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 Bulk Manufacture of Concentrated Oxygen Gas-Filled 
Microparticles for Intravenous Oxygen Delivery  

  John N.   Kheir  ,   *      Brian D.   Polizzotti  ,     Lindsay M.   Thomson  ,     Daniel W.   O’Connell  , 
    Katherine J.   Black  ,     Robert W.   Lee  ,     James N.   Wilking  ,     Adam C.   Graham  ,    
 David C.   Bell  ,     and   Francis X.   McGowan  
 Self-assembling, concentrated, lipid-based oxygen microparticles (LOMs) 
have been developed to administer oxygen gas when injected intravenously, 
preventing organ injury and death from systemic hypoxemia in animal 
models. Distinct from blood substitutes, LOMs are a one-way oxygen car-
rier designed to rescue patients who experience life-threatening hypoxemia, 
as caused by airway obstruction or severe lung injury. Here, we describe 
methods to manufacture large quantities of LOMs using an in-line, recy-
cling, high-shear homogenizer, which can create up to 4 liters of micropar-
ticle emulsion in 10 minutes, with particles containing a median diameter 
of 0.93 microns and 60 volume% of gas phase. Using this process, we 
screen 30 combinations of commonly used excipients for their ability to 
form stable LOMs. LOMs composed of DSPC and cholesterol in a 1:1 molar 
ratio are stable for a 100 day observation period, and the number of parti-
cles exceeding 10 microns in diameter does not increase over time. When 
mixed with blood in vitro, LOMs fully oxygenate blood within 3.95 seconds 
of contact, and do not cause hemolysis or complement activation. LOMs can 
be manufactured in bulk by high shear homogenization, and appear to have a 
stability and size profi le which merit further testing. 
  1. Introduction 

 Gas-fi lled microbubbles are commonly used for many indica-
tions, including targeted drug delivery, [  1  ]  gene delivery, [  2  ]  ultra-
sound contrast agents, [  3  ]  and sonolysis. [  4  ]  Microbubbles can be 
manufactured from phospholipids, [  5  ]  polymers [  6  ]  or proteins, [  7  ]  
which form a coating barrier around the gas phase and stabilize 
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the bubble. Because these agents are pur-
posed to circulate until a specifi c target is 
reached (e.g. the left ventricle or the site 
of a neoplasm), their payloads commonly 
contain insoluble gases. [  8  ]  The volume 
fraction of the gas contained within them 
is approximately 1–15%, [  9  ]  which provides 
a suffi cient fraction of gas to create an 
echocardiographic contrast, for example. 
Ultrasound contrast agents circulate for 
prolonged periods (up to 6-10 minutes) 
before the gas phase is eliminated via the 
lungs. 

 Recently, microbubbles have been 
described which contain a pure oxygen 
gas core for the purpose of oxygen 
delivery. [  7  ,  10  ,  11  ]  These emulsions have sev-
eral properties that make them suitable 
for gas delivery. For example, they con-
tain a higher gas fraction (between 50 and 
70 volume%), [  11  ]  which minimizes the 
volume of the aqueous phase that is co-
administered with the gas. As do micro-
bubbles designed for ultrasound contrast, 
they exhibit a polydisperse size distribution which enables tight 
packing, while also allowing passage through capillaries without 
causing microvascular obstruction. [  12  ]  Finally, their small size 
also creates a high interfacial area for effi cient gas transfer. It 
has recently been shown that lipid-based microbubbles permit 
oxygen transfer to either degassed water [  11  ]  or venous blood [  10  ]  
within seconds. 
1131wileyonlinelibrary.com
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     Figure  1 .     Schematic of the apparatus used to manufacture LOMs by high-shear homogeniza-
tion. Hydrated lipids are stored in an oxygenated, gas-tight container and pumped into an 
inline mixer. Oxygen (O 2 ) gas was infused through a customized fi tting that instilled oxygen gas 
within the blade. Lipids and oxygen gas underwent high shear in two sequential stages (only 
one shear screen shown here for clarity), forming size-limited LOMs. Particles were then cooled 
by a heat exchanger and returned to the vessel for recycling through the process.  
 Building on this work, we recently dem-
onstrated that concentrated, lipid-based 
oxygen microparticles (LOMs) infused into 
animals undergoing complete asphyxia for 
15 minutes increased the oxygen content of 
the blood and reduced the incidence of car-
diac arrest and organ injury. [  10  ]  The methods 
used to manufacture LOMs in that study 
were well-established by others in the fi eld, 
and included sonication and size isolation 
by microbubble fl oatation. [  11  ,  13  ]  Although 
the process was effective in manufacturing 
concentrated LOMs, our group found that 
preparation for each large animal experiment 
required approximately 24 hours of time to 
manufacture the required 2 liters of concen-
trated LOMs. Subsequent large animal testing 
required a more effi cient system for manu-
facture. Additionally, we found that LOMs 
stored at 90 volume% degraded over a matter 
of days during room temperature storage, 
which could limit their use in crisis situa-
tions where ideally the drug would be stored 

in a ready-to-use form at room temperature. Finally, the LOMs 
used in our previous study were sterically stabilized with poly-
oxyethylene(100) steryl ether (BRIJ 100), a non-ionic surfactant. 
This chemical is not generally recognized as safe (GRAS) for 
human use and could pose impediments to FDA approval. 

 The purpose of this study was to (1) describe a more effi -
cient manufacturing process for gas-fi lled particles utilizing an 
in-line, high shear homogenizer; (2) to develop an LOM formu-
lation that optimizes shelf stability at room temperature while 
minimizing the number of particles exceeding 10 microns; 
(3) to describe the oxygen release kinetics of selected LOMs to 
human blood in vitro; and (4) to describe the effects of LOMs 
on hemolysis and complement activation in vitro.   

 2. Results  

 2.1. Manufacturing Effi ciency 

 The manufacturing process of LOMs was a major focus of this 
work. By co-infusing the gas phase (oxygen gas) with the aqueous 
phase (containing lipid excipients suspended in an aqueous 
solution) into a high shear homogenizer ( Figure    1   and Video 
S1), we manufactured 4 liters of LOMs in 10 minutes. Recycling 
of the LOMs through the closed system permitted a progressive 
concentration of the gas phase, which reached 60 vol% before 
being removed for centrifugation. Using recirculating homoge-
nization followed by centrifugation, 2 liters of LOM concentrate 
(90 volume%) were manufactured in 90 minutes.    

 2.2. Particle Composition 

 Our previous LOMs, comprised of 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and BRIJ 100, were stable for several 
days at room temperature. In an attempt to identify a more 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
stable formulation, we evaluated 9 commonly used pharmaceu-
tical excipients using a screening design of experiment (DOE) 
approach (JMP 9, SAS Institute). Excipients were evaluated as 
continuous variables (values are shown in  Table    1  ) for the fol-
lowing responses: bubble formation, shelf life, and particle size 
(percentage of particles  <  10 microns in diameter).  

