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ABSTRACT

Intralipid is a lipid emulsion used in photodynamic therapy
(PDT) for its light scattering and tissue-simulating properties.
The purpose of this study is to determine whether or not
Intralipid undergoes photooxidation, and we have carried out
an Intralipid peroxide trapping study using a series of
phosphines [20-dicyclohexylphosphino-2,6-dimethoxy-1,10-
biphenyl-3-sulfonate, 3-(diphenylphosphino)benzenesulfonate,
triphenylphosphine-3,30,300-trisulfonate and triphenylphos-
phine]. Our new findings are as follows: (1) An oxygen atom
is transferred from Intralipid peroxide to the phosphine
traps in the dark, after the photooxidation of Intralipid. 3-
(Diphenylphosphino)benzenesulfonate is the most suitable
trap in the series owing to a balance of nucleophilicity and
water solubility. (2) Phosphine trapping and monitoring by
31P NMR are effective in quantifying the peroxides in H2O.
An advantage of the technique is that peroxides are detected
in H2O; deuterated NMR solvents are not required. (3) The
percent yield of the peroxides increased linearly with the
increase in fluence from 45 to 180 J cm�2 based on our trap-
ping experiments. (4) The photooxidation yields quantitated
by the phosphines and 31P NMR are supported by the
direct 1H NMR detection using deuterated NMR solvents.
These data provide the first steps in the development of
Intralipid peroxide quantitation after PDT using phosphine
trapping and 31P NMR spectroscopy.

INTRODUCTION
The phosphine trapping of fatty acid ester hydroperoxides
formed from Intralipid� photooxidations and monitoring by 31P
NMR spectroscopy is a potentially novel, but untested process
(Fig. 1).

Because of the use of Intralipid in photodynamic therapy
(PDT) (1–3) and its tissue-simulating properties (4–10), there is
interest in the reactivity of its alkene bonds with reactive oxygen
species (ROS), particularly singlet oxygen (1O2). Current knowl-
edge of 1O2 reactivity is limited to constituents of such as the
individual fatty acids and alkenes, and membranes (11–26) rather

than the Intralipid emulsions themselves. Intralipid emulsions
consist of soybean oil alkenes and polyenes, egg yolk phospho-
lipids, glycerin and water.

Previous PDT studies on Intralipid have mainly focused on
1O2 luminescence (27). In a recent advance in this field, Gem-
mell et al. (27) identified a decrease of 1O2 luminescence in
Intralipid fluid, however, it is not known whether it was due to
1O2 quenching, other de-excitation pathways, and/or diffusion of
excitation and 1O2 luminescence at 1270 nm. The photosensitizer
concentration in tissue as measured during pleural PDT varies
from 0 to 20 lM and depends on the degree of heterogeneities,
with a mean of around 5.9 lM (28). As a result of surgery and/
or PDT, the photosensitizer that is circulating can leak into the
Intralipid. For pleural PDT, Intralipid will fill the chest cavity
(29,30). As a result, the amount of photosensitizer that could
leak into the Intralipid will be less than 20 lM after dilution by
the Intralipid solution in the pleural cavity. For experimental
convenience, 100 lM AlPcS (photosensitizer) is used in many of
our experiments.

Thus, there is a need to develop chemical trapping methods
and spectroscopic techniques for quantifying the amount of fatty
acid ester hydroperoxides in Intralipid photooxidation samples.
Our hypothesis is that irradiation of Intralipid in the presence of
O2 and a sensitizer will form peroxy species that can be trapped.
Our approach includes a combination of organic trapping chem-
istry, photochemistry and NMR spectroscopy. Here, organic pho-
tochemistry and NMR methods were used to reveal the
photooxidative instability of Intralipid.

The potential for O-atom trapping of photooxidized Intrali-
pid samples is yet unexplored. We envisioned that Intralipid
photoperoxides likely exist because membrane photoperoxides
exist (11–19). We sought to develop an Intralipid peroxide
trapping process. The issues addressed in this report are the
light fluence dependence of the process and phosphine sub-
stituent effects.

