Pharmaceutical Research, Vol. 16, No. 10, 1999

'H NMR Quantification of
poly(Ethylene Glycol)-
Phosphatidylethanolamine in
Phospholipid Mixtures

E. A. A. M. Vernooij,* C. A. Gentry,? J. N. Herron,?
D. J. A. Crommelin,! and J. J. Kettenes-van
den Bosch?®

Received June 10, 1999; accepted July 9, 1999

KEY WORDS: 'H NMR; poly(ethylene glycol)-phosphatidylethano-
lamine; PEG; phospholipids; quantification.

INTRODUCTION

In recent years, N-poly(ethylene glycol)-derivatized phos-
phatidylethanolamines (PEG-PE, Fig. 1) have been used exten-
sively as components of liposomes to avoid uptake by the
phagocytic cells of the mononuclear phagocyte system (MPS)
(1-3). A prolonged lifetime of the liposomes within the circula-
tion results in an increased probability of liposomes to extrava-
sate in areas of enhanced vascular permeability, e.g., at tumors
and at sites of infection and inflammation (4-6). In addition,
long-circulating liposomes can be used as a vascular imaging
agent for both nuclear medicine and magnetic resonance
imaging (MRI).

The properties of these long-circulating liposomes are
directly related to the presence of PEG chains. Therefore, there
is a need for validated methods for the quantification of PEG(-
phospholipids) present in the liposomal membrane. No simple
and reliable method has been published as yet. Quantification
is hampered by both the molecular mass distribution of the
PEG polymer and the lack of a chromophore. We now report
a simple proton nuclear magnetic resonance (‘H NMR) method
to determine the relative amounts of PEG-PE, phosphatidylcho-
line (PC) and phosphatidylglycerol (PG) in regularly used mix-
tures of these three types of phospholipids.

MATERIALS AND METHODS

Egg phosphatidylcholine (EPC), egg phosphatidylglycerol
(EPG), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-glycerol (DPPG)
were a gift from Lipoid GmbH (Ludwigshafen, Germany). The
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purity of these lipids was =99.1% on an anhydrous weight
basis, with only trace amounts of lysophospholipid present and a
residual water content of <0.9%, as stated by the manufacturer.
PEG2000-DSPE (poly(ethylene glycol) with an average molec-
ular weight of 2000 Da, N-linked to distearoylphosphatidyletha-
nolamine, >99%) was purchased from Avanti Polar Lipids
(Alabaster, Alabama, USA). Lipids were dissolved in deuterated
chloroform (Chloroform-D, 99.6+ atom % D, Acros Organics,
Geel, Belgium), in a concentration of 25 mg/mL.

'H NMR

For 34 phospholipid mixtures of different composition a
'H NMR spectrum was recorded with a Gemini 300 MHz
spectrometer (Varian Associates Inc. NMR Instruments, Palo
Alto, CA, USA). The number of accumulated transients was
16. For quantitative measurements the relaxation delay D1 was
set at 13 seconds, corresponding to 5-T, (longitudinal relax-
ation time).

The signals in the spectra of the individual phospholipids
and phospholipid mixtures were assigned on the basis of chemi-
cal shift and intensity data and confirmed by homo- and hetero-
nuclear double resonance experiments. The spectra were in
good agreement with literature data (7-11). A spectrum of a
mixture of DPPC, DPPG and PEG-DSPE is shown in Fig. 2,
The assignment of the partially overlapping signals is given in
Table 1.

Calculations

The integral value I; for one proton was calculated from
the integral of the fatty acid methyl signal w! at 8 0.9. Since
PC, PG and PEG-PE all contain two fatty acid residues, this
signal integrates for 6 protons per lipid molecule. Therefore,
I} = I(w1)/6. The integral value for one proton could also be
calculated as I), = (I(wl) + I(C2) + I(C3))/14, with similar
results. The relative amount of the individual components was
then calculated as follows.

Amount of PEG-PE

The number of protons in the PEG signal at 8 3.6 (A) per
lipid molecule is calculated with equation 1, correcting the
integral of the 8 3.6 signal for the contribution of the '3C
satellites of the & 3.3 signal.

A = {I(3 3.6) — 0.0055-1(3 3.3)/1, 0

The 3C satellite signals arise from proton-"*C coupling and
are found at equal distances from the central signal (here at §
3.3), the distance depending on the value of the coupling con-
stant; '?C is not NMR-active and no coupling is observed
between a proton and the '2C atom to which it is attached.
Since the natural abundance of '*C is 1.1%, each *C satellite
signal has an intensity of 0.55% of the main signal; therefore,
the correction factor is 0.0055-1(8 3.3). Because of the high
intensity of the phosphatidylcholine H3 signal, this contribution
can not be neglected.

