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Hollow (air-filled) microparticles, i.e., microbubbles, provide a promising novel vehicle for both local delivery of
therapeutic agents and simultaneous diagnostic ultrasound echo investigations. In this paper, we describe the
synthetic routes for decorating the polymeric shell of a poly(vinyl alcohol)-based microbubble with low and high
molecular weight ligands with pharmacological relevance. Investigations on physical properties of microbubbles
and surface chemical coupling with different cargo molecules suckcgsteinep-lysine, poly(-lysine), chitosan,

and -cyclodextrin were carried out by CD and NMR spectroscopies, confocal laser scanning microscopy, and
microcalorimetry. The in vitro cytotoxicity and biocompatibility of the polymer microbubbles have been also
determined toward different cell lines. The results are discussed in terms of the features shown by this device,
i.e., injectability, long shelf life, ease of preparation, biocompatibility, loading and cargo capacities, and functional
properties.

Introduction Surface modification of colloidal drug carriers dominates
current strategies aimed at achieving such site-specific drug

Microbubbles are nowadays a widely used diagnostic tool in delivery.
contrast ultrasound imaging, and therapeutic use of these gyrface entrapment of bioactive molecules on mahfactide-
meSOSCOpiC devices is a promising implementation in this field. Co_g|yco|ide) (PLGA) drug carrier micropartides was attempted
Several types of microbubbles are commercially available as py adding a functional surfactant or a polymeric emulsifier
ultrasound enhancers for echographic investigations differing dquring production of the microparticles to carry DNA vaccines
in their chemical r}aturé.Mlcrobubees based on alr-fllled_ on the positively charged particle surface or to prolong the
denaturated albumin microcapsules, phospholipids, and lipo- cjrculation time of the delivery vehicleCurrent approaches to
somes containing gaseous ¢Sét perfluorocarbons have ap-  enhance nonviral gene delivery involve the complexation of
peared to the markét. DNA with cationic liposome%or polymerg such as poly(-

In recent years, research work aimed at designing more |ysine) (PLL), poly(ethylenimine) (PEB,or chitosar? In this
efficient ultrasound contrast agents yielded important results way, successful in vitro and in vivo transfections into mam-
demonstrated by new marketed products, but did not exhaustmalian cells were accomplished. However, the use of such
new and more demanding requirements that should be foundassembled DNA complexes results in an internalization of
in next-generation ultrasound imaging devices. One of the approximately 26-50% of the added DNA, forbidding a
requisites sought in a multifunctional echographic contrast agentprolonged in vivo usage. These drawbacks have stirred interest
is to change the chemical properties of its surface to target anfor the development of alternative delivery modalities and
organ or a tissuéln principle, this can be done by decorating devices. A working hypothesis to circumvent such difficulties
the surface of the microbubbles with suitable hydrophilic and s to immobilize DNA in a biomaterial scaffold to fulfill the
hydrophobic moieties functioning as selective targeting ligands requirements of safe gene vector circulation in vivo and of
increasing the affinity of the microbubble surface toward the controlling the prolonged release of genetic material at constant
tissues to be monitorébAnother important issue related to the  concentration with a defined time pattern: ultrasound active
mu|tifunCti0na|ity of the microbubbles is the pOSSIbI|Ity of USing microbubbles can represent a promising device as vectors for
such devices as drug delivery systems in different diseasesgene delivery. Following this idea, plasmid DNA was loaded
including cancer. on the albumin microbubble shell during the synthesis, enhanc-

A significant asset of microbubbles is their injectability ing the ultrasound gene transfection and gene expression in
compared to the oral administration of drugs suitable for tablets. vitro.1° In vivo developments of this approach may represent
In this way, the carrier, i.e., the microbubble, is able to arrive an improved avenue for therapeutic gene delivery. Incorporation
through the systemic circulation to the target organ and releaseof DNA or other therapeutic agents into the shell of the
the either chemically attached or encapsulated drug in situ by microbubbles may exert several important functions: drug or
in-resonance ultrasonic irradiation and consequent bubble plasmid DNA will be present at high concentration and protected
cavitation. from circulating DNAses at the site of microbubble destruction.
Moreover, the inertial cavitation of microbubbles may facilitate
* Corresponding author email address: paradossi@stc.uniroma2.it.  transvascular delivery or intracellular deposition of therapeutic
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Table 1. Ideal Microbubble Properties for Diagnostic and Chitosan with number average molecular weight of 50 £08000
Therapeutic Purposes g/mol and degree of acetylation of 0.1 was purchased from Sigma.
functional property structural property L-Lysine HCI, L-cysteine HCI,3-cyclodextrin, amantadine, poby
. . } lysine) HBr (PLL) with a molecular weight of 7500 g/mol, and '5,5
injectability average external diameter > 5 um