 It is well documented that the formulation and processing 
parameters can greatly affect LOM size and stability. In an 
attempt to improve upon the stability profi le of our previous 
LOM formulations, we utilized a screening DOE to evaluate 
several common pharmaceutical excipients known to aid in the 
formation of LOMs or to stabilize the resultant LOM formu-
lations. DSPC was used as the base excipient in all combina-
tions because it is well-known to form microbubbles, exhibits 
a higher shell resistance than shorter-chained saturated dia-
cylglycerols [  14  ]  and also confers a low surface tension, which 
may enhance microbubble stability. [  15  ]  Cholesterol was chosen 
for its ability to integrate into lipid membranes, which acts 
to strengthen the monolayer and decrease its permeability. [  16  ]  
Poloxamers were evaluated because several studies have shown 
they are effective sealants of damaged cellular membranes. [  17  ]  
In addition, poloxamer-lipid formulations are known to form 
core-shelled particles with small particle size, which we hypoth-
esized would further add to particle stability. [  18  ,  19  ]  Gelatin [  20  ]  and 
polyvinylpyrrolidone (PVP) [  21  ]  are thickening agents that bind to 
the particle surface and sterically stabilize microbubble suspen-
sions. Thickening agents also increase solution viscosity, which 
is known to decrease particle size. PVP is also a solubilizing 
agent, as is sodium deoxycholate (NaDOC), [  22  ]  which is known 
to enhance lipid solubility. Finally, BRIJ 100, a well-known non-
ionic surfactant, was included in the screen as a benchmark, as 
DSPC/BRIJ 100 LOMs are stable for 20 days at 4  ° C. [  10  ]  

 Of the 30 combinations tested, 16 of them failed to form LOMs 
( Table    1  ) and were excluded from subsequent analysis. LOMs 
composed of DSPC and cholesterol exhibited the lowest product 
loss over time relative to all other lipids at 4 °C (P  <  0.0001, linear 
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 1131–1141
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   Table  1 .    Combinations of lipid excipients tested. 

 Component 1 Component 2 Component 3 Component 4 Stable LOMs?

A DSPC 10 mg/mL P188 10 mg/mL Cholesterol 5 mg/mL Yes

B DSPC 10 mg/mL Yes

C DSPC 20 mg/mL Cholesterol 10 mg/mL Yes

D DSPC 20 mg/mL F108 20 mg/mL Cholesterol 10 mg/mL PVP 20 mg/mL Yes

E DSPC 10 mg/mL P188 20 mg/mL Cholesterol 10 mg/mL Yes

F DSPC 20 mg/mL F108 20 mg/mL NaDOC 2 mg/mL No

G DSPC 20 mg/mL F108 20 mg/mL NaDOC 2 mg/mL P188 20 mg/mL No

H All components of G Cholesterol 10 mg/mL PVP 20 mg/mL No

I DSPC 10 mg/mL P188 20 mg/mL PVP 20 mg/mL Yes

J DSPC 10 mg/mL PVP 20 mg/mL NaDOC 2 mg/mL No

K DSPC 20 mg/mL P188 20 mg/mL PVP 20 mg/mL Yes

L DSPC 20 mg/mL F108 20 mg/mL PVP 20 mg/mL Cholesterol 10 mg/mL Yes

M DSPC 10 mg/mL F108 20 mg/mL NaDOC 2 mg/mL No

N DSPC 10 mg/mL F108 20 mg/mL NaDOC 2 mg/mL Cholesterol 10 mg/mLa) No

O All components of N PVP 20 mg/mL No

P DSPC 10 mg/mL PVP 20 mg/mL Gelatin 6 mg/mL Yes

Q DSPC 10 mg/mL F108 20 mg/mL Gelatin 6 mg/mL No

R All components of Q P188 20 mg/mL Cholesterol 10 mg/mL No

S DSPC 20 mg/mL F108 20 mg/mL Cholesterol 10 mg/mL Gelatin 6 mg/mL No

T DSPC 20 mg/mL Cholesterol 10 mg/mL Gelatin 6 mg/mL NaDOC 2 mg/mLb) No

U DSPC 20 mg/mL Gelatin 3 mg/mL Cholesterol 10 mg/mL No

V DSPC 1 mg/mL P188 10 mg/mL Cholesterol 5 mg/mL No

W DSPC 5 mg/mL P188 10 mg/mL Cholesterol 5 mg/mL No

X DSPC 5 mg/mL P188 10 mg/mL Cholesterol 10 mg/mL No

Y DSPC 5 mg/mL P188 5 mg/mL Cholesterol 5 mg/mL No

Z DSPC 10 mg/mL Brij 5.9 mg/mL Yes

AA DSPC 5 mg/mL Cholesterol 5 mg/mL Yes

BB DSPC 10 mg/mL Brij 5 mg/mL Cholesterol 5 mg/mL Yes

CC DSPC 10 mg/mL Cholesterol 10 mg/mL Yes

DD DSPC 10 mg/mL P188 10 mg/mL Yes

   a)Combination N also contained P188 20 mg/mL; b)Combination T also contained PVP 20 mg/mL. P188  =  Poloxamer 188. F108  =  Pluronic F108.   
regression,  Figure    2  A), room temperature (P  <  0.0001, linear 
regression,  Figure    2  B) and at 30  ° C (P  <  0.0001, linear regres-
sion, Figure  2 C). For example, DSPC-cholesterol LOMs contain 
70% remaining suspension at 100 days at room temperature; by 
comparison, we found that only 5% of DSPC/BRIJ-100 LOMs 
remain at 100 days under the same conditions. When compared 
with LOMs manufactured by sonication and size isolation by 
fl oatation, the median particle diameter of LOMs manufactured 
by homogenization was signifi cantly lower (0.93  μ m vs 2.86  μ m; 
P  <  0.0001, Wilcoxon signed rank test, Figure  2 D) when sized by 
light scatter. None of the formulations tested exhibited a signifi -
cant increase in the fraction of particles exceeding 10 microns 
(P  >  0.05, linear regression, Figure  2 E) over the 100-day observa-
tion period. LOM emulsions composed of DSPC and cholesterol 
remained homogenous, with loss of product resulting in free 
gas collecting at the top of the column (Figure  2 F).  
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 1131–1141
 The response data used in the DOE (which included the 
number of days to 80% of original product remaining at 4  ° C, 
and particle size) was shown to be normal (P  >  0.05, Shapiro-
Wilk W Test) and subsequently evaluated using a standard least 
squares model. The maximize desirability function in the pre-
diction profi ler identifi ed DSPC/Cholesterol (20 mg/mL and 
6.6 mg/mL, respectively) as the optimal formulation under the 
described manufacturing process and experimental conditions.   

 2.3. Particle Characterization 

 In order to gain further insight as to why some particle formu-
lations were more stable than others, we evaluated the surface 
morphology of several LOM formulations by cryo-SEM. LOM 
formulations which exhibited enhanced stability in storage (e.g. 
1133wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Stability and size distribution of selected LOMs. LOMs composed of DSPC and cholesterol in 1:1 molar ratio (combination C) and 1:2 molar 
ratio (combination AA) exhibited the most favorable stability profi le when observed for 100 days at 4˚C (A), or room temperature (B) and at 30  ° C (C). 
LOMs composed of DSPC, Poloxamer 188 and PVP (combination K) or DSPC, F108, PVP and cholesterol (combination L) exhibited less favorable 
stability under all conditions tested. (D) LOMs manufactured by homogenizer exhibited a poly-disperse but smaller size distribution (median particle 
diameter 0.93 microns) when compared to those prepared by sonication followed by fl oatation (median particle diameter 2.86 microns). [  13  ]  (E) The 
fraction of LOMs exceeding 10 microns in diameter did not increase over time in any of the lipid combinations tested. (F) Representative photographs 
showing suspension quality of LOMs when stored at 4  ° C for 1, 2 and 3 months. For A-C, E, dots are means, solid lines are non-linear regression line. 
For (D), solid lines are means, dotted lines are SEM.  

