this
case, ICG. The technique in ophthalmology helps to visualize
blood vessels in the choroid, or a layer of blood vessels and
connective tissue between the retina and the sclera (white outer
layer) in the eye“?, by injecting ICG into the antecubital vein
and imaging the fluorescence of the dye under infrared light.
The effectiveness of this method comes from the infrared lights
ability to penetrate the retina, which allows for visualizing the
deeper layers of the eye when photographed under the infrared
camera. Another property of ICG that makes it effective for
visualizing the choroid is its ability to bind with blood proteins
extensivelyl, limiting the leakage of the dye from the vessel
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walls. The infrared images visualize any abnormalities in the
blood vessels through two contrasting events: hypofluorescence,
where the blocked and defective areas appear black and dark in
the photograph due to defects blocking ICG from flowing into
the defective area; and hyperfluorescence, where an area appears
white in the photo due to abnormal blood vessels from cases such
as choroidal hemangioma or the thinning and atrophy of retinal
pigment epithelium or choriocapillaris<Z. For a more detailed
understanding of this technique and its other applications, please
refer to an article by Faik Gelisken (2024)22,

Another one of the FDA approved indications of ICG is to
determine liver functions and blood flow; it is routinely used
before and after liver surgery and transplantation, as well as in
diagnosing liver failure. Though a small molecule, ICG after
being injected into the blood will bind with the bloods plasma
proteins®!, causing it not be cleared through the kidneys and
into urine; instead, the protein bound ICG will be exclusively
cleared through the liver to the bile ducts, and then excreted into
the fecal matters“123, Therefore, how fast and to what extent
the ICG is cleared can be a useful indicator of the quality of
liver function and the blood flow?d. A non-invasive transcuta-
neous measurement of ICG kinetics is done through a finger
clip system. Normally, the transcutaneous measurement of ICG
provides liver function data within less than 10 minutes; the
measurement provides data such as ICG clearance, ICG half-
life, ICG retention ratio after 15 minutes (ICG-R15), and ICG
plasma disappearance rate (ICG-PDR)23. For example, in a
healthy person, the ICG-PDR should be larger than 18%/min,
the ICG clearance should be greater than 500 mL/min/m?, and
the ICG-R15 should be 6-12%2. For more information on the
assessment of liver functions by ICG kinetics, readers can read
an article by Samir G. Sakka (2018)%%. For a description of
the other FDA approved indications of ICG, readers can study
the package inserts of the Spy Agent Green Kit and Renew
Pharmaceuticals IC-Green and Indocyanine Green for Injection,
USP 17H19 ]

Dosage Forms of ICG

Renew Pharmaceuticals LTDs IC-Green (Indocyanine Green for
Injection) and Indocyanine Green for Injection, USP, are freeze-
dried green powders in amber glass vials (Table 1). Each vial
contains 25 mg of ICG, with no more than 5% of sodium iodide.
Based on Diagnostic Green webpage, the sodium iodide is added
as part of the manufacturing process to lyophilize the ICG, which
makes the product more stable and easier to dissolve?*. Each
package of the product contains 6 single-patient-use vials of
freeze-dried ICG (25 mg each) and 6 vials of 10 mL of sterile
water for injection, USP. The vials should be stored in 20C-25C
or 68F-77F, or about room temperatures (Table 1). The reported
shelf-life of the ICG product by Renew Pharmaceuticals is 5
years=>. The shelf-life of a pharmaceutical product is commonly

measured using the toy value'l”, meaning that after 5 years of
storage, around 90% of the original ICG remains in the product.
Before use, the ICG powder product should be reconstituted
with the sterile water for injection in a sterile environment and
used within 6 hours. The reconstituted ICG solution is injected
intravenously or interstitially into the patients, which is why the
product needs to be sterile, and the reconstitution done using
aseptic techniques.

