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Abstract

We have studied the loading of the opioid hydromorphone into liposomes using ammonium
sulfate gradients. Unlike other drugs loaded with this technique, hydromorphone is freely soluble
as the sulfate salt, and, consequently, does not precipitate in the liposomes after loading. We have
derived a mathematical relationship that can predict the extent of loading based on the ammonium
ion content of the liposomes and the amount of drug added for loading. We have adapted and used
the Berthelot indophenol assay to measure the amount of ammonium ions in the liposomes. Plots
of the inverse of the fraction of hydromorphone loaded versus the amount of hydromorphone
added are linear, and the slope should be the inverse of the amount of ammonium ions present in
the liposomes. The inverse of the slopes obtained closely correspond to the amount of ammonium
ions in the liposomes measured with the Berthelot indophenol assay. We also show that loading
can be less than optimal under conditions where osmotically driven loss of ammonium ions or
leakage of drug after loading may occur.
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INTRODUCTION

The use of ammonium sulfate gradients for the efficient loading of weakly basic drugs into
liposomes was first developed for the loading of doxorubicin into liposomes.! Subsequently,
this technique has been used for the loading of other weakly basic drugs into liposomes,
including ciprofloxacin and bupivicaine.2> Loading is achieved when ammonium sulfate is
first captured in the liposomes, and subsequently eliminated from the extraliposomal space
by dialysis or desalting. Elimination of ammonium sulfate from the extraliposomal space
causes rapid efflux of ammonia from the liposomes, which is produced by the dissociation
of ammonium ions to give ammonia and protons, thereby reducing the intraliposomal pH.
The pH gradient can be as much as 3—4 pH units between the intraliposomal and
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extraliposomal compartment. 1 Upon addition of a weakly basic drug to the liposomes,
highly efficient loading occurs through the influx of the free base and subsequent
accumulation of the protonated form in the acidic intraliposomal compartment.

Opioids are chemical substances with morphine-like action through binding to opioid
receptors in the central and peripheral nervous system, and the gastrointestinal tract.5 They
have long been used to treat acute and chronic pain. However, the rapid clearance of opioids
by first pass metabolism in the liver, especially in species such as dogs, limits both the oral
usage and the duration of the effect.” Although a larger dose will increase the duration of the
effect, dose is limited by the side-effects of opioids, especially at peak drug concentration,
which include respiratory depression, sedation, coma, and death.® Therefore, controlled
release of opioids is a potential approach to overcoming the limited duration of effect, and
we have recently documented the potential utility of liposome-encapsulated opioids for
long-term management of pain in animals. The period of analgesia, which is about 2—4 h for
an i.v. bolus injection, is increased when drug is administered subcutaneously in liposomes.
The duration of serum concentration and analgesic effects can be extended to 24 h through
the use of egg phosphatidylcholine/cholesterol liposomes. & The duration of serum
concentration and analgesic effects is increased to 96 h through the use of
dipalmitoylphosphatidylcholine/cholesterol liposomes.® Initially, we used the dehydration—
rehydration method of Kirby and Gregoriadis to prepare liposomes.10 More recently, we
have used ammonium sulfate gradients to achieve more efficient loading of DPPC/
cholesterol liposomes. Interestingly, the period of analgesia is greatly increased in macaque
monkeys by ammonium sulfate loading of oxymorphone to as much as 3 weeks. 1

Ammonium sulfate gradient loading efficiency of oxymorphone is typically 30-40%,11
while the efficiency of passive aqueous capture can be as low as 15% for hydromorphone.®
In contrast, doxorubicin loading efficiency can be as high as 99%.1 In order to learn more
about the loading of opioids using ammonium sulfate gradients and how efficiency might be
increased, we have studied the relationship between loading efficiency and the amount of
drug added. We have developed a simple mathematical relationship capable of predicting
the fraction of drug that will load into liposomes from the amount of ammonium ions
trapped in the liposomes prior to loading, and from the amount of drug added to the
liposomes during loading. As required for the relationship to be predictive, the saturating
concentration of hydromorphone was found to exceed the concentration present in
liposomes after loading.