Here, our strategy involved the use of four phosphines
[sSPhos (20-dicyclohexylphosphino-2,6-dimethoxy-1,10-biphenyl-
3-sulfonate (1), 3-(diphenylphosphino)benzenesulfonate ion (2),
triphenylphosphine-3,30,30 0-trisulfonate ion (3) and triphenylphos-
phine (4)] in our peroxide trapping studies (Fig. 2). These phos-
phines vary in the number of aliphatic and aromatic substituents,
and the number of water-solubilizing sulfonate groups. sSPhos is*Corresponding author email: agreer@brooklyn.cuny.edu (Alexander Greer)
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unique; it contains two cyclohexane rings and an arylsulfonate
ion. Bulky electron-rich phosphines such as sSPhos 1 are ligands
for Suzuki–Miyaura cross-coupling reactions in the field of
organic synthesis, facilitating C–C, C–N and C–O bond forma-
tions (31–36). Organic solvent soluble phosphines are highly
oxophilic and trap oxygen from peroxide sources (37–44). These
processes include phosphorus biphilic insertion to obtain phos-
phorane intermediates (45–47). Water-soluble phosphines such as
3 have been used to prepare gold complexes as catalysts (48),
but not as trapping agents in aqueous reactions during PDT.

Here, we report that an oxygen atom is diverted from Intra-
lipid peroxides to phosphines 1–4, but with different efficien-
cies. Our phosphine trapping observation is consistent with
direct 1H NMR data on hydroperoxides using deuterated sol-
vents. However, a facet of this study is that deuterated sol-
vents are not required to monitor the trapping by 31P 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.

MATERIALS AND METHODS

Reagents and instrumentation. AlPcS, oleic acid, soybean oil, phosphines
1–4, K2Cr2O7, CDCl3 and CD3OD were purchased commercially and
used as received without further purification. Intralipid fluid was diluted
to 1% (v/v) from a 20% emulsion of soybean oil (10%), egg yolk
phospholipids (1.2%), glycerin (2.25%) and water. Soybean oil consists
of linoleic acid (44–62%), oleic acid (19–30%), palmitic acid (7–14%)
and linolenic acid (4–11%). 1H NMR spectra were acquired at 400 MHz,
and 31P NMR spectra were acquired at 161.9 MHz using a Bruker
DPX400 MHz instrument.

Photogeneration of singlet oxygen. Two photooxidation methods
were used as follows: (1) Intralipid (1% aqueous solution) and
sensitizer AlPcS (1 9 10�4

M) in 0.6 mL H2O were irradiated with a
diode laser (669 nm light through a fiber, power density = 0.2 W cm�2

and fluences ranging from 45 to 180 J cm�2). The fiber optic was
situated above a 1 9 1 9 1 cm3 cuvette containing 0.6 mL solution
sitting on the detector. Thus, the diode laser light was specified as in-
air light fluence because of the geometry (light is incident from the top
and passes through 0.6 cm thick material). In an optical phantom that
involves scattering and attenuation materials, the light longitudinal
attenuation can be expressed as exp(�leff 9 depth) ~0.8, where leff is
the inverse of the optical penetration depth = sqrt
(3 9 la 9 ls0) = 0.39 cm�1 (49,50). In this expression, ls’ is the
reduced scattering coefficient and la is the absorption coefficient. In the
near-infrared (NIR) region, the scattering coefficient is always much
larger than the absorption coefficient. As a result, the effective
attenuation coefficient is determined by a combination of scattering and
absorption coefficient (49,50). (2) Samples of soybean oil (50 mM) or
oleic acid (50 mM) and sensitizer AlPcS (0.1 mM) in 0.6 mL CDCl3 or
CD3OD were irradiated with two 400 W metal halide lamps through a
0.05 M K2Cr2O7 solution in 0.5% v/v H2SO4 cutoff filter (k > 500 nm)
solution. Using a calibrated isotropic detector connected to a custom
dosimetry system, the fluence rate at the location between the two bulbs
(separated by 14.5 cm) where the sample was located was found to be
21.8 � 2.4 mW cm�2. The fluence rate at various locations around the
metal halide lamp with a power meter for two distances from the bulb
(5 and 10 cm) is shown in Fig. 3. Prior to the irradiation, both methods
included O2 bubbling in the solutions for 6 min at a slow bubble-by-
bubble rate.

