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This chapter is intended to help make inroads to the role of Intralipid in
photodynamic therapy (PDT). In addition to Intralipid’s favorable property
as a light scattering agent, we hypothesized that it will be unstable to
photosensitized oxidation. To explore this, measurements of total
quenching rate constants (k1) of singlet oxygen with Intralipid and its
constituents are described. Furthermore, organic phosphines were tested to
trap Intralipid peroxides formed in photosensitized oxidation reactions. Our
findings indicate that the vulnerability of Intralipid to photooxidation might
suggest limits of its use in PDT.

1 Introduction

Intralipid is often used in photodynamic therapy (PDT).!? This is mainly due to
Intralipid’s useful light scattering properties with illumination by laser light.
However, even with this property achieved, some of the Intralipid molecules may be
decomposed and photoaged affecting their use in PDT. Here, we describe singlet
oxygen ('0,) quenching by Intralipid and Intralipid peroxide trapping reactions that
we think will be of interest to the fields of PDT, lipid oxidation, and even organic
photochemistry.

The possible photoaging of Intralipid is caused by the unsaturated groups present in
the liquid. Intralipid’s composition is rich in unsaturated fatty acids. Intralipid
contains soybean oil, egg yolk phospholipids, glycerol, and water (Fig. 1). Soybean
oil itself consists of unsaturated fatty acids (oleic acid, linoleic acid, and linolenic
acid) and saturated fatty acids (palmitic acid and stearic acid). The unsaturated fatty
acids in Intralipid are particularly prone to oxidation by reactive oxygen species
(ROS). ROS can be generated through a type I and type II photosensitized
oxidation.>* In type I, the excited sensitizer can transfer an electron to form radicals
that can later interact with oxygen to generate ROS such as hydroxyl radical (HO"),
peroxyl radical (ROO"), alkoxy radical (RO"), superoxide radical anion (O, ), and
hydrogen peroxide (H,0,). In type II, the excited sensitizer transfers energy to >0,
to produce 'O,, as the main cytotoxic species.’® Girotti et al.’ discuss this facet in
lipids where type I (oxygen radicals) and type II ('O,) sensitized oxidation leads to
oxygen radicals and radical ions, and singlet oxygen, which are trapped by fatty
acids (Fig. 2). Girotti’s experiments revealed discernible contributions from type I
and type II sensitized oxidation.” Allylic H abstraction and double-bond shift are
characteristic of the 'O, ‘ene’ (type II) reaction.'®'* By contrast, oxygen radical H
abstraction leads to the pentadienyl radical, thereby adding ground-state molecular
oxygen (°0,) only to the 9" and 13’ sites.’
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Fig. 1 Reagents used in this report: (a) Intralipid which consists of soybean oil, egg yolk
phospholipids, and glycerol, (b) soybean oil which consists of oleic acid, linoleic acid, linolenic acid,
palmitic acid and stearic acid, and (c) oleic acid. Soybean oil and oleic acid are used as simpler
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Fig. 2 Type | (oxygen radicals) and type Il (*0,) sensitized oxidation of an unsaturated fatty acid and
resultant hydroperoxide products.

It is worth knowing when Intralipid is likely to trap ROS in type I and type II
sensitized oxidation due to its use in PDT. In pleural PDT, treatment is suitable for
localized tumors such as those in malignant pleural mesothelioma (MPM).'>!® In a
phase II study, the sensitizer Photofrin® is administered 24 hours before surgery at a
dosage of 2 mg/kg, after which a large mass of the tumor is removed and followed



up by the addition of Intralipid (0.01%). Then the PDT treatment lasts for ~2 h to
eliminate the surplus of tumor cells.'™'® Laser light at 630 nm is used with a light
dose of 60 J/cm? and is delivered via a handheld optical fiber that is manually
scanned throughout the cavity.'” The Intralipid in the pleural cavity can be easily
pumped out if blood content in the solution is too high to affect light transmission.
Dupre et al.?’ reported good light-distribution with treatment-averaged fluence rate
being very similar among eight detection sites throughout the cavity using ~40-60
mW/cm?. The light dosimetry is performed using 8 isotropic detectors.”' Intralipid
(0.1%) is also used in balloons with optical fibers to address light scattering. In this
vein, studies have evaluated light distribution from balloons of different geometries
filled with saline or Intralipid solutions.??

