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Pneumonia due to methicillin-resistant Staphylococcus aureus (MRSA) often cannot be cured by vancomycin
treatment. Poor lung tissue and intracellular penetration limits the ability to achieve effective bactericidal
levels, particularly in alveolar macrophages, where MRSA can evade phagocytic killing. Compared to standard
formulations, liposome encapsulation has been shown to enhance vancomycin intracellular killing of MRSA.
In this murine pharmacokinetic and biodistribution study, PEGylated liposomal vancomycin, compared to
standard and non-PEGylated formulations, significantly prolonged blood circulation time and increased
deposition in lung, liver, and spleen and yet reduced accumulation in kidney tissue. As a result of optimizing
antimicrobial targeting of infected lung tissue and limiting renal parenchymal exposure, administration of
PEGylated liposomal vancomycin may improve the efficacy of treatment of MRSA pneumonia and reduce the

risk of nephrotoxicity.

Methicillin-resistant Staphylococcus aureus (MRSA) is a lead-
ing cause of hospital-acquired pneumonia (3, 25, 37). Vancomy-
cin remains one of only two antimicrobial agents approved by
the U.S. Food and Drug Administration (FDA) for treatment
of MRSA pneumonia, but its clinical failure rates are high.
Explanations for poor therapeutic outcomes include slow,
time-dependent bactericidal activity; inadequate dosing; poor
penetration into lung tissue and alveolar macrophages (23, 30,
33, 35, 43, 47); and, possibly, reduced susceptibility (9, 18, 46).
S. aureus is an intracellular and extracellular pathogen (27, 44)
that can survive within phagocytes and evade the immune
system (15, 17).

Liposome encapsulation of antimicrobials potentially offers
enhanced pharmacokinetics and pharmacodynamics and de-
creased toxicity compared to standard formulations (1, 12).
Accumulating higher antimicrobial concentrations in infected
tissues would allow increased uptake by activated tissue mac-
rophages (5, 6) and presumably improve treatment efficacy.
We therefore hypothesized that surface PEGylated liposome
encapsulation, compared to standard vancomycin formulations,
would more effectively deliver the “drug-to-bug” by depositing
a higher concentration of vancomycin into lung tissue. To test
this hypothesis, we prepared both surface PEGylated and con-
ventional (i.e., lacking surface modification) liposomal vanco-
mycin formulations and performed an in vivo study using
healthy male CF-1 mice to compare their pharmacokinetic and
biodistribution profiles with those of mice treated with the
standard vancomycin solution.
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MATERIALS AND METHODS

(i) Materials. DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) and MPEG-
2000-DSPE  (methylpolyethyleneglycol-1,2-distearoyl-phosphatidyl ethanolamine
conjugate) were obtained from Genzyme Pharmaceuticals (Cambridge, MA).
Cholesterol, vancomycin hydrochloride, sodium chloride, phosphate-buffered
saline (PBS [pH 7.4]), trifluoroacetic acid, sucrose, and heparin sodium salt were
obtained from Sigma Chemicals (St. Louis, MO). Norvancomycin was obtained
from Northern China Pharmaceutical Corporation (Shijiazhuang, Hebei, China).
Potassium chloride and dibasic sodium phosphate were obtained from Baker
(Philipsburg, NJ). Monobasic potassium phosphate was procured from Fisher
Scientific (Houston, TX). High-performance liquid chromatography (HPLC)-
grade chloroform, acetonitrile, and methanol were obtained from EMD
Chemicals (Gibbstown, NJ). Isoflurane was obtained from Piramal Health
Care Limited (AP, India). Male CF-1 mice were obtained from Charles River
Laboratories (Wilmington, MA).

(ii) Preparation of liposomal vancomycin formulations. The liposomes were
initially prepared using the thin-film hydration method (8) and the ammonium
sulfate gradient method (20). Due to poor encapsulation efficiency and poor
stability of the prepared formulations, we decided to prepare subsequent formu-
lations using a modified dehydration-rehydration method (4). Both conventional
and PEGylated liposomal vancomycin formulations were prepared using DSPC,
cholesterol, and polyethylene glycol (PEG) in 3:1:0 and 3:1:0.02 molar ratios,
respectively. The detailed procedure for the preparation of liposomal vancomy-
cin formulations has been published recently (35).