MATERIALS AND METHODS

Dipalmitoylphosphatidylcholine (DPPC), egg phosphatidylcholine (egg PC), and cholesterol
were purchased from Avanti Polar Lipids (Alabaster, AL). Hydromorphone hydrochloride
was purchased from PCCA (Houston, TX). Sephadex G 50 was purchased from Sigma-
Aldrich (St. Louis, MO). All other reagents were reagent grade or better.

Liposome Preparation

A mixture of phospholipid/cholesterol 1.6:1 (mol/mol) dissolved in chloroform was
evaporated in a rotary evaporator, and suspended in tert-butanol at 80 umol/mL
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phospholipid, and freeze-dried to produce a microporous lipid mixture. Multilamellar
vesicles (MLV) were prepared by suspending the lipid mixture at 80 umol/mL phospholipid
in agueous medium with vigorous shaking for 5 min. The lipid dispersion was allowed to
stand at 25°C under argon for 1 h prior to subsequent steps.

Small unilamellar vesicles (SUV) were prepared by ultrasonication of egg PC/cholesterol
MLV for 10 min at 25°C using a bath type sonicator (Laboratory Supplies, Inc., Hicksville,
NY). The suspension was sedimented at 160,000 x g for 4 h in an ultracentrifuge to
eliminate any residual larger liposomes, leaving a highly uniform SUV population in the
supernatant.12

Large unilamellar vesicles (LUV) were prepared by extrusion of MLV six times through a
0.2 um polycarbonate filter, using a stainless steel extrusion cell (Mico Instruments,
Middleton, WI) at a pressure of 120 psi at 25°C.

Size Distribution

Liposome size distribution was determined by dynamic light scattering (DLS), using a
Nicomp Model 380 (Nicomp, Santa Barbara, CA).

Formation of Ammonium Sulfate Gradient

For MLV, the unencapsulated ammonium sulfate was removed by sedimentation of the
liposomes at 300 x g in a benchtop centrifuge, the pellet was washed twice by resuspending
it in 0.9% (w/v) NaCl and sedimenting as before. For SUV and LUV, the unencapsulated
ammonium sulfate was removed by dialysis two times for 12 h against 1L 0.9% (w/v) NaCl
at room temperature.

Ammonia Measurement

Ammonia was measured using an adaptation of the Berthelot indophenol method described
by Jaenickel3 for measurement of nitrogenous materials. Liposomes were first extracted
using the method of Bligh and Dyer.14 Briefly, 20 uL liposome sample was mixed with 140
pL water, 400 uL MeOH, and 200 pL CHClI3. Another 200 uL CHCI3 was added to give a
cloudy mixture. Addition of 200 pL 0.9% NaCl and centrifugation at 300 rpm for 10 min
gave two separate clear phases. The lower CHCI3 phase was aspirated out from under the
upper phase, and the upper phase, which contained H,O, MeOH, and (NH,4),SOg4, was
transferred to large test tubes. After 0.4mL 10M sulfuric acid was added to each tube, the
tubes were transferred to a 165°C hot block for 30 min to evaporate off the MeOH and
water. The sulfuric acid was necessary to retain the ammonia. After cooling, 0.8mL 5M
NaOH was added to each tube to neutralize the acid. After further cooling, 1ImL 2.125%
(w/v) phenol, 0.0125% (w/v) sodium nitroprusside was added to all tubes with agitation.
Finally, 0.4mL 0.02M sodium hypochlorite in 2.5M NaOH was added with mixing. The
solutions were allowed to stand at room temperature for exactly 20 min, and the absorbance
at 578nm was measured using a Hitachi-3000 UV/Vis spectrophotometer (Hitachi
Instruments, San Jose CA). In every batch of samples, standards were included that
contained 0, 0.1, or 0.2 pmol NH3 (as ammonium sulfate). Standards were also subjected to
extraction and evaporation.
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Liposome Loading With Hydromorphone HCI

A solution of hydromorphone hydrochloride was added to 0.5mL of the liposome dispersion
(20-80mM phospholipids) after the creation of ammonium sulfate gradient. The final
volume was 1.0 mL, and the hydromorphone concentration was 0.25-2 mg/mL. The loading
was performed by incubation at 25°C in a water bath for approximately 2 h. The loading was
terminated by removal of unloaded free hydromorphone. All loading studies were performed
in triplicate, and data were plotted as the mean + the standard deviation.