In a study on Intralipid-mediated PDT of three decades ago,' PDT with
dihematoporphyrin ether of human non-small-cell lung cancer cells (A549) produced
high cytotoxicity when cells were maintained in solutions of Intralipid during the
illumination. Cell killing was greater in the presence of 1% Intralipid solutions
compared to PBS, and evidence suggested that Intralipid promoted the leaching of
photosensitizer from the cells. Current PDT studies use dilute solutions of Intralipid
(typically 0.01%) for light scattering.

Despite the effectiveness of Intralipid as a light scattering agent in PDT, surprisingly
little is known about its stability under sensitized photooxidation conditions. For
example, what are the total quenching rate constants (k) of 'O, with Intralipid and
some of its constituents? Can organic phosphines trap Intralipid peroxides formed in
photosensitized oxidation reactions?

2 Quenching of singlet oxygen by intralipid

Previous experiments of Gemmell et al.?® reveal a decrease of 'O, luminescence in
the presence of Intralipid, which the authors attribute to 'O, quenching, or other de-
excitation pathways, and/or diffusion of excitation and 'O, luminescence at 1270
nm.

This led us to conduct a 'O, luminescence study to measure the total quenching rate
constants (k) of 'O, by Intralipid and its constituents. We used a photostable
BODIPY sensitizer (Br,B-OAc), which due to the heavy-atom effect efficiently
sensitizes the formation of 'O, (Fig. 3).>**" The observed 'O, quenching rate
constants (k,;) were determined by monitoring the quenching of its time-resolved
emission at 1270-1275 nm,?*?° in which our k; data was acquired with a 355 nm
pulsed laser light excitation. Water was evaporated from Intralipid leaving behind an
oily residue containing mainly a mixture of soybean oil, glycerol, and egg yolk
phospholipids. Chloroform was used as the solvent to solubilize this oily residue and
also to extend the lifetime of 'O, ~70 times to facilitate the kr measurements. Our
measured kq of ~4280 s™' is similar to that found in the literature with CHCl; as the
solvent.>

Data for the three quencher systems, Intralipid (Fig. 4A), a simplified mixture
soybean oil (containing only five fatty acids) (Fig. 4B), and oleic acid (containing
only a single unsaturated alkene) (Fig. 4C) are shown. Each exponential decay curve
is first-order, and the lifetime decrease with increasing concentrations of the
quenchers (Fig. 4). The rate of deactivation of 'O, by the quenchers was obtained
using eqs. 1-3, where Q is the quencher (Intralipid, soybean oil, or oleic acid), k4 is
the rate constant for quenching of 'O, by the solvent and kq and k, are the physical



and chemical quenching rate constants of 'O, by the quencher, respectively. The
sum of kg and k; is the total quenching rate constant (kr).

Br,B-OAc

Fig. 3 8-Acetoxymethyl-2,6-dibromo-1,3,5,7-tetramethyl pyrromethene fluoroborate (Br,B-OAc)
was used as a sensitizer in Intralipid, soybean oil, and oleic acid in the *0, quenching experiments.
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Fig. 4 Normalized 'O, luminescence decay curves (left column) and total rate constant (k) plots
(right column) in monitoring the 1270 nm signal in the presence of (A) Intralipid, (B) soybean oil,
and (C) oleic acid. Solvent: CHCl; at 25 °C.

