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Echogenic liposomes (ELIPs) are an excellent candidate for ultrasound activated therapeutics and

imaging. Although multiple experiments have established their echogenicity, the underlying mech-

anism has remained unknown. However, freeze-drying in the presence of mannitol during ELIP

preparation has proved critical to ensuring echogenicity. Here, the role of this key component in the

preparation protocol was investigated by measuring scattering from freshly prepared freeze-dried

aqueous solution of mannitol—and a number of other excipients commonly used in lyophiliza-

tion—directly dispersed in water without any lipids in the experiment. Mannitol, meso-erythritol,

glycine, and glucose that form a highly porous crystalline phase upon freeze-drying generated bub-

bles resulting in strong echoes during their dissolution. On the other hand, sucrose, trehalose, and

xylitol, which become glassy while freeze-dried, did not. Freeze-dried mannitol and other crystal-

line substances, if thawed before being introduced into the scattering volume, did not produce echo-

genicity, as they lost their crystallinity in the thawed state. The echogenicity disappeared in a

degassed environment. Higher amounts of sugar in the original aqueous solution before freeze-

drying resulted in higher echogenicity because of the stronger supersaturation and crystallinity. The

bubbles created by the freeze-dried mannitol in the ELIP formulation play a critical role in making

ELIPs echogenic. VC 2017 Acoustical Society of America. https://doi.org/10.1121/1.5017607

[CCC] Pages: 3670–3676

I. INTRODUCTION

Liposomes are vesicles enclosed by a lipid bilayer hav-

ing an aqueous core. They are widely used as a drug delivery

vehicle, which can be activated by various triggers such as

temperature, pH, enzymes, ultrasound, or laser. There has

been a growing interest to trigger the liposomal contents

release by ultrasound for simultaneous drug delivery (Bader

et al., 2016; Haworth et al., 2016; Shekhar et al., 2016;

Sutton et al., 2016) and imaging. Liposomes prepared using

a special protocol involving freeze-drying in the presence of

mannitol rendered them echogenic (Huang et al., 2001;

Huang et al., 2002; Huang and MacDonald, 2004; Kopechek

et al., 2011; Nahire et al., 2012; Paul et al., 2012; Raymond

et al., 2014). Although we as well others verified their echo-

genicity, the exact mechanism remains unknown. Previous

experiments established that freeze-drying in the presence of

mannitol is necessary for the liposomes to be echogenic

(Huang et al., 2002; Paul et al., 2012). Furthermore, freeze-

dried liposomes in the presence of other excipients or cryo-

protectants were found not to be echogenic (Huang et al.,
2001). Here, we investigate the role of mannitol in the echo-

genicity of echogenic liposomes (ELIP).

To understand the role of mannitol in echogenicity of

ELIPs, we briefly note here their preparation protocol

(Huang et al., 2001; Buchanan et al., 2008; Paul et al.,
2012). The required lipids are dissolved in chloroform and

exposed to a gentle stream of N2 to evaporate the solvent

leaving a thin film, which is left overnight under vacuum to

completely remove the solvent. The dried lipid film is mixed

with a 0.32 M mannitol solution, and the resulting mixture is

sonicated in a bath sonicator. The formed liposome suspen-

sion is then freeze-dried, and the final product is stored in

the powdered form, to be rehydrated before use. Although

the exact mechanism of echogenicity is far from established,

it is speculated that mannitol, being a weak cryoprotectant,

leaves defects in the freeze-dried lipid bilayer, which in turn

trap gas pockets resulting in their oscillations when sub-

jected to ultrasound excitation (Huang et al., 2001). In fact,

freeze-drying or lyophilization was found to be a crucial

step—samples prepared bypassing this procedure were not

echogenic. The same study also found that lyophilization in

the presence of other sugars—trehalose, sucrose or lactose

that are known to be better cryoprotectant—also did not give

rise to any acoustic activity (Huang et al., 2001).