     Figure  3 .     Cryo-SEM imaging of LOMs containing DSPC and cholesterol 
exhibited a smooth architecture free of surface defects (A), whereas 
those composed of DSPC, Poloxamer 188 and PVP exhibited a surface 
containing pores ((B), see arrow). Differential scanning calorimetry of 
LOM samples demonstrated a melting point of approximately 55 °C (C), 
suggesting that the lipid monolayer remains in the solid phase at storage 
temperatures. In (A) and (B) scale bars are 1 micrometer.  
combinations C and AA, containing DSPC and cholesterol) 
demonstrated a smooth surface ( Figure    3  A), whereas those with 
less favorable stability (e.g. combinations K and L) exhibited sur-
face defects, including cracks and pores on cryo-SEM imaging 
(Figure  3 B). This suggests that the loss of LOMs in storage may 
be related to the porosity of the lipid monolayer, which may 
permit gas to escape from the shell in unstable formulations.  

 In order to determine whether the differences in stability 
could be further explained, we performed differential scan-
ning calorimetry (DSC) measurements on the same samples. 
Despite the compositional differences between these formula-
tions ( Table    1  ), their calorimetry profi les are similar (Figure  3 C), 
and all samples exhibit a melting transition at temperatures of 
approximately 55  ° C, which is consistent with the described gel 
to liquid phase transition of DSPC. [  23  ]  This suggests that the 
compositional variations of the lipid monolayer did not affect 
changes in melting temperature, and that differences in sta-
bility cannot be explained by differences in phase transition 
temperature. Additionally, based on these data, all LOMs tested 
remained in the gel phase during the storage period. 

 Taken together, these fi ndings suggest that the mechanism 
of microparticle loss is related to the surface defects (i.e. holes 
and cracks) noted within the lipid monolayers, rather than dif-
ferences in melting temperature. It is likely that the lipid mon-
olayer remains in the gel phase during storage.   

 2.4. Rheological Testing 

 It is known that the viscosity of LOMs is an important factor which 
dictates its ability to mix with blood following injection, i.e. exces-
sively viscous LOM emulsions do not mix with blood effi ciently 
1134 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
in vitro. [  10  ]  Using parallel plate rheometry, we studied the rheo-
logic profi le of the four most stable LOM combinations diluted to 
70 volume% (as would be done for in vivo use), and found that all 
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 1131–1141
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     Figure  4 .     Rheology of select LOM suspensions at 70 volume%. (A) Flow sweep of LOMs composed of DSPC with varying stabilizing agents. Data are 
means, error bars represent 95% CI. (B) Viscosity of LOMs composed of various lipid excipients at a shear rate of 200 sec  − 1 , the approximate shear 
found in the human circulation. The yield stress (C), zero stress viscosity (D) and infi nite stress viscosity (E) of the suspensions are also shown. For 
B-E, column height represents mean, error bars are 95% CI, differences between groups indicated by downward brackets; *, P < 0.05; **, P < 0.01.  
LOM suspensions exhibit shear-thinning behavior, with viscosities 
between 1,000–10,000 Pa*s at low shear rates, which decreased 
steadily at higher shear rates ( Figure    4  A). Viscosity measured at 
the shear rate within human arterioles (200 sec  − 1 ) was lowest for 
LOMs composed of DSPC and cholesterol ( ∼  0.3 Pa · s, Figure  4 B). 
Yield stress, zero stress viscosity and infi nite stress viscosity were 
generally similar between groups (Figure  4 C–E).    

 2.5. Oxygen Release Kinetics to Blood 

 Because the goal of LOMs is to administer oxygen to the blood-
stream, we quantifi ed the rate of oxygen transfer from LOMs to 
human blood ex vivo to ensure that LOMs with longer shelf life 
did not exhibit delayed oxygen transfer kinetics. Following mixing 
of the four most stable compounds with desaturated human 
blood, we found no signifi cant differences in time to 100% oxygen 
release between any of the combinations tested (P  =  0.3775, linear 
regression,  Figure    5  A), and that all of the suspensions were rapid 
in their oxygen release. LOMs composed of DSPC and choles-
terol released 100% of the oxygen payload to surrounding blood 
within 3.95 seconds (95% CI, 3.55-4.47 seconds).    

 2.6. Dose Response of Oxygen Transfer to Blood 

 Because small amounts of ambient oxygen can be absorbed by 
blood under convective motion in the experiment above, we 
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 1131–1141
conducted a separate experiment to more precisely determine 
the dose-response of LOMs mixed with human blood in a test 
tube. The oxygen content of blood rose linearly with the dose 
of oxygen gas (encapsulated within LOMs) added to the sus-
pension (Figure  5 B). The slope of this relationship was 0.9248 
(0.8091-1.014, 95% confi dence interval [CI]) for DSPC/choles-
terol LOMs (in a 1:1 molar ratio), and was 1.074 (0.8088-1.338, 
95% CI) for combination L, indicating that the oxygen content 
of blood rose by approximately 1 mL for each mL of oxygen gas 
added to blood. There was no signifi cant difference in the slope 
of the dose-response relationship between any of the combina-
tions tested (P  =  0.1730, linear regression). 

 In an additional set of experiments, LOMs composed of 
DSPC and cholesterol were manufactured and stored (at 
90 vol%) in capped, plastic syringes at 4 °C for 30 days, and the 
dose response experiment was repeated. Following storage, the 
dose response curve exhibited a signifi cantly lower slope (slope 
0.6933 [0.6362-0.7504, 95% CI]) than at day 0 (P < 0.0001, linear 
regression). However, during the storage period, the PO 2  of the 
solution decreased from 597  ±  15 mmHg on day 0 to 437  ±  
39 mmHg on day 30 (P  =  0.100, Mann Whitney test), possibly 
due to leaching through the syringe or the luer tip. When cor-
rected for this decrement in oxygen content, the slope of the 
dose response curve was not different from that on day 0 (slope 
0.9491 [0.8712-1.027, 95% CI], P  =  0.1937, linear regression), 
suggesting that there was not an intrinsic difference in oxygen 
diffusion properties of the LOMs after storage (Figure  5 C). 
Thus, blood is readily oxygenated via the rapid transfer of O 2  
1135wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Oxygen release kinetics of select LOMs. (A) The percentage 
of oxygen released from a volume of LOMs per second following mixing 
with blood. Dots are individual replicates (n  =  5 per lipid combination), 
lines are linear regression line. (B-C) The increase in blood oxygen con-
tent relative to the oxygen content of either fresh (B) or 30 day old (C) 
LOMs added to the blood. Data are means, error bars are SEM, line is 
linear regression line.  

   Table  2.     In vitro indices of complement activation. 