The mol percentage PEG-PE in the mixture was calculated
with equation 2.
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Fig. 1. Molecular structure of phosphatidylcholine, phosphatidylglycerol and poly(ethylene glycol)-
phosphatidylethanolamine.
|
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% PEG-PE = [A - {((2000 — 59)/44)-4 + 2}~']1- 100% (2) The correction factor for these 5 protons is %PEG-

in which 2000 is the average PEG molecular weight, 59 the
correction for the PEG-PE P1 and P2 CH,’s, and for the PEG-
PE methoxy CH;O: these groups show a chemical shift different
from the bulk PEG CHj’s. In the equation, 2 is the correction
for H2 of PEG-PE, which overlaps with the PEG signal. The
molecular mass per ethylene glycol moiety is 44 Da and 4
is the number of protons per ethylene glycol group. In this
calculation, the contribution of the PG H3 protons to the & 3.6
signal is not taken into account, as explained in the discussion.

Amount of PC

The amount of PC was calculated from the integral B of
the signal at & 3.3. The integral of this signal was corrected
for the overlapping signals of the & 3.6 '3C satellites, and for
the PEG-PE P1 (2 protons) and methoxy protons (3 protons).
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Fig. 2. 'H NMR spectrum of a mixture of DPPC/DPPG/PEG-PE 83.4/
9.3/7.2. Assignment of the signals is described in Table 1.

PE(100) !-5/,. The integral I(PC H3) of the phosphatidylcho-
line H3 groups is then:

I(PCH3) = B — 0.0055 - 1 (3 3.6)
— % PEG-PE - (100)"! - 5/, 3)
and the relative amount of PC:
% PC = [{{(PC H3)/9}/1,] - 100% )
9 being the number of protons in the phosphatidylcholine H3
groups.
Amount of PG
The amount of PG was calculated from:

% PG = 100 — % PEG-PE — % PC 5)

Additional Corrections

Finally, A was corrected for the contribution of the two
PG H3 protons with equation 6, and relative amounts of PEG-
PE, PC and PG were recalculated with Eqs. 2-5.

Awr = A — 2 - 1,% PG - (100)~" (©)

Accuracy and Precision

Since in the studied phospholipid mixtures, as well as in
pharmaceutically relevant mixtures, the amount of PC is usually
far higher than that of PG or PEG-PE, absolute values of accu-
racy and precision for each individual lipid are more illustrative
than relative values. Moreover, for each phospholipid in the
examined mixtures the absolute accuracy was constant over the
entire concentration range (0-100%). Therefore, the accuracy
for each lipid was calculated from

Accuracy = 'Zl (% lipidcalculalcd.i - % lipidtheorctical, /n @)

in which n is the total number of phospholipid mixtures mea-
sured. The standard deviation was calculated as
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Table I. Assignment of the Signals in the 'H NMR Spectrum of a
Mixture of DPPC/DPPG/PEG-DSPE 83.4/9.3/7.2, Shown in Fig. 2

Chemical Assignment
shift
09 wl PC/PG/PEG-PE
1.2 methylene bulk acyl chain PC/PG/PEG-PE
1.6 C3 PC/PG/PEG-PE
23 C2 PC/PG/PEG-PE
33 methoxy + H3 PC + P1 PEG-PE + "°C
satell. 3 3.6
3.6 methylene bulk PEG + H2 PEG-PE + H3
PG + '’C satell. § 3.3
3.7-4.0 G3 PC/PG/PEG-PE + H2 PC + HI PG
+ H2 PG + P2 PEG-PE + "*Csatell. 8 3.6
4.1 G| PC/PG/PEG-PE + H1 PEG-PE
43 G1 PC/PG/PEG-PE + H1 PC
52 G2 PC/PG/PEG-PE + H,0

Note: The functional group labels are the same as in Fig. 1.

Standard deviation,.cyey = (0 — 1) 8

1N\ =

(% lipideucuiaes. i — % Hipidincorcical. e

i=1

The precision of the method was determined with equation
9 for n spectra of the same lipid mixture.

n
Precision = (n — 1)7! - 2 (% lipid ycutacd. i 9

- % lipidculcululcd. mcun)2

Table II. Quantification of Some Representative Phospholipid Mix-
tures with 'H NMR

Calculated

Sample Lipids Theoretical amount (%) amount (%)”
A EPC 904 89.4
EPG 9.6 10.5
PEG-DSPE 0.0 0.0
B EPC 97.3 95.4
EPG 0.0 1.7
PEG-DSPE 2.6 29
C EPC 73.8 723
EPG 14.4 16.4
PEG-DSPE 11.8 11.3
D DPPC 88.2 85.1
DPPG 0.0 3.7
PEG-DSPE 11.8 11.2
E DPPC 834 82.0
DPPG 9.3 9.7
PEG-DSPE 7.2 8.3
F DPPC 0.0 04
DPPG 55.3 56.2
PEG-DSPE 44.7 43.4