Removal of Unloaded Hydromorphone HCI

For MLV, unloaded free hydromorphone was removed by sedimentation of the liposomes at
300 x g in a benchtop centrifuge, and the pellet was washed twice by resuspending it in
0.9% (w/v) NaCl and sedimenting as before. For LUV and SUV, unloaded free
hydromorphone was removed by dialysis as described above or gel chromatography using a
1 x 5 cm? Sephadex G 50 column eluted with 1M phosphate buffer, pH 7.4. One milliliter of
liposomes was applied to the column. Fractions, 1 mL, were collected and analyzed for their
hydromorphone content to ensure good separation of liposomes and free drug.

Hydromorphone Measurement

The hydromorphone concentration was determined using an Agilent 1100 HPLC system
equipped with a reverse phase C18 column (Waters, Milford, MA). Prior to injection onto
the column, 0.5mL of liposome dispersion was added into HPLC vials with 1.5mL MeOH
and 0.5mL CHCIl3 to make a clear homogeneous solution. The eluant was 75% MeOH/15%
water/15% CHClI3 with 1% acetic acid, 1 mL/min flow rate. For a better separation, 0.5%
SDS was used in some cases. The separation of hydromorphone was monitored by UV
absorbance at 230 and 280nm and the separation of phospholipids and cholesterol was
monitored with an ELS detector.

Lipid Concentration

Phospholipid concentrations were measured by phosphorus analysis following oxidative
degradation using a modification of the method of Bartlett.15

Analysis of Data

In order to determine whether ammonium sulfate gradient loading of hydromorphone was
optimal, we developed the following simple mathematical relationship for loading:

1 1 odrug HS‘

F INHI 0

where drug Hy and INH;{O closely approximate the amount of drug added for loading, and
the amount of ammonium ions encapsulated in the liposomes prior to loading, respectively,
and F is the fraction of drug loaded. In order to apply this relationship to specific liposome
preparations, liposome samples were loaded using different amounts of drug. Plots of 1/F
versus the amount of drug added were prepared, and the slope and intercept values
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calculated by linear regression. Predicted plots were calculated using the amount of
ammonium ions encapsulated in the liposomes prior to loading, measured with the Berthelot
indophenol reaction. Derivation of this equation is shown in the appendix.

Hydromorphone (structure shown in Fig. 1) is a weak base, and, therefore, a potential
candidate for active loading using ammonium sulfate. Ammonium sulfate gradient loading
is shown schematically in Figure 2, and the drug to be loaded must be retained by liposomes
if gradient loading is to be successful. We have previously shown that hydromorphone may
readily be captured in liposomes by passive aqueous capture and that it is released slowly
both in vitro and in vivo.82 In order to confirm the need for a gradient for loading of
hydromorphone into liposomes, we determined whether hydromorphone would load
passively without any gradient. Hydromorphone solution was incubated with DPPC/
cholesterol MLV for 1 h above the Ty, (55°C). The loading efficiency (Fig. 3) of
hydromorphone into DPPC/cholesterol MLV with no gradient was extremely low at all
hydromorphone concentrations studied. Only 0.02% of the drug loaded into the MLV when
1mg of drug was added to them. This observation demonstrated a minimal tendency to load,
and confirms that the hydromorphone does not partition appreciably into the lipid bilayer
despite the hydrophobicity of the neutral form.

Hydromorphone Loading With Ammonium Sulfate Gradient in Liposomes

The loading of egg PC/cholesterol liposomes prepared in a 120mM ammonium sulfate
solution is shown in Figure 4 as a simple plot of the fraction loaded versus the amount of
hydromorphone added. As expected, the fraction of drug loaded decreases as the amount of
hydromorphone added is increased. Loading of hydromorphone into LUV is an efficient
process, giving 86—70% loading when between 0.5 and 2mg hydromorphone was added.
Loading of SUV and MLV is less efficient, giving 75-50% loading when between 0.5 and
2mg hydromorphone was added. The difference is principally related to the amount of
ammonium ions present in the liposomes, the amount being 14.08 pmol for LUV, 4.9 umol
for SUV, and 4.86 pmol for MLV.