-d['0,)/dt = kops ['02] = {ka + (ke + ko) [Q]} ['02]

kobs = kq + (ke + k) [Q]

(M
@



kobs = ka + (k1) [Q] ©)

Data plotted of k,;, vs. [Q] are linear (Fig. 4, right column) from which both the rate
constants k4 (intercept) and kr (slope) can be determined (Table 1). The highest &
value was found when Intralipid was used as the quencher (kr = 3.44 x 10° M™' 7).
Intralipid is composed of soybean oil (10%), egg yolk phospholipids (1.2%),
glycerol (2.25%), and water. We used a 20% emulsion, which means that upon
evaporation of the water, the oily residue is composed of 75% soybean oil, 9% egg
yolk phospholipids, and 16% glycerol. Soybean oil itself consists of linoleic acid
(44-62%), oleic acid (19-30%), palmitic acid (7-14%), and linolenic acid (4—11%).
Even though the amount of soybean oil is less than the 20% emulsion, the increase
in the k7 value can be attributed to the presence of egg yolk phospholipids and
glycerol. Egg yolk phospholipids are at least 70% of phosphatidylcholine. It is
known that lipids can have k; values from 1.2 x 10° M s up to 3 x 10° M 57!
depending on the number of unsaturations.®' Furthermore, protic molecules, such as
glycerol, will also have a contribution to deactivating 'O, by physical quenching.
The ky for soybean oil (2.97 x 107> M™! s7") is about 5 times higher than the kr for
oleic acid (0.53 x 10~ M™' s™"). This increased kr makes sense based on the
composition of these oils. While oleic acid is a monounsaturated lipid, soybean oil
has a high percentage of polyunsaturated lipids (44-62%). To illustrate this point,
the kr value for linoleic can be up to 2.5 times larger when compared to oleic.
Thus, in summary for this section, Intralipid as an emulsion, not just the lipids, leads
to the quenching of '0,.

Table 1. &y and kr measurements for the physical and chemical reaction of solvent and substrate
with 'O,, respectively, in CHCls.

Q kg x 102 (s™H*® krx 10°M's™h®
oleic acid 424 +0.09 0.67 £ 0.03
soybean oil 441+0.14 297+0.14
Intralipid 420+ 0.05 3.44 +0.09

*Fitting errors reported.

3 Chemical trapping study

To determine whether Intralipid forms peroxides upon photooxidation, a trapping
study was carried out using a series of phosphines (Fig. 5).** With AI(III)
phthalocyanine tetrasulfonic acid chloride (AIPcS) as the sensitizer, trapping of
Intralipid peroxides was monitored by oxygen-atom transfer to phosphine traps in
the dark following the photooxidation reaction (Fig. 5 and 6).

Our Intralipid peroxide trapping study used a series of phosphines 2'-
dicyclohexylphosphino-2,6-dimethoxy-1,1'-biphenyl-3-sulfonate (sSPhos), 3-
(diphenylphosphino)benzenesulfonate (Ph,4PS), triphenylphosphine-3,3',3"-
trisulfonate (Ph3;PS;), and triphenylphosphine (Ph;P). The percent yield of the
peroxides increased linearly with the increase in fluence from 45 to 180 J cm >
based on our trapping experiments. This enabled the trapping to quantify the amount
of peroxides in the Intralipid photooxidation samples.

The 669-nm light irradiation of AlPcS sensitizer in the presence of Intralipid and O,
led to the formation of peroxides. The peroxide yields were obtained as a function of
light fluence (Table 2). Table 2 shows that the O-atom transfer was dependent more
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on the fluence and less on the concentration of the sensitizer. The percent yield of
Ph;PS oxide decreased from 9.3% to 5% with decreasing AlPcS concentration from
100 uM to 10 nM.
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Fig. 5 The four phosphines used in the peroxide trapping studies, which upon oxidation form the
corresponding phosphine oxides. The two phosphines highlighted with a circle have a good balance
between reactivity and water solubility.

Fig. 6 Al(lIl) phthalocyanine tetrasulfonic acid chloride was used as a sensitizer with 669 nm diode
laser light in the Intralipid photooxidation experiments, in which the peroxide products were
trapped with the organic phosphines.