Peroxide trapping reactions with phosphine. After the irradiation, 1–4
(40 lmol, 1 equiv) was added to the reaction mixture and analyzed by
31P NMR spectroscopy (Figures S2–S4). The hydroperoxide yields were
reproducible. The following parameters were used in acquiring the 31P
NMR spectra for our trapping study: the acquisition time was 0.51 s, the
number of scans was 300, the spectral width was 64102.563 Hz, the
pulse delay was 7.32 ls, the pulse width was 61 W and the total number
of data points was 65536.

Figure 1. Photooxidation of Intralipid and monitoring of the resulting hydroperoxides by 31P NMR spectroscopy.

Figure 2. The four phosphines (1–4) used in our peroxide trapping stud-
ies, which upon oxidation form the corresponding phosphine oxides.
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Intralipid peroxides. Peroxides were formed in H2O containing AlPcS
(0.1 mM) and Intralipid (9 mM oleic acid, 19 mM linoleic acid, 3 mM

linolenic acid, 4 mM palmitic acid, 1 mM stearic acid, 10 mM glycerol
and 0.6 mM egg yolk phospholipids). Oxygen was bubbled for 6 min,
and the sample was irradiated from above with a 669 nm diode laser.

Soybean oil peroxides. Several peroxide products were formed in
0.6 mL CDCl3 or CD3OD containing AlPcS (0.1 mM) and soybean oil
(8 mM oleic acid, 20 mM linoleic acid, 2 mM linolenic acid, 4 mM

palmitic acid and 1 mM stearic acid). Oxygen was bubbled for 6 min,
and the sample was irradiated with a pair of metal halide lamps through
the K2Cr2O7 cutoff filter solution.

Oleic acid peroxides. Regioisomeric hydroperoxides were formed in
0.6 mL CD3OD containing AlPcS (0.1 mM) and oleic acid (40 mM).
Oxygen was bubbled for 6 min, and the sample was irradiated with a
pair of metal halide lamps through the K2Cr2O7 cutoff filter solution. 1H
NMR 400 MHz (CDCl3): 0.92 (t, J = 6.4 Hz, 3H), 1.35–1.31 (m, 20H),
1.61 (t, 7.2 Hz, 3H), 2.10–2.03 (m, 4H), 2.29 (t, J = 15.2 Hz, 2H), 4.18
(q, J = 6 Hz, 1H, OCH protons of peroxides), 5.41–5.32 (m, 2H), 5.73–
5.66 (m, 2H, olefinic protons of peroxides).

RESULTS AND DISCUSSION
Four phosphines (1–4) were used in our peroxide trapping stud-
ies.

Apparatus

A laser setup with a cuvette containing Intralipid was used as a
model for irradiation in the pleural cavity (Fig. 4). The apparatus

delivers 669 nm light to the air/water interface (fluence rate
0.2 W cm�2; fluences: 45, 90, 135 and 180 J cm�2). For prepar-
ative scales to facilitate the characterization of products by
NMR, a pair of metal halide lamps was used (fluence rate of
21.8 mW cm�2), filtered in the wavelength range of 500–
700 nm as described in the Experimental Section. As we will
see, the O trapping occurs in the dark via the trapping of perox-
ides with phosphines after the photoreactions, but in one case
for 1, O-atom transfer reactions also occurred by air oxidation.

Phosphine stability and solubility

Addition of a phosphine (1–4) to Intralipid alone (without pho-
tooxidation/photoreaction) did not result in the formation of the
corresponding phosphine oxide. When reactions were carried out
in the dark in O2-saturated H2O, the O-atom transfer was not
observed in phosphines 2–4. However, the reaction of sSPhos 1
in the dark and in the presence of air showed O-atom transfer.
Air, but not water, was found to be the source of the O atom in
1 oxide. Consequently, the phosphine trapping approach with
sSPhos 1 required a correction factor as the total 1 oxide formed
included quantities from peroxides and air oxidation of 1 as we
will see below.