 C3c concentration 
[mg/dL]

C4 concentration 
[mg/dL]

DSPC alone 119.5  ±  2.2 28.0  ±  0.1

Cholesterol alone 120.4  ±  1.0* 26.8  ±  0.2

DSPC  +  Cholesterol 119.9  ±  1.5 27.0  ±  0.3

DSPC/Chol LOMs 118.7  ±  1.8 28.1  ±  0.3

Control 114.4  ±  1.2 27.7  ±  0.5

   *P < 0.05 relative to control. Data represent means  ±  standard deviation. Normal 
reference range in adults for C3c 90–180 mg/dL and for C4 is 10–40 mg/dL.   
from LOMs, and do so in a nearly 1:1 relationship with the 
volume of oxygen gas added.   

 2.7. Determination of Human Complement Activation by LOMs 

 Microbubbles containing surface ligands are known to acti-
vate human complement, a phenomenon that is thought to be 
1136 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
minimized by utilizing a buried ligand architecture. [  24  ]  Since 
LOMs composed of DSPC and cholesterol do not exhibit sur-
face ligands and because their circulating lifetime is on the 
order of seconds, we hypothesized that neither intact LOMs, 
or concentrates of their lipid-sterol constituents, would activate 
complement in vitro. C3c is an inactive complement protein 
that results from the cleavage of C3b, and is used at our insti-
tution as a clinical marker for activation of the complement 
system. [  25  ]  Complement factor C4 is a protein involved in acti-
vation of the classical pathway, and a decrease in C4 is a reli-
able early marker of complement activation. We found that, 
relative to controls, serum exposed to hydrated DSPC alone, 
DSPC and cholesterol together, and to LOMs manufactured 
from DSPC and cholesterol did not exhibit signifi cant differ-
ences in either C3c or C4 (P  >  0.05, Kruskall-Wallis test with 
Dunn’s multiple comparison post-test,  Table    2  ). The concen-
tration of C3c, but not C4, was statistically different relative to 
controls in serum exposed to cholesterol alone (P  <  0.05), but 
not in any other groups. Values of C3c and C4 were within the 
normal reference range for all groups tested. Together, these 
fi ndings suggest that neither the classical nor alternative com-
plement pathways were activated by exposure to LOMs or their 
concentrated constituents.    

 2.8. Determination of Hemolysis by LOMs 

 It is well known that exposing human blood to free oxygen gas 
bubbles causes hemolysis. [  26  ]  We hypothesized that the lipid 
monolayer encapsulating the oxygen gas would prevent a direct 
blood-gas interface and therefore enable oxygenation without 
causing hemolysis. We found that, relative to controls, whole 
blood exposed to DSPC alone, cholesterol alone, DSPC and 
cholesterol, or LOMs composed of DSPC and cholesterol, did 
not have signifi cant differences in total red blood cell count 
( Figure    6  A), hemolysis index (Figure  6 B), or serum potassium 
(Figure  6 C); for all measures, P > 0.05, Kruskall-Wallis test with 
Dunn’s multiple comparison post-test. Relative to controls, lac-
tate dehydrogenase was lower in blood exposed to DSPC and 
cholesterol (Figure  6 D). Furthermore, there was no microscopic 
evidence for hemolysis on blood smear of samples from any 
group (Figure  6 E). Collectively, these data suggest that LOMs 
do not cause hemolysis in vitro.     
bH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 1131–1141
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     Figure  6 .     Indicators of hemolysis of blood mixed with lipid excipients and intact LOMs. Absolute red blood cell count (A), hemolysis index (a spectro-
photometric measurement of plasma free hemoglobin) (B), serum potassium (C) and serum lactate dehydrogenase (D) of human blood exposed to 
dissolved DSPC, cholesterol or DSPC and cholesterol together, LOMs composed of DSPC and cholesterol, or saline control. For A-D, column height 
represents means, error bars represent 95% CI. *, P < 0.05. (E) A representative peripheral blood smear of blood exposed to LOMs for 90 minutes did 
not exhibit microscopic signs of hemolysis. Scale bar, 10 microns.  
 3. Discussion 

 Patients suffering from low blood oxygen levels may suffer 
from organ failure and death. Current strategies to restore 
normal oxygen levels in emergencies include administra-
tion of inspired oxygen or mechanical ventilation. However, 
these strategies have limitations, including the skills, time 
and resources needed to place a breathing tube (especially in 
unstable patients with low oxygen levels), and the risk of car-
diac arrest and death from severe hypoxemia occurring during 
stabilizing procedures (such as tracheal intubation). We have 
recently described the direct oxygenation of venous blood by 
intravenous administration of concentrated oxygen microbub-
bles. [  10  ]  The major advantage of this strategy is that it tempo-
rarily restores arterial oxyhemoglobin levels to normal within 
seconds of administration, thus providing medical personnel 
additional time to perform life-sustaining procedures. This 
technology could also be administered through a peripheral 
intravenous line by less skilled personnel, even in the prehos-
pital setting, stabilizing critically ill patients until reaching the 
hospital. 

 In this study, we have demonstrated that (1) size-limited 
LOMs can be manufactured using high-shear homogeniza-
tion; (2) LOMs composed of DSPC and cholesterol are stable in 
storage for months at relevant storage conditions with no sig-
nifi cant change in particle size; (3) LOMs composed of DSPC 
and cholesterol exhibit viscosity and oxygen release kinetics 
which are suitable for in vivo testing, and that (4) these LOMs 
do not cause complement activation or hemolysis when mixed 
with human blood in vitro.  
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 1131–1141
 3.1. Manufacturing Process 

 One of the requirements to enable the translation of LOMs 
into pre-clinical testing is the large-scale production of stable 
LOMs with well-defi ned particle size distribution profi les 
( <  10  μ m). Although others have manufactured size-limited, 
gas-fi lled microbubbles using sonication, [  27  ]  fl ow focusing, [  28  ]  
extrusion [  29  ]  and shear stirring, [  30  ]  none of these methods have 
been described in a large-scale, gas-tight system. We found that 
the use of a homogenizer fi tted with ultra fi ne shear emulsor 
screens obviated the need for further size isolation steps. It is 
likely that the small particle size distributions were due to the 
high rotor speed and fi ne emulsor screen, [  31  ]  variables that can 
be further refi ned to alter the size distribution. The process 
may be further simplifi ed by utilizing the native power draw 
of the inline mixer for the input, obviating the need for an inlet 
pump. [  32  ]  A limitation of the current manufacturing process is 
that it still requires concentration of LOMs by centrifugation. 
Concentrating the gas phase prior to centrifugation was lim-
ited to approximately 60 vol% because, as the gaseous phase 
increases beyond this, the aqueous phase transitions to a vis-
cous gel, which becomes increasingly diffi cult to pump into 
the homogenizer. Pressurizing the storage container, or daisy-
chaining several homogenizers, may permit concentration of 
the gaseous phase to approximately 90 vol% without the need 
for centrifugation. Finally, all equipment can be manufac-
tured using 3/16 stainless steel, easily scaled to produce liters 
of LOMs, and sterilized in place, which is required for GMP 
manufacturing.   
1137wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 3.2. LOM Formulation 

 We have previously described that concentrated suspensions of 
LOMs exhibit rapid decay in the volume of gas particles over a 
period of days in storage even at 4 °C, [  10  ]  although this was not 
true of less concentrated microbubbles stabilized using PEG40 
stearate. [  11  ]  As discussed above, particle loss was likely due to 
surface defects which may have permitted rapid gas egress from 
unstable microparticles, although coarsening and Ostwald rip-
ening, [  33  ]  or microbubble dilation due to gas exchange within 
storage containers [  34  ]  may have also contributed. Interestingly, 
others have demonstrated that mean microparticle size in the 
remaining LOM suspension does not increase [  11  ]  and may even 
decrease over time, [  10  ]  an observation that we again found to be 
true. This may suggest that product loss is due to destruction 
of relatively larger particles, and that smaller particles may be 
more stable over time, possibly due to differences in surface 
tension. 