Table 2. Trapping of peroxides by the organic phosphines from 1% (v/v) Intralipid” photooxidations

potency J/cm? (Time)
45° 90° 135° 180° 90¢ 907

phosphine 3 75 i) (7.5min) (11.25 min) (15min) (7.5 min) (7.5 min)
sSPhos 9+15 10+15 1341 18+15
_ Phs;PS 83+£1 931  13£1 171 7+1 5+1
peroxide
ield (%
yield ) PhyPS; 2
PhsP }

“ 1% (v/v) Intralipid = 44 mM; [AIPcS]="1 x 10 M, °1 x 10°* M and 1 x 10 M.




In the series of phosphines, Ph;PS is the most suitable trapping agent of Intralipid
peroxides owing to a balance of nucleophilicity and water solubility. The time
required to trap peroxides with phosphines varies from moderate (Ph;PS) to high
(Ph3PS;) to low (sSPhos) (Table 3). sSPhos is capable of trapping the peroxy
intermediates, but also undergoes air oxidation, thus when used to trap peroxides
required a subtraction to account for the extra sSPhos oxide. Ph;PS; is a poor
trapping agent due to an electronically deactivated phosphorus site.

Sulfonate groups are water-solubilizing groups, but decreases the nucleophilicity
and

oxophilicity. The hydroperoxides are the major products in the Intralipid
photooxidation reaction. Dioxetanes can also be formed, but are unstable and
consequently decompose to carbonyl fragments during the reaction. Peroxides can
also be formed by type I reactions, such as those formed from unconjugated dienes.
A useful facet of this study is that deuterated solvents are not required to monitor the
trapping by *'P NMR so that aqueous samples are readily usable. Our work builds on
previous reports of phosphine trapping as in-situ trapping agents for heteroatom and
hydrocarbon peroxides, but in a model reaction for PDT. This study paves the way
for the development of Intralipid peroxide quantitation after PDT using phosphine
trapping and *'P NMR spectroscopy in H,O.

Table 3. Phosphine physical and chemical properties

physical property chemical properties
. - stability of commercial Reaction with
phosphine solubility sample hydroperoxides

Water soluble on heating 7% oxide impurity, quality

sSPhos to 40 °C decreased over fime instantly
(100 mg/L)*
water soluble above RT S . e
Ph;PS (100 mg/L)* no oxide impurity within minutes
water soluble at RT o) ot . after 12 h, reaction is
Ph;PS; (100 mg/L)" 5% oxide impurity incomplete
soluble in organic
Ph;P solvents (50 mg/mL, no oxide impurity instantly
CHCI3%)

“Values adapted from reference 33; * Reported in compound specification sheet (Aldrich).

4 Conclusion

Instead of being unreactive, some constituents of Intralipid are able to interact with
ROS formed in sensitized photooxidations. This raises a possibility for
photooxidation reactions with Intralipid by 'O, ‘ene’ reactions and [2 + 2]
cycloadditions, and also type I reactions (Fig. 7). Key questions that remain are what
are the relative concentrations of Intralipid peroxides and whether their lifetimes
vary significantly.

Of note, Cadet and others,” suggest that PDT is usually 75% 'O, and 25% type I.
Typical sensitizers act mainly through the type II process,”” although taking into
account the fact that association, such as methylene blue with DNA, offers a route to
type 1 processes.””***> A number of amine-substituted sensitizers seem also to be
controlled by type I processes due to patterns of oxidation (e.g., R,N-" to radical
cations) and/or demethylation (e.g., methylene blue and toluidine blue O).*
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Fig. 7 Photooxidation of Intralipid to form transient peroxide products trapped by phosphines (RsP)
to form phosphine oxides (R3P=0).

5 Prospectives
A Step Closer to Intralipid’s Role in Photodynamic Therapy

If the Intralipid peroxides are unstable, how might they perturb pleural PDT, by their
oxidative character? Intralipid peroxides could be tested for toxicity to cells, such as
breast cancer cells using photoaged Intralipid samples. The answer could lie in
treating cells that are bathed in Intralipid and followed for survival. The intention
would be to introduce delays between PDT of Intralipid and the exposure of the cells
to the Intralipid. In this way, location could be varied intracellularly and
extracellularly to learn of toxicity effects of endogenous and exogenous Intralipid
peroxides from sensitized photooxidations.
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