(iii) Pharmacokinetic and biodistribution study. Prior to our undertaking the
study, the protocol was approved by the Institutional Animal Care and Use
Committee at the Western University of Health Sciences. Vancomycin (5 mg/kg
of body weight) in the form of a standard solution or conventional or PEGylated
liposomes was injected into the tail vein of each mouse. Following drug admin-
istration, at each predetermined time point (5, 15, 30, and 45 min and 1, 2, 3, 4,
5,6, 8, 12, 24, and 48 h), three mice were sacrificed by isoflurane inhalation and
blood was collected. Liver, kidney, spleen, lung, and thigh muscle tissues were
also collected at 1, 4, and 24 h for the biodistribution study.

(iv) Plasma sample preparation and analysis. Each collected blood sample
was placed in a heparinized microcentrifuge tube, and plasma was separated by
centrifugation. A simple protein precipitation procedure was used to extract
vancomycin from the plasma sample. As an internal standard, 10 wl of a solution
of norvancomycin (100-pg/ml) was added to 200 pl of plasma and the mixture
was subjected to a vortex procedure for 1 min. Then, 250 pl of acetonitrile and
250 pl of methanol were added to the mixture, which was subjected to a vortex
procedure for 1 min and centrifuged at 14,000 rpm for 10 min. Supernatant (400
wl) was then transferred into a new tube and subjected to evaporation to dryness
by the use of a stream of filtered air for 1 to 2 h. The residue was reconstituted
with 200 wl of nanopure water, and 20 wl of the resulting solution was analyzed



4538 MUPPIDI ET AL.

Plasma Concentration (ug/ml)

0.1 v e e Saanana
0 5 10 15 20 25 30 35 40 45 50

FIG. 1. Pharmacokinetics of vancomycin following intravenous ad-
ministration of a dose (5 mg/kg) of standard vancomycin solution (SV),
conventional liposomal vancomycin (CLV), and PEGylated liposomal
vancomycin (PLV) in mice. All values are reported as means = SD.

to determine the vancomycin concentration by the use of a sensitive, validated
HPLC method and a C18 column. The standard calibration curve was linear in
the concentration range of 0.1 to 20 wg/ml, with a correlation coefficient (r)
higher than 0.995. The lower limit of detection (LLOD; signal-to-noise ratio
[S/N], 5) of vancomycin was 0.05 pg/ml, and the lower limit of quantitation
(LLOQ; S/N, 10) was 0.1 pg/ml. The upper limit of quantitation was 20 pg/ml.
The coefficients of variance ranged from 1.7 to 9.5% for intraday and 6.3 to 9.4%
for interday precision.

(v) Tissue sample preparation and analysis. Major organs (liver, kidney, lung,
spleen, and muscle) were analyzed to determine the distribution of vancomycin
in those tissues after intravenous administration of a 5-mg/kg dose of each of the
formulations. Tissue samples were weighed and homogenized in PBS (0.5 mg/ml
for liver, kidneys, lungs, and muscle; 0.2 mg/ml for spleen). After homogeniza-
tion, 300 pl of the homogenate was placed in a 1.5-ml Eppendorf microcentri-
fuge tube. A 10-pl volume of a solution of norvancomycin (100 pg/ml) was added
to each tube, and the mixture was subjected to a vortex procedure for 1 min.
Then, 250 pl of acetonitrile and 250 pl of methanol were added to the mixture,
which was subsequently subjected to a vortex procedure for 1 min and centri-
fuged at 14,000 rpm for 10 min. Supernatant (500 wl) was transferred into a test
tube and evaporated to dryness. The residue was reconstituted with 200 pl of
nanopure water, and 20 pl of the reconstituted sample was subjected to HPLC
analysis using a method similar to that described above.