Here, we report on a phenomenon that we believe has a

direct bearing on the observed echogenicity of liposomes

prepared by freeze-drying in the presence of mannitol. We

measured scattering from freeze-dried mannitol directly dis-

persed in water in the absence of any lipid in an experimental

setup previously used to investigate echogenicity of ELIPs

(Paul et al., 2012). The freeze-dried mannitol of the same

molarity as that used to prepare ELIPs, when dispersed in

water even without any lipid bilayer, generated a strong scat-

tered response during dissolution. Furthermore, several other

excipients, such as meso-erythritol, glycine, and glucose,a)Electronic mail: sarkar@gwu.edu
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which attain crystalline state after freeze-drying, were also

found to be echogenic, whereas sucrose, trehalose, and xyli-

tol, which become glassy while freeze-dried, were not. We

briefly review the properties of mannitol and other excipients

used during freeze-drying in the pharmaceutical industries

which, as we noted, play a critical role in echogenicity of

ELIPs.

II. FREEZE-DRYING (LYOPHILIZATION) IN THE
PRESENCE OF EXCIPIENTS

Due to its importance in stabilizing pharmaceutical prod-

ucts, freeze-drying has been widely studied resulting in an

extensive literature (Franks, 1998; Tang and Pikal, 2004; Rey

and May, 2010). The primary goal of the process is to ensure

long-term stability, elegant cake appearance, short reconstitu-

tion time, and maintenance of biological activities upon

reconstitution (Abdelwahed et al., 2006). These objectives are

achieved by choosing an optimal chemical formulation—

appropriate amount of excipients such as mannitol under right

conditions. For freeze-dried liposomes, one wants to prevent

hydrolysis of phospholipids, loss of encapsulated agents, and

alteration of size by aggregation (van Winden, 2003).

During freezing, pure crystalline ice forms from the aque-

ous solution leaving behind solutes and liposomes that become

more and more concentrated and increasingly more viscous,

eventually reaching an amorphous glassy phase. Mannitol is

widely used in lyophilization as a bulking agent because it pro-

motes efficient freeze-drying and elegant appearance of the

freeze-dried products. However the same properties of manni-

tol that underlie these advantages, namely, its tendency to crys-

tallize from frozen aqueous solution and the high eutectic

temperature of mannitol/ice mixture (about �1.5 �C) (thereby

shorter freeze-drying cycle), also make it a weak cryoprotectant

(Kim et al., 1998). The crystallization of mannitol generates

mechanical stresses leading to destabilization of the bilayers

(Izutsu et al., 1994; Kim et al., 1998; Pyne et al., 2002). In con-

trast, a good cryoprotectant such as trehalose (arguably the best

cryoprotectant), sucrose or lactose protects the lipid bilayer

from collapsing under the compressive stresses during freezing

by forming a glassy state inside and outside the liposomes and

by hydrogen bonding with the lipid head groups (van Winden,

2003). Freezing and subsequent primary drying (sublimation of

ice under vacuum), must be carried out below the glass transi-

tion temperature T0g of the maximal freeze-concentrate of the

material to avoid a collapse of the freeze-dried structure.

Therefore, a high T0g leads to substantial economic benefits.

The primary drying is followed by a secondary drying step to

remove unfrozen water absorbed in the product by a gradual

increase of temperature (Abdelwahed et al., 2006). Similar to

mannitol, glycine is also a common bulking agent with a high

eutectic melting point with ice (�3 �C) enabling high drying

temperature that crystallizes upon freeze-drying. Note that the

degree of mannitol crystallization during freeze-drying can be

controlled by the chemical composition of the solute and the

processing conditions (Liao et al., 2005), e.g., by altering the

pH (Akers et al., 1995) or increasing the concentration of

the buffer solution (Telang et al., 2003). By choosing an appro-

priate concentration mannitol can even be freeze-dried in an

amorphous state (Izutsu et al., 1994). Furthermore, Even

though when used alone glycine and mannitol each crystallizes

during freeze-drying, in combination they inhibit crystallization

and give rise to stable freeze-dried products (Pyne et al., 2003).