 We now report our efforts to identify a LOM formulation 
that maximizes shelf life while minimizing particle size using 
a screening DOE approach. During the course of our screen 
we observed that LOMs composed of DSPC and cholesterol 
were stable for signifi cantly longer periods than any other 
formulation tested, even at room temperature. Extrapolating 
from the extensive literature on phospholipid-sterol binary sys-
tems, there are several reasons why this may be true. First, it 
is known that cholesterol incorporates into lipid monolayers 
of saturated phosphatidylcholines effi ciently, [  35  ]  and decreases 
the mean area per molecule, resulting in a highly condensed 
monolayer. [  36  ]  This effect varies with the molar percentage of 
cholesterol and may be even more prevalent at lower sterol 
concentrations, [  16  ]  a question that merits further investigation. 
Furthermore, the primary lipid in our system was DSPC, which 
exhibits a high resistance to oxygen passage. [  37  ]  As such, DSPC/
cholesterol-based LOMs likely imposed a high-energy barrier to 
gas penetration, [  38  ]  contributing to their stability in storage and 
preserved size distribution. This rationale is further supported 
by the microscopic analysis of DSPC-cholesterol LOMs, which 
exhibited a uniform surface morphology that was devoid of any 
defects. 

 Gas-fi lled microbubbles may be manufactured from many 
excipients, and we have screened a limited number of them 
here. Microbubbles have also been composed of dextran or 
albumin, [  39  ]  but thus far have demonstrated a limited oxygen 
concentrating ability. Because LOMs used for oxygen delivery 
would be administered in high volumes and at high infusion 
rates (e.g. 3 mL/kg/minute to supplement the oxygen con-
sumption of an adult [  40  ] ), it may also be preferable to avoid 
PEGylated compounds, which can cause metabolic acidosis [  41  ]  
and acute tubular necrosis [  42  ]  when administered in high 
doses. 

 Finally, it is also important to note that we observed a 
decrease in oxygen tension during a 30 day storage period 
at 4ºC, which would significantly compromise the efficacy 
of stored LOMs. We believe that this may be corrected by 
storage within containers which are less permeable to gas 
(e.g. glass or metal) or a more gas-tight syringe capping 
system. This phenomenon will need to be studied in greater 
detail.   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
 3.3. In Vitro Assays 

 We evaluated the four lipid formulations with the optimal 
stability profi les for their ability to oxygenate venous blood in 
vitro. We found that all LOMs tested released oxygen to blood 
completely and within seconds of contact. In contrast to micro-
bubbles designed as ultrasound contrast agents, LOMs do not 
persist in vitro, but instead release oxygen within seconds, 
shedding the lipid shell as vesicles as they decrease in size. [  43  ]  
The high resistance to gas diffusion was likely overcome by 
the Laplace overpressure, convective fl ow, [  37  ]  and hemoglob-
in’s affi nity for oxygen combined with the high surface area to 
volume ratio of LOMs. We have previously described that simi-
larly rapid changes in oxyhemoglobin concentration occur fol-
lowing in vivo injections of similar LOMs. [  10  ]  

 We also found that neither the lipid components themselves 
nor intact LOMs activated human complement or caused hemo-
lysis in vitro. It is known that ligands on the surface of micro-
bubbles activate the complement cascade, and that this effect 
can be mitigated by the addition of a tall poly(ethylene glycol) 
overbrush. [  24  ]  However, given that DSPC/cholesterol LOMs 
exhibit an extremely short in vivo circulating time and lack sur-
face functionality, it is not surprising that they did not activate 
complement or cause hemolysis in vitro.   

 3.4. Limitations 

 Our work has several limitations. (1) The manufacturing 
process described here does not eliminate the need for centrif-
ugation, which raises the potential for nitrogen contamination 
and is not immediately scalable. (2) Our selection of materials 
was limited to a small group of excipients which have been 
described in the manufacture of self-assembling microbub-
bles. It is possible that other excipients (including albumin or 
dextran), or other molar ratios of these same excipients, could 
afford a more stable particle, which should be tested formally 
using a design of experiments. It is also possible that alterna-
tive approaches to stabilizing the microparticle shell may be of 
benefi t and were not explored here. (3) It is important to note 
that the absolute volume of oxygen consumption of humans is 
high, requiring a high and consistent volume of oxygen infu-
sion to maintain oxygen delivery in the absence of native gas 
exchange. Therefore, the volume of aqueous phase and lipids 
which is used in this delivery system is high, and problems 
of fl uid overload and lipid toxicities at least theoretically would 
limit the therapy to the short-term supplementation of oxygen. 
The in vivo adverse effects of high doses of DSPC and choles-
terol infusions need to be investigated in long-term follow-up 
studies. Nevertheless, the development of a system which is 
able to acutely raise systemic oxygen levels during even brief 
episodes of hypoxemia would fi ll an important therapeutic 
gap in the care of critically ill patients. (4) Finally, the system 
described here is a one-way gas delivery system which does 
not remove carbon dioxide from the body. However, the rate 
of rise of carbon dioxide in apneic adults is on the order of 
3–4 mmHg per minute, affording time before respiratory 
acidosis becomes life-threatening. Furthermore, it has been 
reported that patients with acute, severe hypercarbia (arterial 
GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 1131–1141
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carbon dioxide tensions of 300–500 mmHg) can experience 
full neurologic recovery. [  44  ]     

 4. Conclusion 

 There is a critical need for the development of delivery sys-
tems that restore normal systemic oxygen levels in critically 
ill patients. We have demonstrated that LOMs can be manu-
factured in high volumes using an in-line, high-shear homog-
enizer fi tted with an ultra fi ne shear emulsor screen. LOMs 
composed of DSPC and cholesterol in a 1:1 molar ratio exhib-
ited an acceptable stability and size distribution profi le over a 
100-day storage period, although they did exhibit a decrement 
in oxygen content when stored in plastic syringes. These micro-
particles rapidly oxygenate blood ex vivo without evidence for 
complement activation or hemolysis. Further development 
work regarding the clinical utility of LOMs as an oxygen carrier 
is warranted.   

 5. Experimental Section 
  Lipid reagents : 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) 

was purchased from NOF America. Poloxamer 188, Pluronic F108, 
cholesterol, PVP, NaDOC, bovine gelatin, and BRIJ 100 were purchased 
from Sigma. Plasma-Lyte A was purchased from Baxter Corporation. 