Figure 5 shows a plot of 1/F versus odrug H*g for the loading of egg PC/cholesterol SUV
with hydromorphone. When excess hydromorphone is removed using Sephadex G50, the

values are close to the curve predicted from [NH; o- However, when excess hydromorphone
is removed by dialysis at room temperature for 24 h, all data points are above the predicted
curve, showing that the loading is much less than predicted. This suggests that prolonged
dialysis may remove some of the drug that has been loaded into SUV.

Figure 6 shows a plot of 1/F versus odrug H*q for the loading of hydromorphone into egg
PC/cholesterol LUV. When LUV are made in 120mM ammonium sulfate, the data are close

to the curve predicted from ;NH; . When LUV are made in 360mM ammonium sulfate,
loading in 0.9% (w/v) NaCl gave values that were above the predicted curve, and, therefore,
loading was lower than predicted. In contrast, loading in 2.7% (w/v) NaCl gave values that
were close to the predicted curve. Ammonium sulfate (360mM) is hypertonic to 0.9% NacCl,
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but isotonic to 2.7% NaCl. This suggests that a failure to match the tonicity for LUV may
reduce loading efficiency through osmotic swelling and a resultant leakage of ammonium
ions from the liposomes.

Figure 7 shows a plot of 1/F versus odrug H for the loading of hydromorphone into egg

PC/cholesterol MLV. The data are close to the curve predicted from [NH; o for liposomes
prepared in both 120 and 360mM ammonium sulfate. Both liposome preparations were
loaded in 0.9% NaCl. Therefore, MLV must be less sensitive to hypotonic conditions than
LUV.

Table 1 summarizes the results of Figures 5-7 by showing the inverse of the slope, the
intercept, and r2 for the regression curves for each set of data. The amount of ammonium

ions in the liposomes prior to loading (INHZO), measured using the Berthelot indophenol
reaction, is also shown. Based on the relationship plotted, the inverse of the slope should

correspond to the value [NH; o For SUV freed from excess hydromorphone by dialysis, the

inverse of the slope is only 27.6% of INHj{O. Although r2 is 0.99, the intercept is only 0.87,
which is appreciably less than 1, the expected value. For LUV prepared in 360mM
ammonium sulfate, and loaded in 0.9% NaCl, the inverse of the slope is only 43% of

INHIO. Although r? is 0.98, the intercept is only 0.89, which is appreciably less than 1, the
expected value. For all other cases, the inverse of the slopes are all within 5% of INH} o

suggesting a close agreement between the actual and theoretical value of [NH o
Furthermore, the value of r2 is greater than 0.98 in all cases, and the intercepts are all within
7% of unity. This suggests that loading closely adheres to the proposed mathematical
relationship, provided loading conditions do not cause leakage of ammonium ions or loss of
drug after loading.

Figures 5-7 show plots of 1/F versus odrug H, which gives lines with a slope of 1/1NHIO,

and intercepts equal to one. Alternatively, a plot of 1/F versus odrug Hy /{NH;] , should
give, for all cases where loading adheres to the relationship, a line with both slope and

intercept equal to one. In Figure 8, 1/F was plotted against odrugH* /1N Hj{o for every
experiment shown above that closely adheres to the relationship. The regression line for all
the data has a slope of 0.9788 and an intercept of 1.03, while r2 is 0.979. This shows once
more that the results of all of these studies closely adhere to the relationship used.