In view of the above, one concludes that there are two

different classes of excipients. The bulking agents such as

mannitol are typically crystalline after freeze-drying and

provide an elegant appearance of the final products and

shorter drying time. The stabilizing agents such as trehalose

are glassy after freeze-drying; they protect the bilayer struc-

ture but result in a longer process. Table I provides a list of

common excipients and their final states. We also note their

solubility—a sugar whose solubility is lower in water tends

to crystallize, e.g., mannitol with solubility 20% w/w crystal-

lizes during freezing whereas sucrose with a solubility of

67% w/w attains a glassy state. Crystallization is determined

by supersaturation (driving force) and molecular mobility.

For sugars with higher solubility, the high concentration of

solute gives rise to a higher viscosity of the aqueous matrix.

At high viscosity, the mobility contribution to the free

energy of crystallization dominates, and it prevents crystalli-

zation forming a glassy state.

While role of mannitol in ensuring echogenicity has

been firmly established, the purported mechanism remains

weakly linked with its poor cryoprotective capabilities.

Here, we find that freeze-dried mannitol dissolving in the

TABLE I. Solubility of excipients in water and their state after freeze-drying.

Excipient Solubility (w/w) at 20 oC (%) Reference State after freeze drying Reference

Sucrose 66.5 (Hartel, 2001) Glassy (Rey and May, 2010), (Ohkuma et al., 2008),

(Hartel et al., 2011)

Glucose 47.8 Crystalline (Thanatuksorn et al., 2008), (Rahman and Roos, 2017)

Fructose 78.9 Glassy (Rahman and Roos, 2017)

Mannitol 20 Crystalline (Rey and May, 2010), (Izutsu et al., 1994;

Cavatur et al., 2002; Pyne et al., 2002; Telang et al., 2003),

(Kim et al., 1998)

Xylitol 63 Glassy (Roos, 1997)

Meso-Erythritol 37 Crystalline (Chen et al., 2015; Fujii et al., 2015)

Glycine 25 (Budavari, 1996) Crystalline (Rey and May, 2010), (Akers et al., 1995;

Chongprasert et al., 2001; Pyne and

Suryanarayanan, 2001; Pyne et al., 2003)

Trehalose 68.9 (Higashiyama, 2002) Glassy (Rey and May, 2010), (Ohkuma et al., 2008)
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water is echogenic even in the absence of lipids or their

bilayer structure. We claim that the echogenicity of the dissolv-

ing substance is predicated on the crystallinity of the freeze-

dried highly porous products. We investigate scattering from

freeze-dried aqueous solutions of all excipients from the Table I

along with mannitol, some adopting crystalline state upon

freeze-drying and others becoming glassy. For comparison, we

also investigate scattering from mannitol without freeze-drying.

III. METHODS AND MATERIALS

The excipients—mannitol, D-glucose, sucrose, treha-

lose, xylitol, meso-erythritol, and glycine—were procured

from Sigma-Aldrich (St. Louis, MO). The required concen-

tration of excipient was dissolved in water, and the sample

was frozen at �80 �C. After it was frozen for 5 h, the sample

vial was thawed for 3 min in 50 �C water and again it was

put in the freezer (VWR SignalTM, Radnor, PA) at �80 �C
for 5 h. This cycle of freeze–thaw was performed three

times, then frozen again for 5 h. The final frozen sample was

dried in a lyophilizer (Freezone 2.5, Labconco, Kansas City,

MO) at �86 �C and 0.01 mBar for 72 h. The excipients were

used in both raw forms (the state of the excipient when it

arrived from the supplier in powder/granular form) as well

as in freeze-dried form for scattering studies for comparison

purposes. The scattering experiments were also performed in

DI (deionized) water as well as in 0.5% wt./vol BSA (bovine

serum albumin)-water solution.