(vi) Pharmacokinetic data processing. Noncompartmental analysis was used
to calculate the pharmacokinetic parameters for total vancomycin in plasma and
various tissues following the intravenous administration of the three vancomycin
formulations. The peak concentration (C,,,,) and the time to peak concentration
(tmax) Were directly obtained from the raw data sets. The area under the vanco-
mycin concentration-time curve from 0 to 48 h (AUC,_g) for plasma and from
0 to 24 h (AUC, ,,) for tissues was calculated using the linear trapezoidal
method with the following equation (where i represents the index variable, time
point):

i=n

AUC = (%) S — 1) M

i=0

Total body clearance (CL) was calculated as dose/AUC. Mean residence time
(MRT) in tissue was calculated by dividing the area under the first moment curve
from 0 to 24 h (AUMC, ,,) by AUC, ,,, whereas AUMC,,_,, was calculated
using the following equation:

i=n

C + C v + 8
AUMC = E (fﬂ) iy — ) - (%) 2)

i=0

(vii) Statistical analysis. All data are shown as means * standard deviations
(SD). A two-way analysis of variance (ANOVA) followed by a Bonferroni post
hoc analysis using Graphpad Prism software (La Jolla, CA) was performed to
determine statistical significance for the tissue vancomycin levels. Pharmacoki-
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netic parameters were compared statistically using the ¢ test. A P value of = 0.05
was considered significant.

RESULTS

(i) Pharmacokinetics. After the administration of a single
dose of vancomycin (5 mg/kg) in standard solution and con-
ventional and PEGylated liposomal formulations, plasma sam-
ples were analyzed using a validated HPLC assay to determine
the levels of vancomycin. The pharmacokinetic profiles for all
three formulations are shown in Fig. 1. Vancomycin plasma
concentrations rapidly declined within the first 2 h of injection
of the standard vancomycin formulation (half-life [t,], 22
min); after 2 h, no measurable amount could be found. How-
ever, following injection of conventional and PEGylated lipo-
somal formulations, plasma vancomycin concentrations re-
mained at >1 pg/ml until 4 h and 12 h, respectively. With both
liposomal formulations, vancomycin was detectable in plasma
samples at 48 h, when the experiment was terminated.

Pharmacokinetic parameters were calculated using the non-
compartmental method and are reported in Table 1. The
peak vancomycin plasma concentrations at 15 min for the
PEGylated liposomal formulation and at 5 min for the con-
ventional liposomal formulation were 2.3- and 1.4-fold higher,
respectively, than that at 5 min for the standard vancomycin
formulation. The AUC for conventional liposomes was 4-fold
higher than that of the standard vancomycin formulation, and
the AUC of the PEGylated liposomes was a further 1.7-fold
higher than that of conventional liposomes. The vancomycin
concentrations were sustained when administered as lipo-
somal formulations compared to the results seen with stan-
dard vancomycin. Clearance from plasma was decreased by
liposomal encapsulation of vancomycin. Since plasma con-
centrations were determined from samples that included both
released and still-encapsulated liposomal vancomycin, it was
difficult to fit the data into a specific compartmental model and
it was not possible to accurately determine all the pharmaco-
kinetic parameters.

(i) Biodistribution. The biodistribution of vancomycin into
major organs following administration of a single intravenous
dose (5 mg/kg) of standard, conventional, and PEGylated li-
posomal vancomycin formulations was determined, and results
from liver, spleen, lung, and kidney are presented in Fig. 2. No
significant levels of vancomycin were detected in thigh muscle
tissue treated with all three formulations. Liposome encap-
sulation enhanced reticuloendothelial system uptake, as evi-
denced by increased levels of vancomycin in spleen and liver

TABLE 1. Main pharmacokinetic parameters of vancomycin in
plasma after intravenous administration of a dose (5-mg/kg)
of standard, conventional, and PEGylated liposomal
vancomycin formulations”