Hydromorphone is known to be highly soluble as the sulfate salt, and the relationship shown
to closely predict hydromorphone loading assumes that precipitation did not occur.
However, in order to establish that hydromorphone was in solution in the liposomes, we
estimated its concentration in liposomes and have established a lower limit for its saturating
concentration in the presence of ammonium sulfate at pH 5.5. Table 2 shows the
concentration of hydromorphone in the liposomes after loading, calculated in the following
way. For all liposome preparations, the internal volume of the liposomes was calculated
from the amount of ammonium ions captured and the initial concentration of ammonium
sulfate captured, assuming passive aqueous capture of ammonium sulfate. Based on the
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captured volume, we have further calculated the concentration of hydromorphone inside the
liposomes from the highest fraction loaded after loading with 2mg hydromorphone. These
calculations show that no concentration in the liposomes exceeded 48 mg/mL (Tab. 2). In
solubility studies, it was established that the solubility of hydromorphone in the presence of
ammonium sulfate at pH 5.5 was at least 60 mg/mL, and likely exceeded 200 mg/mL. In one
experiment (Tab. 3), 30mg of hydromorphone hydrochloride was dissolved in 0.5mL of
120mM ammonium sulfate, pH 5.5, and sedimented at 300g for 10 min to remove any
residual solid (none was visible). The solution was diluted 1000 times, and analyzed by
HPLC. The concentration was 60.43mg/mL. In an additional study, where hydromorphone
hydrochloride dissolution in 1220mM ammonium sulfate was simply observed, 100mg
appeared completely soluble in 0.5mL ammonium sulfate. Therefore, we may conclude that
hydromorphone was in solution in liposomes after loading, and not precipitated, as is the
case for drugs like doxorubicin.

DISCUSSION

The experiments described above show that the loading of hydromorphone into liposomes
using an ammonium sulfate gradient can be readily predicted using a simple mathematical
relationship, which requires only that the amount of ammonium ions in the liposomes and
the amount of drug added be known. The relationship described and validated here is
potentially useful for establishing optimal loading conditions, and for demonstrating under
what conditions loading is less than optimal. For example, less than predicted loading was
observed above for LUV that were loaded in a solution hypotonic to the liposome contents.
Such conditions probably led to the loss of ammonium sulfate from the liposomes during
loading through osmatic rupture of the liposome membranes. The relationship can also be
used to design conditions under which loading may be maximized. Principally, the fraction
of drug loaded is determined by the ratio of encapsulated ammonium ions to drug added to
the system for loading. Making this ratio as large as is feasible will maximize the amount of
drug loaded. In previous studies, we have loaded 40mg oxymorphone and achieved a
loading efficiency of 35%.11 In the present study loading efficiency for hydromorphone was
as high as 90% when smaller amounts of drug were used.

The relationship we have developed is applicable only in those cases where the drug is
completely in solution in the liposomes. We have established that hydromorphone solubility
is at least 200 mg/mL at pH 4.5. Under the conditions used for loading, the internal
hydromorphone concentration will not exceed 60 mg/mL, confirming that it will be
completely in solution. Therefore, hydromorphone loading should be predicted by this
relationship.

As shown theoretically by Ceh and Lasic,® precipitation of the drug as a salt should, under
many conditions, lead to loading that is higher than occurs if drug does not precipitate.
Although this means that near-quantitative loading of hydromorphone cannot be achieved,
as occurs with drugs that precipitate as sulfate salts, active loading of hydromorphone under
optimal conditions is still more efficient than passive capture. In the experiments described
in this article, the extraliposomal concentration was between 0.5 and 2 mg/mL. The
concentration after loading in the liposomes was at least 20 times the concentration added to
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the extraliposomal medium. Therefore, even without precipitation, active loading of
hydromorphone is still a concentrative process with all the advantages that this brings.

Despite the fact that our equation does not apply to doxorubicin and other precipitating
compounds, it is a potentially useful way to demonstrate whether precipitation is occurring.
For example, in Haran et al.,X 320 mmol/mol doxorubicin was loaded into a preparation of
DPPC/cholesterol liposomes with close to 100% efficiency. The capture volume of these
liposomes was 2.7 L/mol, and ammonium sulfate was captured in these liposomes at
110mM. Assuming that ammonium sulfate is captured by passive aqueous capture, the
amount of ammonium ions captured prior to drug loading should have been 594 mmol/mol
lipid. Using these values, the relationship described here predicts that loading would have
been only 64% if doxorubicin did not precipitate. However, loading was close to
quantitative, showing the effect of precipitation in increasing the loading.