As reported in the literature, alkyl substituted phosphines are
susceptible to air oxidation (51–53). Phosphine 2 produced <1% of
the corresponding phosphine oxide by bubbling O2 in D2O or
CD3OD. Experiments showed that the yield of 4 oxide was poor
due to the lack of solubility in the aqueous Intralipid media. This is
in contrast to the case of 3 in the phosphine series, which was inef-
ficient in trapping peroxides. Phosphine 3 is capable of trapping
peroxy species, but it is slow and relatively unreactive to peroxy
species and the peroxides generated in Intralipid photooxidation
reactions. Control experiments showed that the yield of 3 oxide
was about three-fold to four-fold less in the photoreaction of
Intralipid with O2 compared to phosphine 2 after 15 min. The
poor peroxide reactivity of 3 can be attributed to the presence of
three sulfonate groups (electron-withdrawing substituents), making
the phosphorus site a relatively poor nucleophile. The O trapping
plateaued with time; that is the Intralipid peroxides reacted with
phosphines 1 and 2 rapidly after the experiments were performed.
Notably, some peroxides probably decomposed before we could
trap them with phosphines. Thus, the reported values of O trapping
in this study can be considered as the lower limit.

Detecting peroxides with trapping and 31P NMR

The 669 nm light irradiation of Al(III) phthalocyanine tetrasul-
fonate (AlPcS) sensitizer in the presence of Intralipid and O2 led
to the formation of peroxides. The concentration of peroxide was
monitored by the disappearance of sSPhos 1 (�8.20 ppm) and the
appearance of 1 oxide (55.98 ppm) (Fig. 5). The peroxide yields
were obtained as a function of light fluence (Table 1). Table 1
shows the trapping data of Intralipid peroxides using phosphines
1–3 in the fluence range 45–180 J cm�2. In the case of 100 lM
AlPcS, a fluence of 90 J cm�2 led to 9.3% Intralipid oxidation,
where 4.1 mM peroxide was detected by a photooxidation trapping
reaction by sSPhos 1 of a sample containing 44 mM Intralipid.
Table 1 shows that the O-atom transfer was dependent on the flu-
ence, but less so on the concentration of the sensitizer, that is the
yield of 1 oxide and 2 oxide increased from ~8% to ~17% when
the fluence was increased from 45 to 180 J cm�2. At 90 J cm�2,

Figure 3. The measured fluence rate of the metal halide lamp.

1432 Prabhu P. Mohapatra et al.



the percent yield of 2 oxide decreased from 9.3% to 5% with
decreasing AlPcS concentration from 100 lM to 10 nM. Photoac-
tivity of sensitizers in nanomolar quantities is of interest in the
field of PDT (54–59), and while our data show 5% photooxidation
at 10 nM concentrations of AlPcS, effects such as the location of
the sensitizer in Intralipid were not assessed.

Detecting peroxides with 1H NMR

The suggestion of Intralipid peroxide formation by 31P NMR
with phosphine trapping is supported by the 1H NMR data
obtained for similar reactions (Fig. 6). The formation of
hydroperoxides is evident from the 1H NMR spectra of soybean
oil and oleic acid photooxidation reactions shown in Figs. 7 and
8. Figure 7 shows one regioisomeric hydroperoxide formed by
the photooxidation of a triglyceride of linoleic acid, a constituent
of soybean oil. It is common that fatty acids in soybean oil are
not in the free form, but are esterified to the corresponding
triglycerides in the presence of glycerol and plant enzymes.

The formation of hydroperoxides was also observed by 1H
NMR studies in the photooxidation of oleic acid (Fig. 8). Fig-
ure 8 shows the structural assignment of one of the two
regioisomeric hydroperoxides formed in the photooxidation of
oleic acid. The hydroperoxides in the soybean oil and oleic

(a) (b)

Figure 4. Model for irradiation of Intralipid in the pleural cavity. (a) Image of the laser setup with a cuvette. The apparatus delivers 669 nm light to
the air/water interface. The solution in the cuvette is 1% Intralipid and contains 0.1 mM Al(III) phthalocyanine tetrasulfonate ion (AlPcS) sensitizer. The
red light is shined from above, where the air-gap distance from the fiber-optic cable to the water surface in the middle of meniscus in the cuvette is 5
cm. (b) Image of laser irradiation in the pleural cavity.