“ Based on the weight of phospholipids in the sample.
b Calculated from spectra.
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RESULTS

The results of the calculations described above, carried
out on a few representative mixtures of phospholipids, are
shown in Table II. The calculated results are in good agreement
with the actual composition of the lipid mixture, and also for
solutions of pure phospholipids. The accuracy was —0.3% for
PEG-PE, —1.5% for PC and +1.8% for PG, determined from
the spectra of 34 mixtures of different phospholipid composition
(n = 34). The standard deviations were 1.1, 1.2 and 1.1%,
respectively. The precision was 0.03% for PEG-PE, 0.14% for
PC and 0.14% for PG, determined from 10 spectra of the same:
phospholipid mixture (n = 10).

DISCUSSION

Table II shows that our 'H NMR method for quantification
of PEG-PE in mixtures of phosphatidylcholine, phosphatidyl-
glycerol and PEG phosphatidylethanolamine gives values which
are in excellent agreement with the known composition of a wide:
range of phospholipid mixtures. Analysis of the spectra of pure:
(PEG-)phospholipids was carried out to validate the calculations
and corrections. For all spectra of pure phospholipids, the calcu-
lated relative amount was 100%, indicating and supporting the:
accuracy of the method. For determining the amount of PEG-
PE in liposomes, lipids are extracted into chloroform (12). After
solvent evaporation, the lipids are redissolved in deuterated chlo-
roform and analyzed. The method is applicable for mixtures of
both saturated and unsaturated phospholipids, irrespective of the
acyl chain length, and for all PEG-PE’s in which PEG is anchored
to the ethanolamine NH; group via a carbamide bond. Since the
chloroform signal is well away from all phospholipid signals,
trace amounts of chloroform do not influence the outcome of the
calculations. Other solvents do interfere, in particular hydrocar-
bons such as hexane. The CHj; signal overlaps with the w1 signal
of the phospholipids. Since even traces will lead to erroneous
results, such solvents should be avoided.

In the calculations, the average weight of the poly(ethyiene
glycol) chains is assumed to be 2000 Da, as stated by the
manufacturer. Information about the exact average mass of the
PEG chains is not essential. Even if the exact average mass of
the poly(ethylene glycol) chains deviates from the estimated
average mass by 10%, this leads to an error in relative amount
of PEG-PE in relevant phospholipid mixtures of only 0.1%.
The exact average molecular weight of the PEG chains can be
calculated from the 'H NMR spectrum of pure PEG-PE: the
amount of PEG methylene protons per molecule is determined
from the integral of the PEG signal at & 3.6 and the fatty acid
methyl signal w1 at & 0.9. Corrections are required for the
contribution of the PEG-PE H2 protons to the PEG CHj, signal
at 8 3.6, and the PEG-PE P1, P2 and methoxy protons, which
show a chemical shift different from the bulk PEG methyl-
ene protons.

In the initial calculations for determining the amount of
PEG-PE (Eq. 2), the contribution of the H3 protons of phospha-
tidylglycerol to the signal at 8 3.6 is not taken into account.
The following example demonstrates that this simplification
is justified.

Should a mixture contain 1% PEG-PE and 20% PG, an
extreme situation, the 8 3.6 signal represents (for 100 mole-
cules): 176 PEG CH; protons, 2 PEG-PE H2 protons and 40
PG H3 protons (218 protons in total). If no correction is made
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for the contribution of the PG H3 protons to the signal, a PEG-
PE percentage will be found that is 15% too high (40 PG
headgroup protons in 218 protons in total): 1.15% will be found
instead of 1.00%. This difference is small and hardly affects
the other calculations. Therefore, in the first approximation,
the area of the & 3.6 signal is not corrected for the contribution
of the H3 protons of phosphatidylglycerol.

In our experiments, the calculated composition of the mix-
ture changed little after the corrections (equation 6). A second
recalculation resulted in identical values and is, therefore,
unnecessary.

The chemical shift of residual water present in the phos-
pholipids appeared to depend on the composition of the lipid
mixture. In a solution of pure PEG-phosphatidylethanolamine,
the H,O signal overlapped with the & 3.3 signal, resulting
in an incorrect relative composition. This problem could be
overcome by adding a trace of D,0, which shifted the H,O out
of the area of the & 3.3 signal.

The presented 'H NMR method for determining the
amount of PEG-PE is also applicable for other types of PEG-
PE or mixtures containing other lipid compounds with only
minor modifications of the calculation procedure. This also
holds for PEG5000-PE. Preliminary results indicate that the
method can also be used for lipid mixtures containing
cholesterol.
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