  Manufacturing process : Lipid excipients (Table  1 ) and 1 liter of Plasma-
Lyte A (chosen because it exhibits an electrolyte composition identical 
to human plasma, which prevents electrolyte derangements during 
rapid injections) were placed into a customized 4 liter glass container 
with several side ports for withdrawal of fl uid (bottom) by a roller 
pump, for return of fl uid to the container (middle) and for washing the 
headspace with oxygen gas (top). A sanitary mixer was lowered into the 
mouth of the container (Silverson L5MA™ mixer, Silverson Machines, 
Incorporated). The components were then mixed at 7,500 RPM for 
fi ve minutes at room temperature, then pumped via roller pump at 
1 LPM into an in-line high shear homogenizer (Silverson Verso™, 
Silverson Machines, Incorporated), which utilized a dual stage rotor 
stator fi tted with ultra thin mesh inner and outer emulsor screens, and 
run at 7,500 RPM (Figure  1 ). Oxygen gas was also infused at 0.5 LPM 
into the homogenizer, forming LOMs via high intensity shearing (see 
inset). The emulsion then passed through a heat exchanger (MedTronic 
BIOtherm™) maintained at 4˚C and returned to the glass container 
for serial concentration. Fluid was recycled in this way for 10 minutes, 
during which time emulsion in the container was mixed using the 
L5MA 5,000 RPM. Thereafter, the emulsion was withdrawn into 140 mL 
syringes for concentration by centrifugation (1,000 RPM for 10 minutes). 
LOM concentrates were combined within syringes for further testing. 
The entire manufacturing process is depicted in  Video S1 . 

  LOM stability measurements : LOM stability measurements were 
conducted by observation of foam height as previously described. [  13  ]  
Briefl y, a 140 mL syringe was fi lled with 90 vol% LOMs for each 
combination in Table  1  and allowed to stand at 4˚C for 10 days. This 
permitted ripening and early product loss to occur prior to beginning 
the observation period. At 10 days, LOM concentrates that exhibited 
less than 20% of the original product remaining were excluded from 
further analysis (16 out of 30). The remainder of the concentrates were 
distributed into glass tubes (Corning No 9825) under an oxygen gas hood 
and capped. Each tube also contained 2 mL of PlasmaLyte A, used to free 
suspensions of trapped gas bubbles by mixing during the observation 
period. Emulsions were monitored at 4 °C (n  =  3), room temperature 
(n  =  3) and at 30 °C with continuous back and forth motion at 2 Hz 
(n  =  2) for 100 days. The latter was intended to loosely emulate storage 
conditions in an ambulance. Suspensions were assessed weekly for 
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 1131–1141
volume loss by inversion of the tube twice, followed by visual inspection 
against a ruler. An additional tube was stored at 4 °C for particle sizing. 
Of the 14 suspensions followed for 100 days, only the four most 
favorable combinations are shown; the remainder demonstrated similar 
or less favorable stability profi les.  

 LOM size measurements : Particles previously stored at 4  ° C were 
sized by light obscuration (Accusizer 780), using a technique commonly 
described in the microbubble literature. [  11  ]  Briefl y, a 10 microliter sample 
was withdrawn from the tube and instilled into a 10 mL autodilution 
fl ask fi lled with fi ltered water. The percentage of particles exceeding 
10 microns was measured weekly for a 100 day observation period.  

 Scanning Electron Microscopy : Samples were prepared as above, 
then frozen and transferred into MED 020 using VCT100 cryo transfer 
device. Samples were fractured at −150  ° C, then etched at −90  ° C for 
1 minute. Samples were then coated with 8nm of platinum. The prepared 
samples were transferred into Zeiss Nvision using VCT 100. Samples 
were imaged using a Leica cryo stage with a temperature of −150  ° C at 
2 kV and a working distance of 2 mm.  

 Differential Scanning Calorimetery:  Calorimetry measurements were 
performed using a differential scanning calorimeter (DSC Model 
Q200, TA Instruments). Aqueous LOM samples (2.5 mg) were loaded 
into aluminum sample pans, hermetically sealed, and subjected to 
temperature scans from −20  ° C to 70  ° C at a heating rate of 5  ° C/minute. 
Heat fl ow into and out of the samples was measured as a function of 
temperature, relative to an empty sample pan. Measurements on each 
sample were performed in triplicate.  

 Rheological testing : LOMs composed of DSPC with either: 
(1) cholesterol (in both a 1:1 and 2:1 molar ratio), (2) Poloxamer 188 and 
PVP, or (3) Pluronic F108, PVP and cholesterol were manufactured and 
diluted to 70 volume%; these combinations were chosen due to their 
stability profi les. Two mL aliquots of LOM underwent a steady state fl ow 
sweep using 40 mm parallel plate geometry as stress was varied from 
0.1 to 10,000  μ N · m (AR 2000ex rheometer, TA Instruments). Because we 
have previously shown that temperature has a minimal effect on LOM 
rheology, [  10  ]  temperature was maintained at 25  ° C by Peltier plate for ease 
of experimentation. No conditioning step was used. Yield stress was 
calculated as the onset point of the viscosity-shear stress relationship; 
zero- and infi nite-stress viscosities were calculated using the Ellis Flow 
Model (TRIOS Software version 2.0, TA Instruments). Viscosity at a 
shear rate of 200 sec  − 1  was gathered from the fl ow sweep. n  =  5 samples 
were measured for each combination and compared between groups by 
one-way analysis of variance (ANOVA) with Dunn’s multiple comparison 
post-test.  

 Oxygen release kinetics measurements : This experiment was approved by 
the Institutional Review Board at Boston Children’s Hospital. Individual 
patient consent was not required for the deidentifi ed use of discarded 
blood products. Donated human blood (100 mL, hemoglobin 20 g/dL) 
was desaturated using nitrogen gas to a goal oxyhemoglobin saturation 
of 50%, mimicking the venous oxyhemoglobin saturation of a critically 
ill patient. Hemoglobin concentration was quantifi ed (Radiometer 
ABL 80 Co-Ox Flex) and oxyhemoglobin concentration was measured 
continuously (Cobe SAT/HCT oximeter). Under continuous stirring 
motion at body temperature (37  ° C), 9 mL of oxygen gas contained 
within LOMs (diluted to 70 volume%) were added to the blood. The 
percentage of oxygen released was calculated according to  Equation 1  
and compared between groups by linear regression:

 

% oxygen release = O2 contenttime x − O2 contenttime 0
O2 contentLOMs added

1 .36× [hemoglobin]× (total blood volume)× ([oxyhemoglobin] time x− [oxyhemoglobin] time 0)
9mL oxygen added   

(1)

     
 Dose response measurements : To evaluate the dose response in vitro, 

donated human blood (hemoglobin 20 g/dL) was desaturated using 
nitrogen gas to a goal oxyhemoglobin saturation of 50%. 10-mL aliquots 
of room temperature human red blood cells were distributed into 15 mL 
glass test tubes. Baseline hemoglobin, oxyhemoglobin saturation, and 
oxygen tension were quantifi ed (Radiometer ABL 80 Co-Ox Flex) for 
calculation of oxygen content. Either 0.3, 0.6 or 0.9 mL of oxygen gas 
1139wileyonlinelibrary.combH & Co. KGaA, Weinheim
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contained within LOMs were added to test tubes in each group. Test 
tubes were sealed, inverted 10 times, and oxygen content was measured 
again. The increase in oxygen content of the blood was calculated for 
each test tube (n  =  5 per group) and compared between doses by linear 
regression. Stored LOMs were kept in a capped syringe (Monoject 
140 mL Luer Lock, Covidien) at 4  ° C until use. Quantifi cation of oxygen 
tension was performed by blood gas machine as above, and PO 2  was 
corrected for based on  Equation 2 .