The relationship we have developed is based upon the assumption that there will be no
movement of cations across the liposome bilayer. This assumption appears justified, and is
generally accepted for ammonium sulfate loading. There is a large difference in the
permeability of ammonia (4.8 x 1072 cm/s),17 and protons (1 x 10712 cm/s).18 It is also well
known that capture of ammonium sulfate with subsequent removal of ammonium sulfate
from the extraliposomal compartment generates large pH gradients across the liposome
membrane.!

In most studies of ammonium sulfate gradient loading of liposomes, the amount of
ammonium ions captured in the liposomes has not been measured. In the present study,
measurement of captured ammonium ions was critical for the validation of the relationship
used. The method we have used here is a simple colorimetric assay, based on a method for
measuring organic nitrogenous materials.1® The amount of ammonium ions captured is often
not critical to efficient loading, particularly if the drug precipitates as the sulfate salt.
However, we have shown in the present study that the amount of ammonium ions
incorporated into liposomes is crucial to loading efficiency if the drug does not precipitate.
Perhaps this method will find utility in other work also.

We have here demonstrated that this relationship is predictive for hydromorphone loading.
However, it should be predictive for the loading of any weak base that does not precipitate
as the sulfate salt. We hope to demonstrate its application to other opioids and to other
weakly basic drugs.
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APPENDIX: DERIVATION OF THE LOADING RELATIONSHIP

The following Eq. (1), predicts the coupled distribution of protons and weak bases in the
protonated form between compartments separated by a membrane permeant to the free base,
and impermeant to cations. The derivation of Eq (1) has been previously shown by other
investigators.19.20

o[H'] o[baseHT]
[[Ht]  1[base H] @

where |[H*], [base H*] are the proton and protonated base concentrations in the liposome
compartment, and g[H*], o[base H*] are the proton and protonated base concentrations in
the external compartment.

This relationship is applicable both to ammonium ions and to the protonated weakly basic
drug to be loaded. We can convert Eq (1) to total molar amounts, and for ammonium ions
and the protonated weakly basic drug we may write:

oH' oNHf
HT NH/

@

oH' odrugH*
HT  1drugH+

®

where |H*, (NH, |drug H* are the mol protons, ammonium ions, and protonated drug in the

liposome compartment after loading, and gH*, o NH]", odrug H* are the mol protons,
ammonium ions, and protonated drug in the external compartment after loading.

We can combine Eq. (2) and Eq. (3), because the first term in each is gH*/|H*, to give:

oI‘IJr o ONHZ o OdI‘U.g H+
HY  NH  drugHt

4)

Hence, the coupled relationship between the loading of drug and the loss of ammonium ions
from the liposomes is established. Because the membrane is permeant to ammonia and the
free base of the drug and impermeant to all other species, there will be conservation of the
amount of cationic species within each compartment during the loading process, which may
be expressed as follows:

Hy +INHIOZIH++INHI +rdrugHT (5

oHf +odrug HY =oH"+oNH] +odrugH' (6
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where [H{, INHIU are the mol protons and ammonium ions in the liposome compartment

prior to loading, and o H', odurg H are the mol protons and protonated drug in the external
compartment prior to loading.

Assuming that the mol of protons in both compartments is negligible compared to the mol of
ammonium ions or protonated drug, Eq. (5) and Eq. (6) may be simplified and rearranged to
give:

INH; =(NH, ,—1drugH" (7)
odrug H" =odrug Hg—ONHI (8)

It necessarily follows from the conservation of the amount of cationic species within each
compartment that exchange of ammonium ions for protonated drug will be tightly coupled,
and therefore:

drugH" ZONHI ©)

Eq. (9) may be substituted into Eqg. (8) to give:

odrugH=odrug Hy —rdrug HY  (10)
Eq. (7), Eq. (9), and Eq. (10) may be substituted into the second and third terms of Eq. (4) to
give:

idrugHT  odrugHJ —(drugH"
[NH{ —idrugH+ drug H+

(11)