Figure 1 shows a schematic representation of the experi-

mental setup for scattering study. A chamber (50 mm

� 50 mm� 45 mm) made of polycarbonate was filled with DI

water. We employed two spherically focused immersion trans-

ducers (Panametrics Transducer, Olympus NDT Corporation,

Waltham, MA), each having an element diameter of 1.6 cm

and a focal length of 3.05 cm. The transmitting and receiving

transducers were confocally positioned at right angles. Two

transducers with central frequencies of 2.25 MHz (�6 dB:

1.48–2.90 MHz) were used in the experiments for transmitting

and receiving the signal. All transducers were calibrated using

a needle hydrophone (HNC400, ONDA Corporation). Before

each scattering measurement, 100 mg of the freeze-dried/raw

excipient was added to the acoustic chamber, near the confocal

volume of the transducers. Scattering measurements were

performed 30 s after the introduction of the excipient. An

arbitrary/function generator (Agilent, 33250A, Santa Clara,

CA) was utilized to generate a 32-cycle sinusoidal pulse of

2.25 MHz frequency at a pulse repetition frequency (PRF) of

100 Hz. This signal was then amplified using a 55 dB power

amplifier (A-150, ENI, Rochester, NY) and used to excite

the transmitting transducer. All scattering experiments were

performed at a single typical excitation setting—500 kPa,

2.25 MHz, 32 cycle. Note that previously we have examined

the acoustic response of ELIPs as a function of frequency and

excitation amplitude (Paul et al., 2012). But for the purpose of

demonstrating the echogenicity of dispersed mannitol, scatter-

ing measurement at the single setting is sufficient. The scat-

tered signal was passively received by the receiving transducer

utilizing a pulser/receiver (5800, Panametrics-NDT, Waltham,

MA) in receiving mode with a 20 dB gain (HP filter: 1 MHz,

LP filter 35 MHz). The amplified signals were then fed into the

oscilloscope (TDS 2012, Tektronix, Beaverton, OR) to view

them in real time. Signals were acquired from the oscilloscope

using LabView (National Instruments, Austin, TX) software.

Thirty voltage-time RF traces were acquired in an average

mode (64 samples) and stored for further processing. A Matlab

FFT program was used to get the average response in the fre-

quency domain (30 averaged voltage-time acquisitions are

used). The scattered response at the fundamental frequency

component was converted into a dB scale by taking the refer-

ence voltage to be unity. For experiments performed in

degassed water, degassing is achieved by boiling the water,

cooling to room temperature and then vacuum degassing for

48 h. All the scattering experiments were repeated five times.

Data are presented as mean 6 standard deviation and analyzed

by the Student’s t-test. Scattered response from echogenic

excipients, significantly different from control values are indi-

cated by * for p< 0.001 in the figures.

IV. RESULTS AND DISCUSSION

A. Scattering from freeze dried mannitol solution

We measured scattering in the water-filled acoustic cham-

ber after mannitol, both in freeze-dried and freeze–thawed

forms, were dispersed in it. The freeze-dried mannitol during

dissolution generated strong signals (Fig. 2), whereas scatter-

ing from freeze–thawed (frozen sample thawed to an aqueous

solution at room temperature) mannitol sample is comparable

to the control. Upon freeze–thaw mannitol loses crystallinity.

Figure 2 also shows that freeze-dried mannitol in degassed

water is not echogenic demonstrating that crystallinity is not

sufficient, and the presence of dissolved air in the liquid is nec-

essary for echogenicity. During dissolution, the freeze-dried

aqueous solution gives rise to bubbles that generate echogenic-

ity. In Fig. 3, we show two images 3 s apart of a small amount

of freeze-dried mannitol powder dispersed in water on a glass

slide under microscope (AmScope FMA050, MA) at 10�
magnification (the frame rate of the integrated camera was 6

frames/s). We can see bubbles around the surface of the

freeze-dried granules of mannitol being generated during dis-

solution. Note that there were no bubbles in the water before

freeze-dried mannitol was introduced on the slide.

B. Scattering from other freeze-dried excipients

Experiments were performed to check the echogenicity

from a freeze-dried aqueous solution of other excipients which
FIG. 1. (Color online) Schematic of the experimental setup to measure

acoustic scattering.
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form crystalline (glycine, glucose, and meso-erythritol) and

glassy (sucrose, trehalose, xylitol) states after freeze-drying.

For consistency, a 0.32 M solution of each of these excipients

was freeze-dried. Figure 4(a) compares the scattered responses

from various freeze-dried excipients dispersed in water.