The Spy Agent Green Kit from Novadaq Technologies ULC
(now Stryker Corporation) is supplied in a variety of ways;
specifically, the Spy Elite Kit or Package, the Spy PHI Kit or
Package, Spy Minimally Invasive Surgery (Spy-MIS) Kit or
Package, and the Spy Lymphatics Kit or Package (Table 1).
Similar to the ICG from Renew Pharmaceutics, the vials should
be stored in 20C-25C or 68F-77F, and before use, the product
should be reconstituted with the sterile water for injection in a

sterile environment and used within 6 hours?.

Lyophilization or freeze-drying involves subjecting a product
to cold temperatures, for example -20C or -40C, and turning all
the water in the product into ice, then lowering the pressure to
the product which causes the ice to undergo sublimation and
turn directly into water vapor without going through the liquid
phase®. By doing this, the water from the product is extracted
while it is in a frozen state, preventing the degradation of the
ICG during drying. This process can be explained based on
waters phase diagram, which is a graph of the phases water with
pressure in the Y-axis and temperature in the X-axis, and there is
a triple point where all 3 physical phases of water coexist (0.01C,
0.006 atm)Z. In pressures above the triple point, increasing the
temperature of ice from a lower temperature to a higher one will
cause the solid phase to melt into a liquid, then the liquid with
vaporize into gas as the temperature continues to rise. But in
pressures below the triple point, the water will instead sublime
from its solid ice state directly into a gaseous vapor state without
melting.

A comparison of the shelf-lives of the freeze-dried ICG
products (5 years) and the ICG solutions reconstituted from
the freeze-dried ICG products (6 hours) clearly illustrates that
freeze-drying makes the ICG much more stable. As mentioned
earlier, ICGs degradation in aqueous solutions is affected by air,
light, temperature, the nature of the solvent, additives, and its
concentration. In a freeze-dried product, water is removed, re-
ducing the overall molecular movement, and the ICG molecules
in the powder have reduced access to oxygen and light, all ex-
plaining the longer shelf-lives of the lyophilized ICG products.
Presenting ICG as a lyophilized product addresses the instability
issue of ICG in aqueous solution and increases the shelf-life
of the product. However, lyophilized products are not with-
out their disadvantages. The FDA listed several disadvantages
of lyophilization of sterile parenterals, including the need for
reconstitution with a sterile diluent and cost and complexity
of equipment®. Reconstitution demands the time of trained
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medical personnel. Moreover, errors can occur during reconstBinding of ICG to proteins, regardless of whether it is injected
tution4?, intravenously, interstitially, or intradermally, is critical for ICGs
clinical applications and its excretion from the body. It is thus
bene cial that the FDA-approved ICG lyophilized products only
contain ICG with no more than 5% of sodium iodide because
when they are reconstituted with sterile water for injection, the