Eq. (11) may be cross multiplied, simplified, and rearranged to give:

odrugHy odrugHy

INH4+0  drugH+

1+ (12)
It may be recognized that:

e drug HT

= odrughy &

where F is the fraction of protonated drug incorporated into liposomes by loading.
Therefore, Eq. (12) may be restated as:
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1 drug HT
_:1+O g+ 0
F INH

(14)

In all practical cases, {NH/ , > NHj and odrug HS > drug and, therefore, odrug Hy and

INHZO closely approximate the amount of drug added for loading, and two times the amount
of ammonium sulfate encapsulated in the liposomes prior to loading, respectively. Similarly,
F closely approximates the fraction of drug incorporated into the liposomes by loading. A
plot of 1/F versus the amount of drug added for loading should produce a straight line,
whose slope is the inverse of the amount of ammonium ions encapsulated in the liposomes
prior to loading and whose intercept is 1. Eq. (14) can also be rearranged to give a
relationship that can be used for calculating F:

. INHZO
INHZO—i—odrug Hg

(15)

Strictly, this derivation should be expressed in terms of activities, which, for ionic species,
deviate significantly from ideal. However, the activity coefficients of all ionic species may
be taken as identical within each compartment. Inspection of Eq. (4), for example, will show
that all activity coefficients may be dropped, since each term is a ratio of intraliposomal and
extraliposomal species. Use of concentration, rather than activity, is, therefore, justified.
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Figure 1.
The structure of hydromorphone.
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Figure 2.
A schematic representation of ammonium sulfate gradient loading.
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Figure 3.
The loading of hydromorphone into liposomes without a gradient. Each point is the mean of

three values + the standard deviation.
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Figure 4.
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The fraction of drug loaded versus the amount of hydromorphone added for liposomes
loaded with (NH,4)2SO,4 at 120mM. The liposomes were either LUV (diamonds), SUV
(circles), or MLV (squares), and were prepared as described under the Materials and
Methods Section. Each point is the mean of three values + the standard deviation.
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Figure 5.

Hydromorphone (mg)

The inverse of fraction loaded (1/F) versus the amount of hydromorphone added for SUV.
Excess hydromorphone was removed either using dialysis (circles), or Sephadex
chromatography (diamonds). Each point is the mean of three values + the standard

deviation.
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Figure 6.

2.5

The inverse of fraction loaded (1/F) versus the amount of hydromorphone added for LUV.
LUV were loaded with (NH,4)»SO4 at either 1220mM (upper panel) or 360mM (lower panel).
Liposomes were suspended in either 0.9% (w/v) NaCl (upper panel, circles; lower panel,
triangles), or 2.7% (w/v) NaCl (lower panel, circles). Each point is the mean of three values

+ the standard deviation.
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Figure 7.

2.5

The inverse of fraction loaded (1/F) versus the amount of hydromorphone added for MLV.
MLV were loaded with (NH4),SOy4 at either 120mM (upper panel) or 360mM (lower panel),
and were suspended in 0.9% (w/v) NaCl. Each point is the mean of three values + the

standard deviation.
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Figure 8.
The inverse of fraction loaded (1/F) versus the (drug added)/(loaded ammonium ions) ratio.

All experiments from Figures 3-5 are plotted, except for SUV separated by dialysis, and
LUV loaded with 360mM (NH,4)»,SO,4 and not tonicity matched during drug loading. For this
plot the data points are individual values.
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Table 3

Determination of the Concentration of Hydromorphone in Ammonium Sulfate at pH 5.5

Peak Area
Sample Samplel Sample2 Sample3 Average
0.05 mg/mL 6.37 6.3534 ND 6.3617
0.1 mg/mL 12.43 11.91 ND 12.17
0.5 mg/mL 57.6 57.9 ND 57.75
Unknown 7.733 7.734 7.334 7.600

Thirty milligrams of hydromorphone hydrochloride was suspended in 0.5mL 120mM ammonium sulfate, pH 5.5, sedimented, diluted 1000-fold,
and measured using HPLC.

yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN
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The concentration was found to be 60.43 mg/mL.
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