Mannitol and glucose generated strong signals whereas sucrose,

trehalose signals were weak. Meso-erythritol signal was signifi-

cant compared to the control signal, but not as strong as manni-

tol and glucose signal. The scattered signals from glycine (it

crystallizes) as well as the other three (they assume amorphous

form) were weak. The scattered signals from freeze-dried glu-

cose were most consistent (very low standard deviation). For

comparison, we also show scattering from the raw form (not

freeze-dried) of these excipients dispersed in the solution in

Fig. 4(b). It shows that the freeze-drying which results in crys-

tallinity is critical for generating bubbles during dissolution and

thereby obtaining a strong scattered response.

Even though meso-erythritol and glycine form crystal-

line states upon freeze-drying, the scattered signals from

them at 0.32 M were not very strong. To explain this we note

that at 0.32 M solution, different excipients, due to their dif-

ference in molecular weights, result in different solute con-

centration (wt./vol%), viz., D-glucose (5.8), mannitol (5.8),

sucrose (11), trehalose (11), xylitol (4.9), meso-erythritol

(3.9), glycine (2.4). Specifically, meso-erythritol and glycine

(wt./vol%) concentrations are low compared to others at

0.32 M. We, therefore, measure scattered responses from a

higher (wt./vol%) concentration—10% wt./vol samples of

freeze-dried mannitol, glycine, and meso-erythritol in Fig. 5.

The scattered responses from glycine and meso-erythritol

increased [compared to those in Fig. 4(a)] considerably at

this higher concentration but not from mannitol, which was

already high at 5.8% [Fig. 4(a)]. In any event, the freeze-

dried excipients that are crystalline displayed high echogenic-

ity when in sufficient concentration: at 10% wt./vol the

enhancements compared to control were more than 20 dB

for mannitol, and more than 15 dB for meso-erythritol and

glycine.

We noted before that altering the freeze-drying condition

can inhibit crystallization of mannitol, e.g., addition of sodium

phosphate to mannitol solution before freeze-drying inhibits

crystallization of mannitol during freeze drying (Izutsu et al.,
1994). Consequently, Huang et al. (2002) observed decreased

echogenicity in liposomes formulated with mannitol in the

presence of increasing concentration of sodium phosphate.

A similar reduction in echogenicity of liposomes was also

observed by Huang et al. (2002) when europium chloride was

added to the solution before lyophilization, once again, we

believe, due to decreased crystallinity in the presence of euro-

pium chloride.

C. Scattering study from excipients in BSA-water
solution

ELIPs are to be used inside the human body in the pres-

ence of many naturally occurring proteins. Therefore, we

measure scattering in a BSA-solution of 0.5% wt./vol. Note

that past experiments (Kopechek et al., 2011; Paul et al.,
2012; Raymond et al., 2014) on ELIPs were also performed

in such a BSA solution. Figure 6 shows the scattering from

mannitol (10% wt./vol), meso-erythritol (10% wt./vol), gly-

cine (10% wt./vol), and glucose (0.32 M or 5% wt./vol) in

FIG. 3. Bubble formation from the sur-

face of a freeze-dried mannitol granule

when dispersed in water under micro-

scope at 10� magnification; two

frames (a) and (b) 3 s apart.

FIG. 2. Scattering from a freeze-dried as well as a freeze–thawed sample of

mannitol in normal and degassed water. (*) Indicates significant difference

from the control (p< 0.001).
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BSA-water solution along with control (BSA-water). The

scattered response for each of these excipients is more in

BSA solution compared to that in water solution [Fig. 4(a)

and Fig. 5]. We believe that the free bubble generated by the

excipients get coated by a layer of BSA acting as a surfac-

tant. Their stability is consequently enhanced, and they gen-

erate stronger signals for a longer duration. Note that the

same can happen in ELIP suspension.

V. DISCUSSION AND CONCLUSION

It has been well established in the literature that lipo-

somes prepared following a careful multi-step procedure can

be made echogenic. However, the mechanism for the echo-

genicity of these ELIPs has so far remained elusive. We as

well as others experimentally demonstrated that freeze-

drying in the presence of mannitol is a crucial component to

ensure echogenicity of ELIPs. However, the link between

this step and resulting echogenicity has at best been tenuous.