Pharmacokinetics (PK) is de ned as what the body does 0G5 d.is.sol\{es in the solution, making it free to bind to proteins
drug®?, ICG in this case. It describes the movement of drugs #PON INjection.
around, and out the body, or more speci cally the absorption,
distribution, metabolism, and excretion of a d¥igPharma- Toxicities
codynamics (PD) is de ned as what a drug does to the body;
it studies the effect of a drug on the bagy ICG is used as As a chemical meant to be injected into the human body, consid-
an imaging agent and thus does not have any FDA-approggations for its toxicity are critical for ensuring not only effective,
indication in treating or preventing any diseases or illness. Thigt also safe usage. Based on prescribing information of the
PK of ICG is important because of its role as an imaging agé¥y Agent Green Kit and Renew Pharmaceuticals IC-Green, a
that must properly ow around the body so it can be properjinically signi cant adverse reaction from ICG is hypersensi-
imaged to visualize blood ow. For some of the FDA-approveidvity reactions, including anaphylaxis, urticaria, and dé&s,
indications, ICG is intravenously injected into the blood streatherefore, ICG should not be used for people with a history
Thus, there is not a need for absorption, which is different fropfi hypersensitive reactions to ICG. In the package inserts of
medications taken orally that need to be absorbed through théGhGreen and SPY AGENT GREEN, it is stated that there are
testinal wall from the lumen of the gastrointestinal tract into ti@ adequate and well-controlled studies of IC-Green (or SPY
blood stream. Upon injection into the blood, ICG binds with ttRGENT GREEN) in pregnant women. Both package inserts
plasma proteins in the blood extensively. Cherrick et al. (196830 contain risk summary for pregnancy and lactatfol?.
showed that when ICG was added in a concentration of QA% safety of ICG in pediatric and geriatric uses has been estab-
mg/100 mL in 0.5 ml samples of normal human plasma, 99&hed'®1°. Additionally, some studies show that ICG can cause
of the recovered ICG was associated with albumin, 2.4% wilase-dependent retinal damage, and even lower concentrations
az-globulin, 2% witha-globulin, and 0.6% wittb -globulin?L, of ICG can potentially cause unintentional dam#yéHowever,
Jang et al. (2023) reported that the dissociation constant of IGtBer than the potential risk of allergic reactions, based on the
and human serum albumin is 0.00792 sand the associationprescribing information of ICG products, it is a mostly safe
constant is 193 M s! , with an equilibrium constant of 41agent for medical use with proper cautionary measures.
mM=2, Cherrick et al. (1960) also reported that the initial vol-
ume of distribution of ICG in four human volunteers is 3.483
0.724 11, The initial decay rate, half-life, and percent retaingy
20 min after injection were 18.5 3.1%/min, 3.4 0.7 min,
and 3.8 1.0%, respectivel§*. Once the ICG is circulating The current FDA-approved ICG products are sterile lyophilized
around the body and the imaging process is done, the ICG di@S powder. The lyophilization strategy not only overcomes
not get ltered from the blood into the urine; Cherrick et alhe instability issue of ICG, but also allows ICG to dissolve
(1960) reported that urine collected from ve patient volunteeiis sterile water for injection and freely binds to proteins after
during a 6 hour period following the intravenous administratidnjection, which is important for its clinical indications and ex-
of ICG contained no dyé!. Instead, ICG is removed by thecretion. Besides lyophilization, other strategies for stabilizing
liver into the bile and then gets excreted into the fecal mattetCG can be found in literature. One such strategy is to store
For lymphatic mapping of cervical and uterine cancer, ICIGG in a frozen environment. Perks et al. reported that ICG
solution is injected interstitially into the cervix to map the lynreconstituted in sterile water for injection at 2.5 mg/mL did
phatic system around the cervix and determine the extennhof show any concentration change after 28 days of storage in
cancer spreatf. For lymphatic mapping of breast cancer, th80C or -67C®, suggesting that the ICG solution may not have
ICG solution is injected intradermally into the periareolar aréa be discarded 6 hours after reconstitution if there are frozen.
to locate the sentinel lymph node and map the lymphatic systelowever, the authors did not report the stability of the frozen
around the breast canéér Based on the prescribing informalCG after more 28 days of storage, and the exact shelf-life of
tion of Spy Agent Green, following interstitial or intradermathe ICG frozen solution is not known. Another reported strategy
injection, indocyanine green binds to proteins in lymph uitb increase the storage stability of ICG without lyophilization
and the interstitial space, is taken up by the lymphatic vessml$o include additional excipients. Laurent, Sayah, and Lopez
and drain to the lymph nodé$. reported that ICG solutions containing ascorbic acid and salts

Pharmacokinetics and Pharmacodynamics of ICG after In-
travenous Injection

lternative ICG Formulation Strategies and Future Direc-
ns

4]



did not show any ICG degradation after 26 weeks, or halivaust be used within 6 hours. Upon reconstitution, ICG dissolves
year, of storage at room temperature away from fgh#An- in the solution and is free to bind to proteins after injection,
other tested strategy is to incorporate ICG in various micell@ich is critical for its clinical applications and its excretion
nanoparticles, and nanobubbté$8-44 For example, Schwartzfrom the body. Alternative ICG formulations strategies can be
et al. showed that ICG is more stable in water containing 0.166ind in literature, although they do not necessarily have longer
of Tween 20, with less than 5% reduction in emission intensghielf-lives than sterile lyophilized ICG powder, but they could
over 4 month&. Kirchherr et al. reported that ICG in Solutopotentially allow ICG new clinical indications in the future.