Vancomycin AUC 45

formulation Conax (ng/ml) (pg + h/ml) CL (mi/h)
N 6.8 £0.4 6.8 0.3 18.3 = 0.7
CLV 9.8 * 1.1* 25.9 = 2.8%* 4.9 * 0.6™**
PLV 15.5 = 1.7%* 47.2 £ 2.4%%* 2.7 £ 0.1%%*

“ SV, standard formulation; CLV, conventional formulation; PLV, PEGylated
formulation. Symbols *, #*, and ##* denote P values of <0.05, 0.01, and 0.001,
respectively, versus parameters for the standard solution.
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FIG. 2. Distribution of total vancomycin in the tissues of CF-1 mice following intravenous administration of a dose (5 mg/kg) of standard
vancomycin solution (SV), conventional liposomal vancomycin (CLV), and PEGylated liposomal vancomycin (PLV). (A) Spleen. #*, P < 0.001
for conventional liposomes versus standard vancomycin at 5 min; ++, P < 0.001 for PEGylated liposomes versus standard vancomycin at 5 min;
*, P < 0.01 for conventional liposomes versus standard vancomycin at 1 h; +, P < 0.01 for PEGylated liposomes versus standard vancomycin at
1 h. (B) Liver. %%, P < 0.001 for conventional liposomes versus standard vancomycin at 5 min; ++, P < 0.001 for PEGylated liposomes versus
standard vancomycin at 5 min; *, P < 0.01 for conventional liposomes versus standard vancomycin at 1 h; +, P < 0.01 for PEGylated liposomes
versus standard vancomycin at 1 h. (C) Lung. **, P < 0.001 for conventional liposomes versus standard vancomycin at 5 min; ++, P < 0.001 for
PEGylated liposomes versus standard vancomycin at 5 min; *, P < 0.01 for conventional liposomes versus standard vancomycin at 1 h; +, P < 0.01
for PEGylated liposomes versus standard vancomycin at 1 h. (D) Kidney. **, P < 0.001 for conventional liposomes versus standard vancomycin
at 5 min; ++, P < 0.001 for PEGylated liposomes versus standard vancomycin at 5 min; *, P < 0.01 for conventional liposomes versus standard
vancomycin at 1 h; +, P < 0.01 for PEGylated liposomes versus standard vancomycin at 1 h.

tissues. However, compared to the levels of uptake seen with
conventional liposomes, the uptake of vancomycin from the
PEGylated liposomes at 4 h and 24 h was significantly less (P <
0.001). Maximum concentrations of vancomycin in liver from
all three formulations were found at 4 h. The distribution of
vancomycin from conventional and PEGylated liposomal for-
mulations into liver tissue was significantly greater than that
from standard vancomycin at 1, 4, and 24 h (P < 0.001).
Remarkably, liposome encapsulation caused greater biodistri-
bution of vancomycin into lung tissue compared to the level
seen with standard vancomycin. PEGylated liposomes were
distributed well compared to conventional liposomes at 5 min,
1 h, 4 h, and 24 h. Furthermore, compared to conventional
liposome results, a statistically significant increase in vanco-
mycin distribution from PEGylated liposomes was observed
at the end of 24 h (P < 0.001). On the other hand, biodis-
tribution of vancomycin into the kidneys was markedly re-
duced by liposome encapsulation and was most pronounced
with the PEGylated formulation. A significant difference
between the distribution of vancomycin into kidneys from
the standard formulation and the distribution from both of the
liposomal formulations was seen at 5 min (P < 0.001) and 1 h

(P < 0.01). The AUC and MRT values for all three formula-
tions in liver, kidneys, lungs, and spleen tissue were calculated
and are reported in Table 2.