 
Corrected oxygen content =

mL LOM added × vol%

PO2 on day 0 PO2 on day 30
 
 (2)

    

  Determination of complement activation by LOMs : Whole, fresh human 
blood was collected, and serum was immediately isolated using serum 
separator tubes (Beckton Dickenson #367981) by centrifugation at 3,000 
x g for 10 minutes. 900 microliter aliquots of serum were mixed with 100 
microliters of one of the following: (1) DSPC (20 mg/mL in Plasmalyte 
A), (2) cholesterol (10 mg/mL in Plasmalyte A), (3) DSPC (20 mg/mL) 
and cholesterol (10 mg/mL) in PlasmaLyte A, (4) LOMs (70 volume%) 
formed from DSPC and cholesterol, or (5) Plasmalyte A only (n  =  3 
samples per group except for LOMs, where n  =  6). Care was taken to 
ensure that the same surface area of LOMs, in this case  ∼ 1,800 cm 2 , 
was added to each sample. Samples were mixed by gentle inversion of 
each tube 10 times, followed by incubation at 37 °C under continuous 
motion for 90 minutes. Tubes were inverted every 10 minutes to ensure 
complete mixing. 

 Serum concentrations of the C3 cleavage fragment, C3c, and of C4 
were analyzed 1 hour later using a clinically-used immunoturbidimetric 
assay (Cobas Integra 800) according to manufacturer’s instructions. 
Briefl y, serum samples were diluted 1:21 with 0.9% sodium chloride 
and allowed to stand for 180 seconds. 90 microliters of TRIS buffer 
(100 mmol/L, pH 8.0) were mixed with 10 microliters of diluted serum 
and allowed to stand for 90 seconds, at which point 17 microliters of 
anti-human C3c antibody (goat) or anti-human C4 antibody (goat) were 
added to the sample and mixed for 6 minutes. Concentration of C3c and 
C4 were determined by adsorbance at 340 nm and 659 nm at 1.5 and 9 
minutes following addition of antibody, and were compared to referenced 
standards. C3c and C4 concentrations were compared to control values 
by Kruskall-Wallis test with Dunn’s multiple comparison post-test.  

 Determination of hemolysis by LOMs : Hemolysis was determined 
using previously established assays. [  45  ]  Briefl y, fresh human blood was 
collected within heparinized test tubes. Aliquots (2 mL) of blood were 
subsequently mixed with 200 uL of each component as described above 
for the complement activation assay. Samples were mixed by gentle 
inversion of each tube 10 times, followed by incubation at 37 °C under 
continuous motion for 90 minutes. Samples were assessed for hemolysis 
by determination of hemolysis index (a spectrophotmetric determination 
of plasma free hemoglobin, Cobas Integra 800), lactate dehydrogenase, 
number of red blood cells (Advia 120 Hematology System), serum 
potassium (Radiometer ABL 80 Co-Ox), and by peripheral blood smear. 
All tests were run in the clinical core laboratory at Boston Children’s 
Hospital according to manufacturers’ instructions.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

   Acknowledgements  
 We thank M. Kellog, J. Alves and C. Brugnara for assistance with serum 
analysis; A. Loxley for advice regarding lipid excipients. Funding: U.S. 
Army Medical Research & Materiel Command (USAMRMC) and 
managed by the Telemedicine & Advanced Technology Research Center 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
(TATRC), Contract Number W81XWH-11-2-0041 (JNK) and Technology 
Development Grants from Children’s Hospital Boston (JNK). Competing 
Interests: The authors declare no competing interests.   

 Received: October 3, 2012 
  Revised: November 21, 2012

Published online: March 8, 2013  

      [ 1 ]     J. R.   Lindner  ,  Nat. Rev. Drug Discovery   2004 ,  3 ,  527 – 532 .  
     [ 2 ]     E. C.   Unger  ,   E.   Hersh  ,   M.   Vannan  ,   T.   McCreery  ,  Echocardiography  

 2001 ,  18 ,  355 – 361 .  
     [ 3 ]     A. L.   Klibanov  ,  Adv. Drug Delivery Rev.   1999 ,  37 ,  139 – 157 .  
     [ 4 ]     Y. Q.   Wu  ,   E. C.   Unger  ,   T. P.   McCreery  ,   R. H.   Sweitzer  ,   D. K.   Shen  , 

  G. L.   Wu  ,   M. D.   Vielhauer  ,  Invest. Radiol.   1998 ,  33 ,  880 – 885 .  
     [ 5 ]     E. C.   Unger  ,   T.   Porter  ,   W.   Culp  ,   R.   Labell  ,   T.   Matsunaga  ,   R.   Zutshi  , 

 Adv. Drug Delivery Rev.   2004 ,  56 ,  1291 – 1314 .  
     [ 6 ]     M. A.   Wheatley  ,   B.   Schrope  ,   P.   Shen  ,  Biomaterials   1990 ,  11 ( 9 ), 

 713 – 717 .  
     [ 7 ]     R.   Cavalli  ,   A.   Bisazza  ,   P.   Giustetto  ,   A.   Civra  ,   D.   Lembo  ,   G.   Trotta  , 

  C.   Guiot  ,   M.   Trotta  ,  Int. J. Pharmaceut.   2009 ,  381 ,  160 – 165 .  
     [ 8 ]     S.   Quay  ,  J. Ultrasound Med.   1994 ,  13 ,  S9 .  
     [ 9 ]     P.   Sherwin  , U.S. FDA Presentation of Optison, GE Healthcare. 

http://www.fda.gov/downloads/AdvisoryCommittees/Committees-
MeetingMaterials/Drugs/CardiovascularandRenalDrugsAdvisory-
Committee/UCM254503.pdf (accessed February 2013).  

    [ 10 ]     J. N.   Kheir  ,   L. A.   Scharp  ,   M. A.   Borden  ,   E. J.   Swanson  ,   A.   Loxley  , 
  J. H.   Reese  ,   K. J.   Black  ,   L. A.   Velazquez  ,   L. M.   Thomson  ,   B. K.   Walsh  , 
  K. E.   Mullen  ,   D. A.   Graham  ,   M. W.   Lawlor  ,   C.   Brugnara  ,   D. C.   Bell  , 
  F. X.   McGowan  ,  Sci. Transl. Med.   2012 ,  4 ,  140ra88 .  

    [ 11 ]     E. J.   Swanson  ,   V.   Mohan  ,   J.   Kheir  ,   M. A.   Borden  ,  Langmuir   2010 ,  26 , 
 15726 – 9 .  

    [ 12 ]     J. R.   Lindner  ,   J.   Song  ,   A. R.   Jayaweera  ,   J.   Sklenar  ,   S.   Kaul  ,  J. Am. Soc. 
Echocardiogr.   2002 ,  15 ,  396 – 403 .  

    [ 13 ]     S.   Kvale  ,   H. A.   Jakobsen  ,   O. A.   Asbjornsen  ,   T.   Omtveit  ,  Sep. Technol.  
 1996 ,  6 ,  219 – 226 .  