HS 15 and Cremophor RH40 appeared stable after 30 days of

storage at 2582, Other researchers reported that ICG showed

better stability in nanoparticlé$®, but overall, the stability

ICG in those formulations remain unsatisfactory for long-terM€thods

storage. Still, another reported strategy is to chemically modify

ICG to deuterated IC&, which increases the aqueous half-lifghe literature searching strategy to nd information for this
of ICG by a factor of 3.1. Clearly, the FDA-approved sterilgaper was to refer to the PubMed website, the FDA website of
lyophilized ICG powder products represent the best formulgproved Drug Products with Therapeutic Equivalence Evalua-
tion for long-term storage of ICG products. Other strategigéns'®, Google and Google Scholar, then searching up topics
introduce various additional excipients without extending tRgch as indocyanine green biopharmaceutics, Indocyanine green
shelf-life of ICG to a level equal to that of the FDA-approvegblubility, Indocyanine green stability, Indocyanine green chemi-
ICG products. Importantly, including more excipients or incafal degradation, Indocyanine green pharmacokinetics, etc. Some
porating ICG in various nanoparticles or micelles could makeyifformation was from the webpages of the two FDA-approved
impossible to use ICG to perform the indications of the curreiG product Applicant Holders, Renew Pharmaceuticals LTD

FDA-approved products, although the new ICG formulatiofigow Renew Health Limited) and NOVADAQ Technologies
may allow new medical indications of ICG. For example, som@_C (now Stryker Corporation).

ICG nanoparticles have reported applications in uorescence

imaging-guided photothermal therapy of tunftré?44 Finally,

besides the indications listed in the package inserts of the two

FDA-approved ICG products, scientists and clinicians will like§}cknowledgments

nd new applications for the sterile lyophilized ICG products. ) _

An example of ICG in action are cases of anastomotic leakatfa€ author would like to thank Dr. Anthony Dylla, Coordinator
a frequent surgical issue where the contents of the guts leak@f'€ UT High School Research Academy (HSRA) at The Uni-
during or after surgical anastomosis, which can be prevenYgity of Texas at Austin, as well as Ava Enochs and Ron Lurie
through the use of ICG to properly visualize and evaluate tﬁ%pqrtners in the UT HSRA, in data coIIchon_and research of
colons of the patient to make more precise and accurate opir&: in Summer 2024. The author would also like to thank Mr.
tions*®. Another application of ICG is imaging for lung tumor£€ighton Zerby, AP Capstone: Research and English Il teacher
through inhaling the substance into the Idfighe inhalation N Westlake High Sch_ool, for reviewing this paper for formatting
method provides a far more detailed and clearer image of &l content suggestions.

lung functions as opposed to injection and serves its purpose as

an imaging agent with incredible ef ciency.

Conclusions

Ever since the FDAs initial approval of using ICG as an imaging

agent to determine cardiac output, hepatic function, and liver

blood ow about 66 years ago, many additional indications have

been approved. However, ICG remains mainly administered by

intravenous injection, and the FDA approved products remain

sterile lyophilized ICG powders to be dissolved or reconstituted

in sterile water for injection in a sterile environment. Due to )

its peculiar poor stability in aqueous solution, ICG is freeZg9- 1 Chemical structure of ICG (drawn based on SPY AGENT
dried into a dry powder in an amber glass vial, which drasticaggjslNTgL?Sﬁggggm?géo;gfc'Egr:;sa'i;i ?CE)D B Chemical
increases the shelf-life of the ICG products to 5 years at 20- ' ' R '

250C; however, upon reconstitution in water, the ICG solution
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