DISCUSSION

Vancomycin remains an important part of a restricted treat-
ment armamentarium for MRSA pneumonia, and yet concerns
have been raised about its effectiveness. Retrospective analysis
from two multinational, prospective, randomized, double-blind
studies revealed that the clinical cure rate for vancomycin
treatment of documented MRSA pneumonia was 36% com-
pared to 59% for linezolid (52). Inherent pharmacokinetic
limitations such as slow, time-dependent killing and poor pen-
etration into lung tissue and alveolar macrophages (10, 23, 26,
30, 33, 35, 43, 47) have been blamed for high rates of vanco-
mycin failure (28). Nevertheless, vancomycin is the comparator
drug for randomized, double-blind, prospective trials evaluat-
ing novel agents (e.g., telavancin) for treatment of hospital-
acquired pneumonia due to MRSA (38). Although vancomycin
MICs = 2 pg/ml are considered to represent susceptibility,
treatment of invasive infections due to MRSA strains with drug
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modification (“conventional liposomes”) are rapidly engulfed
by intravascular and hepatosplenic phagocytes of the mono-
cyte-macrophage line (11). Conversely, surface modification
through PEGylation creates “stealth” liposomes that evade
opsonization and delay hepatosplenic clearance, thus allow-
ing prolonged circulation time (34) and extravasation into in-
fected tissues. S. aureus can survive inside neutrophils (50) and
alveolar macrophages (13) and persist in phagolysosomes for 3
to 4 days before escaping into the cytoplasm, resulting in host
cell lysis and dissemination (24). We recently confirmed earlier
observations indicating that, compared to the standard formu-
lation, conventional liposome encapsulation enhances vanco-
mycin intracellular killing of MRSA (33, 35).

The present report demonstrates that, compared to the stan-
dard formulation, liposome encapsulation increases vancomycin
distribution into lung, liver, and spleen tissue while decreasing
accumulation within kidneys. This preferential distribution may
lead to improved treatment efficacy and reduced renal toxicity.
However, despite vancomycin not being historically known as a
hepatotoxic agent, the marked liver distribution of the drug
resulting from PEGylated liposome encapsulation raises con-
cerns regarding the potential for an additional adverse effect.
PEGylated liposomes, compared to conventional liposome en-
capsulation, further increase vancomycin lung tissue concen-
trations, perhaps due to a longer circulation time that allows
greater release within the targeted tissue.

This in vivo model does present some important limitations.
First, although overall lung tissue concentrations were mea-
sured, we did not determine the percentages of intracellular
and interstitial vancomycin. Therefore, we can merely infer
that drug deposited in the interstitium would ultimately gain
entry into alveolar macrophages. Second, levels of biodistribu-
tion of liposomal vancomycin may differ in the setting of lung
infection. The local tissue effects of edema, vasoconstriction,
ischemia, and necrosis may variably and unpredictably alter the
kinetics of drug delivery. Lung inflammation has been sug-
gested to increase passive diffusion of (free and protein-bound)
vancomycin, but as inflammation subsides with treatment of
infection, tissue permeability may normalize (42). Third, we
assume that persistent intracellular MRSA infection plays a
prominent role in the potential for clinical relapse following a
course of vancomycin treatment. Although this is a reasonable
assumption, in reality, there are likely multiple factors that play
a role affecting the clinical response to therapy. Furthermore,
theoretical concerns are raised that MRSA pneumonia ep-
isodes complicated by ongoing bacteremia not due to intra-
cellular parasitism may be inadequately treated with the
administration of a “stealth” liposomal vancomycin formu-
lation. Fourth, we opted to use a murine model for our bio-
distribution and pharmacokinetic studies on the basis of cost
and space required for procurement and maintenance. Al-
though murine models have been used for other antimicrobials
(e.g., telavancin) targeting MRSA (36), concerns have been
raised about the applicability to humans (32), particularly in
cases of pneumococcal pneumonia.

Nevertheless, further studies are warranted to determine the
in vivo efficacy of the use of liposomal vancomycin in treating
MRSA lung infection. To address this topic, we are prepar-
ing to study these same formulations by the use of a murine
model of pneumonia and methods published elsewhere (36)

PEGylated LIPOSOME ENCAPSULATION OF VANCOMYCIN 4541

to measure outcome variables such as CFU counts, survival
rates, and histopathological changes. We expect such an inves-
tigation to shed more light on the potential for development of
PEGylated liposomal vancomycin as a novel delivery system
that may improve treatment outcomes by targeting MRSA
infections complicated by intracellular parasitism.
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