It has been speculated that mannitol is only weakly cryopro-

tective, and therefore leaves air trapped in freeze-dried man-

nitol which leads to the echogenicity. Indeed, it is well

known that mannitol fails to provide adequate stability to the

bilayers during freeze-drying as it crystallizes, while other

sugars such as sucrose, trehalose, xylitol protect the bilayer

stability.

Here, we showed that freeze-dried aqueous solutions of

excipients such as mannitol, meso-erythritol, glycine, and

glucose that assume a crystalline state upon freeze-drying,

when dispersed in water are echogenic even without any lip-

osomes. On the other hand, sucrose, trehalose, and xylitol

that form a glassy state upon freeze-drying are not echogenic

under similar conditions. Also, note that freeze-dried aque-

ous solutions of the former class of excipients are not echo-

genic in degassed solution. If the freeze-dried samples were

first freeze–thawed before being introduced into water, they

lost their echogenicity due to loss of crystallinity. Increasing

the wt./vol % of glycine and meso-erythritol in the freeze-

dried sample enhanced echogenicity due to the presence of

higher amount of crystalline substance. The freeze-dried

mannitol was optically seen to generate bubbles upon disper-

sion in water. The phenomenon of freeze-dried mannitol cre-

ating bubbles in aqueous dispersion and their consequent

echogenicity have not been reported before in the literature.

FIG. 4. (Color online) Scattering from

(a) freeze-dried excipients (b) raw

(without freeze-drying) excipients

dispersed in water. (*) indicates signif-

icant difference from the control

(p< 0.001).

FIG. 5. (Color online) Scattering from freeze-dried excipients prepared with

a 10% wt./vol solution. (*) indicates significant difference from the control

(p< 0.001).

FIG. 6. Scattering from excipients in BSA-water solution. (*) indicates sig-

nificant difference from the control (p< 0.001).
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This article serves two purposes. First and foremost, it

establishes a direct link between freeze-dried mannitol and

echogenicity of ELIPS by displaying that the former creates

bubbles and generates echogenicity even in absence of lipids

or liposomes. Second, it shows that the echogenicity caused

by mannitol is related to the state, crystalline or amorphous,

of the freeze-dried substance—only crystallinity generates

echogenicity. An ELIP suspension contains large amount of

freeze-dried mannitol both inside and outside the liposomes.

Upon coming in contact with water they would generate bub-

bles. The bubbles might be generated attached to the ELIP

bilayer or as independent entities. The outside bubbles with-

out any coating would dissolve very quickly; a micron size air

bubble dissolves in milliseconds (Sarkar et al., 2009). In con-

ventional ultrasound contrast microbubbles, the coatings of

lipids or proteins stabilize them (Katiyar et al., 2009; Katiyar

and Sarkar, 2010). The bubbles created by freeze-dried crys-

talline mannitol in an ELIP suspension could also quickly

acquire a lipid coating. Note that here we saw stronger echo-

genicity in BSA solution than in DI water, presumably due

to greater stability of BSA coated microbubbles. Mannitol

inside ELIPs also could generate bubbles upon coming in

contact with water. Depending on the amount of mannitol

available inside the vesicle these bubbles can grow and even-

tually burst the vesicles. However, ELIPs have been shown to

retain their structural integrity and keep their encapsulated

content in aqueous solution unless triggered by an external

agent (Nahire et al., 2013; Nahire et al., 2014a; Nahire et al.,
2014b). Therefore, bubbles produced by mannitol inside the

vesicle are either too small to burst the vesicle or occurrence

of such bubble-bursting events is minimal. However, note

that bubble-like structures have been observed inside vesicles

in TEM (Transmission electron microscopy) images

(Kopechek et al., 2011; Nahire et al., 2013). It is difficult to

ascertain how much of the echogenicity of an ELIP suspen-

sion arises from free mannitol without further investigation,

but would be an important topic of future research. Finally,

we have demonstrated the possibility of creating ELIPs not

only with mannitol but with other excipients such as glycine,

glucose, and meso-erythrytol, either by themselves or in com-

bination, a topic also to be investigated in the future.
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