Figure 5. The detection of peroxides by sSPhos 1 in the dark using 31P NMR spectroscopy. For 1, as little as ~0.5 mM of peroxides is detectable.

Table 1. Trapping of peroxides by phosphines 1–4 from 1% (v/v) Intrali-
pid* photooxidations

Entry
Fluence
(J cm�2)

Irrad.
time
(min) [sens]†

Peroxide yield (%)

1 2 3 4

1 45 3.75 1 9 10�4
M 9 � 1.5 8.3 � 1

2 90 7.5 1 9 10�4
M 10 � 1.5 9.3 � 1

3 135 11.25 1 9 10�4
M 13 13 � 1

4 180 15 1 9 10�4
M 18 � 1.5 17 � 1 2 –

5 90 7.5 1 9 10�6
M 7 � 1

6 90 7.5 1 9 10�8
M 5 � 1

*1% (v/v) Intralipid = 44 mM. †Sensitizer is AlPcS.
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acid photooxidation samples were observed in CD3OD, based
on integration of the allylic hydrogens of the “ene” products
in the mixtures. The “ene” reaction is a fingerprint for the
presence of 1O2. The oleic acid hydroperoxide percent yield
derived from 1H NMR is within error bounds (11 � 1%) of
that observed by trapping with phosphine 2 (10 � 1%) in
CD3OD (Figures S1 and S2). Thus, the trapping findings from
31P NMR are consistent with 1H NMR data.

Mechanistic considerations

A mechanistic summary is shown here. It indicates that in the
series of phosphines, 2 is the most suitable trapping agent of
Intralipid peroxides.

(1) Trapping and reactivity. The results demonstrate that phos-
phine 2 is the best in the series due to its moderate reactivity.
The time required to trap peroxides with phosphines varies
from moderate (2) to high (3) to low (1) (Table 2 and
Fig. 9). The phosphine stability pattern clearly indicates that
the fewer the cyclohexyl groups, the more stable the phos-
phine. sSPhos 1 is capable of trapping the peroxy

Figure 6. Schematic image showing simpler “model” reactions (soybean
oil and oleic acid) in place of Intralipid.

Figure 7. 1H NMR spectrum of soybean oil after photooxidation: formation of hydroperoxides of a triglyceride linolenic acid constituent in CD3OD.
This is a simpler reaction than Intralipid because it contains fewer constituents.
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intermediates, but also undergoes air oxidation, thus when
used to trap peroxides required a subtraction to account for
the extra 1 oxide. Phosphine 3 is a poor trapping agent due
to an electronically deactivated phosphorus site. Experiments
showed that the percent yield of 3 oxide was poor due to the
low reactivity of 3.

(2) Water solubility. Sulfonate groups are water-solubilizing
groups, but also electron-withdrawing groups. Therefore, the
introduction of a sulfonate group increases the water solubility
of the phosphine, but decreases the nucleophilicity and

Figure 8. 1H NMR spectrum of oleic acid: formation of hydroperoxides after photooxidation in CD3OD. This reaction has only two constituents.

Table 2. Phosphine solubility, stability and reactivity

Phosphine
trapping
agent Solubility Stability Reactivity

1 Insoluble in water
at room
temperature,
soluble
on heating to 40°C
100 mg L�1*

Commercial sample
contained 7% oxide
impurity, quality of
sample rapidly
decreased over time

Reacts with
hydroperoxides
instantly

2 Water soluble on
slightly warming
100 mg L�1*

Commercial sample
had no oxide
impurity

Reacts with
hydroperoxides
within minutes

3 Water soluble at
room temperature
100 mg L�1*

Commercial
sample contained
5% oxide
impurity

After 12 h,
reaction with
hydroperoxides
was incomplete

4 Insoluble in water,
soluble in organic
solvents
50 mg mL�1,
CHCl3

†

Commercial sample
had no oxide
impurity

Reacts with
hydroperoxides
instantly

*Observed in this study. †Reported in compound specification sheet
(Aldrich).