    [ 14 ]     M. A.   Borden  ,   M. L.   Longo  ,  Langmuir   2002 ,  18 ,  9225 – 9233 .  
    [ 15 ]     W. H.   Wang  ,   C. C.   Moser  ,   M. A.   Wheatley  ,  J. Phys. Chem.   1996 ,  100 , 

 13815 – 13821 .  
    [ 16 ]     P.   Wydro  ,   S.   Knapczyk  ,   M.   Lapczynska  ,  Langmuir   2011 ,  27 , 

 5433 – 44 .  
    [ 17 ]     S. A.   Maskarinec  ,   J.   Hannig  ,   R. C.   Lee  ,   K. Y.   Lee  ,  Biophys. J.   2002 ,  82 , 

 1453 – 9 .  
    [ 18 ]     G.   Wu  ,   K. Y.   Lee  ,  J. Phys. Chem. B   2009 ,  113 ,  15522 – 31 .  
    [ 19 ]     T. M.   Krupka  ,   L.   Solorio  ,   R. E.   Wilson  ,   H.   Wu  ,   N.   Azar  ,   A. A.   Exner  , 

 Mol. Pharm.   2010 ,  7 ,  49 – 59 .  
    [ 20 ]     Q.   Xu  ,   M.   Nakajima  ,   Z.   Liu  ,   T.   Shiina  ,  Int. J. Mol. Sci.   2011 ,  12 , 

 462 – 75 .  
    [ 21 ]     Y. T.   Cheng  ,   R. H.   Uang  ,   K. C.   Chiou  ,  Microelectron. Eng   2011 ,  88 , 

 929 – 934 .  
    [ 22 ]     R.   Stoodley  ,   J.   Shepherd  ,   K. M.   Wasan  ,   D.   Bizzotto  ,  Biochim. Biophys. 

Acta   2002 ,  1564 ,  289 – 97 .  
    [ 23 ]     S.   Mabrey  ,   J. M.   Sturtevant  ,  Proc. Natl. Acad. Sci. USA   1976 ,  73 , 

 3862 – 6 .  
    [ 24 ]     C. C.   Chen  ,   M. A.   Borden  ,  Biomaterials   2011 ,  32 ,  6579 – 87 .  
    [ 25 ]     Y.   Palarasah  ,   K.   Skjodt  ,   J.   Brandt  ,   B.   Teisner  ,   C.   Koch  ,   L.   Vitved  , 

  M. O.   Skjoedt  ,  J. Immunol. Meth.   2010 ,  362 ,  142 – 50 .  
    [ 26 ]     M. B.   Ravin  ,   W. A.   Briscoe  ,  J Appl Physiol   1964 ,  19 ,  784 – 90 .  
    [ 27 ]     M. W.   Keller  ,   S. B.   Feinstein  ,   R. A.   Briller  ,   S. M.   Powsner  ,  J Ultrasound 

Med.   1986 ,  5 ,  493 – 8 .  
    [ 28 ]     D.   Di Carlo  ,   D.   Irimia  ,   R. G.   Tompkins  ,   M.   Toner  ,  Proc. Natl. Acad. 

Sci. USA.   2007 ,  104 ,  18892 – 7 .  
    [ 29 ]     R.   Suzuki  ,   T.   Takizawa  ,   Y.   Negishi  ,   K.   Hagisawa  ,   K.   Tanaka  , 

  K.   Sawamura  ,   N.   Utoguchi  ,   T.   Nishioka  ,   K.   Maruyama  ,  J. Control. 
Release   2007 ,  117 ,  130 – 136 .  
mbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 1131–1141



www.MaterialsViews.com

FU
LL P

A
P
ER

www.advhealthmat.de
    [ 30 ]     E.   Dressaire  ,   R.   Bee  ,   D. C.   Bell  ,   A.   Lips  ,   H. A.   Stone  ,  Science   2008 , 
 320 ,  1198 – 201 .  

    [ 31 ]     S.   Hall  ,   M.   Cooke  ,   A.   El-Hamouz  ,   A. J.   Kowalski  ,  Chem. Eng. Sci.  
 2011 ,  66 ,  2068 – 2079 .  

    [ 32 ]     A. J.   Kowalski  ,   M.   Cooke  ,   S.   Hall  ,  Chem. Eng. Sci.   2011 ,  66 , 
 241 – 249 .  

    [ 33 ]     E.   Talu  ,   M. M.   Lozano  ,   R. L.   Powell  ,   P. A.   Dayton  ,   M. L.   Longo  , 
 Langmuir   2006 ,  22 ,  9487 – 9490 .  

    [ 34 ]     J. J.   Kwan  ,   M. A.   Borden  ,  Soft Matter   2012 ,  8 ,  4756 – 4766 .  
    [ 35 ]     J. B.   Leathes  ,  Lancet   1925 ,  1 ,  853 – 856 .  
    [ 36 ]     R. A.   Demel  ,   L.   Vandeene  ,   B. A.   Pethica  ,  Biochim. Biophys. Acta  

 1967 ,  135 ,  11–19 .  
    [ 37 ]     M. A.   Borden  ,   M. L.   Longo  ,  J. Phys. Chem. B   2004 ,  108 ,  6009 –

 6016 .  
© 2013 WILEY-VCH Verlag GmAdv. Healthcare Mater. 2013, 2, 1131–1141
    [ 38 ]     M.   Blank  ,  J. Phys. Chem.   1962 ,  66 ,  1911–1918 .  
    [ 39 ]     T. R.   Porter  ,   F.   Xie  ,   A.   Kricsfeld  ,   K.   Kilzer  ,  J. Am. Coll. Cardiol.   1995 , 

 26 ,  33 – 40 .  
    [ 40 ]     C.   Lanigan  ,   J.   Moxham  ,   J.   Ponte  ,  Thorax   1990 ,  45 ,  388 – 90 .  
    [ 41 ]     J.   Tayar  ,   G.   Jabbour  ,   S. J.   Saggi  ,  N. Engl. J. Med.   2002 ,  346 , 

 1253 – 4 .  
    [ 42 ]     G. A.   Laine  ,   S. M.   Hossain  ,   R. T.   Solis  ,   S. C.   Adams  ,  Ann. Pharmaco-

ther.   1995 ,  29 ,  1110 – 4 .  
    [ 43 ]     G.   Pu  ,   M. A.   Borden  ,   M. L.   Longo  ,  Langmuir   2006 ,  22 ,  2993 – 9 .  
    [ 44 ]     M.   Otten  ,   L. A.   Schwarte  ,   J. W.   Oosterhuis  ,   S. A.   Loer  ,   P.   Schober  , 

 J. Emerg. Med.   2012 ,  42 ,  e1 – 6 .  
    [ 45 ]     G.   Lippi  ,   G.   Luca Salvagno  ,   N.   Blanckaert  ,   D.   Giavarina  ,   S.   Green  , 

  S.   Kitchen  ,   V.   Palicka  ,   A. J.   Vassault  ,   M.   Plebani  ,  Clin. Chem. Lab. 
Med.   2009 ,  47 ,  934 – 9 .   
1141wileyonlinelibrary.combH & Co. KGaA, Weinheim