Figure 9. Reactivity vs. water solubility of phosphines: The phosphines
are, with the exception of 4, water soluble.
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oxophilicity. Phosphine 3 is relatively unreactive to Intralipid
peroxides because of its three sulfonate groups, while phos-
phine 4 is relatively unreactive to Intralipid peroxides because
of its water insolubility.

(3) Peroxide type. The 1H NMR data indicate that hydroperoxides are
the major products in the Intralipid photooxidation reaction
(Fig. 10). Dioxetanes can also be formed, but are unstable and con-
sequently decompose to carbonyl fragments during the reaction.
We have not quantitated dioxetanes that would likely decompose
prior to the phosphine trapping. Peroxides can also be formed by
type I reactions, such as those formed from unconjugated dienes
and related compounds (60–62). A stepwise pathway accounts for
the decomposition of the peroxides, where the phosphines react
with peroxides to mainly produce alcohol products. The production
of peroxides is consistent with previous literature on the reactions
of 1O2 with unsaturated lipids and alkene compounds (63–66).
Many 1O2 reactions with lipids have already been published, but
we feel that those do not reduce the importance of our study.

Overall, the data show the requirement for a balance of nucle-
ophilicity and water solubility in the phosphine.

A Hamlet-like question on the Intralipid peroxides came to
mind: To quantitate or not to quantitate? Our Intralipid photoox-
idation shows the postphotoreaction trapping with phosphines to
remove the formed peroxides. We suggest that this photooxida-
tion susceptibility becomes increasingly important for photoox-
idatively aged Intralipid samples from patients due to the leakage
of sensitizer into the pleural cavity. Intralipid hydroperoxides
may have an unexpected toxic side, including excited states aris-
ing in peroxy thermal decomposition processes.

While 18O and 15N labeling (67–72) have been exploited to
elucidate mechanistic aspects of PDT, the natural 31P abundance
of phosphine traps has not been explored in depth yet, as done
here in a PDT relevant project.

CONCLUSION
Phosphines 1–4 are usually reserved for use in organic and inor-
ganic synthesis (31–36,48). Here, 1 and 2, but not 3 and 4, were

shown to be efficient trapping agents for peroxides in postpho-
tooxidation/photoreactions of Intralipid. Our phosphine trap-
ping and monitoring by the 31P NMR method are effective in
quantifying the peroxides, even though the production of 1O2 is
not detected during the light delivery for PDT. For example, a
linear dependence of Intralipid peroxides on light fluence was
observed. The photooxidation yields quantitated by 31P NMR of
the phosphine traps are supported by the direct 1H NMR detec-
tion of oleic acid hydroperoxides. One virtue of phosphine trap-
ping technique is that peroxides are detected in the constituents
of Intralipid in protio not deutero media.

Future directions in this research include the quantitation of
sensitizer concentration in the pleural cavity after the PDT using
phosphine trapping with a suitable phosphine trap and 31P NMR
spectroscopy. The use of a higher field NMR would further facil-
itate the phosphine trapping method in biological samples. The
use of Intralipid mixed with blood and saline solution as a model
for plasma is currently being studied to assess the effect on 1O2

uptake due to blood contamination. It remains to be seen whether
these peroxy intermediates play a significant role in Intralipid
phototoxicity. It would be interesting to understand the biological
activity of photooxidized Intralipid samples.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Figure S1. 1H NMR spectrum of oleic acid hydroperoxides
after photooxidation in CD3OD.

Figure S2. 31P NMR spectrum of phosphine 2 and its oxide
after photooxidation of oleic acid and trapping in CD3OD.

Figure 10. Proposed mechanism of peroxide trapping by phosphines.

1436 Prabhu P. Mohapatra et al.



Figure S3. 31P NMR spectrum of phosphine 2 and its oxide
after photooxidation of Intralipid and trapping in D2O.

Figure S4. 31P NMR spectrum of phosphine 3 and its oxide
after photooxidation of Intralipid and trapping in D2O.
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