dithio-bis(2-nitrobenzoic acid) (DTNB) were purchased from Sigma

. . narrow_5|ze distribution o and used without further purification. Potassium pectate, i.e., poly(
ultrasound scattering highest density and compressibility galacturonate) potassium salt, obtained from citrus pectin after complete
efficiency difference between medium de-esterificatiol was a kind gift of Dr. A. Malovikova, Slovak
and microbubbles Academy of Science, Bratislava. Thegalacturonate content of pectate
biocompatibility suitable surface chemical moieties was 90.3%, and a number average molecular weigth of 19 000 g/mol
drug payload suitable reactive chemical was determined by membrane osmometry. Fluorescein isothiocyanate
functionalities at the surface isomer I, FITC, rhodamine B isothiocyanate, RBITC, and 5-(4,6-
drug delivery inertial cavitation in biomedical dichlorotriazinyl)aminofluorescein, DTAF, were Fluka products. All
working frequency range: 1—4 MHz inorganic chemicals were reagent grade from Carlo Erba. Water was
suitable mechanical properties Milli-Q purity grade (18.2 M2-cm), produced with a deionization
of the shell and shell thickness apparatus (PureLab) from USF.
narrow thickness distribution Dialysis membranes with a cutoff of 12 06@3 000 daltons were

purchased from Medicell, Italy.

Methods. Synthesis of PVA-Coated Microbubblesynthesis of
telechelic PVA was previously described in the literattiré? Stable
(air-filled) PVA-coated microbubbles were prepared by cross-linking
telechelic PVA at the water/air interface. Vigorous stirring at room
temperature fo3 h of 2%telechelic PVA aqueous solution (100 mL)

e_“tfapped 'n a polymgr shell obtained by Chemi(_:ally Cross- pH 2.50 by an Ultra-Turrax T-25 at 8000 rpm equipped with a Teflon-
linking modified poly(vinyl alcohol) (PVA) at the aifwater coated tip generated a fine foam of telechelic PVA acting both as

interface. The PVA-based microbubbles were separated by cqjioigal stabilizer and as air bubble coating agent. The cross-linking

flotation and stocked as a water suspension, showing a shelfreaction was carried out at room temperature and %€ by adding

life of many months. Considering the interaction of micro- hydrochloric or sulfuric acid as catalyst and stopped by neutralizing

bubbles with ultrasound, the formulation of a class of meso- the mixture. Floating microbubbles were separated from solid debris

scopic systems functioning simultaneously as echo-contrast ancand extensively dialyzed against Milli-Q water. The aqueous suspen-

drug delivery agents can be assessed. The echogenic propertiesjons of microbubbles were obtained and used for further chemical

in terms of the pressure threshold at which these microbubblesmodification.

undergo inertial cavitation, are under investigation, and pre-  Preparation of-Cyclodextrin Functionalized Microbubble€o-

liminary studies on in vitro biocompatibility of PVA micro-  valent linkage ofs-cyclodextrin to microbubbles was achieved by

bubble formulation encouraged our research. Therefore, theacetalization reaction between microbubble suspension (1 mg/mL) and

ultimate goal of our work is to develop drug-loaded PVA a0.02 Mg-cyclodextrin agueous solution. After incubation for 24 h at

microbubbles that can be conveyed by implantable microfluidic 25°C and pH 3, the resulting mixture was neutralized and extensively

components such as micropumps, with the ability to store and dialyzed against water in order to remove fygeyclodextrin.

locally release drug carriers in response to external stimuli such  Preparation ofL-Lysine Functionalized MicrobubbleBVA chain

as ultrasound. Ideal injectable polymeric microbubbles should end segments on a microballoon shell were end cappedvyitsine

feature the properties listed in Table 1. via Schiff base linkages. The microbubble suspension (1 g/L) was
Recently, we described the synthesis and physical propertiesincubated with 0.7 g/mL solution of lysine at 2&, and pH was

of PVA-based microbubbles derived from interfacial cross- adjusted to the optimal value of 5.0. After 48 h, microbubbles were

linking of telechelic PVA via acetalizatiof:2 These PVA- dialyzed against water to remove unreacted amino acid.

based microbubbles offer the possibility of tuning the loading Preparation ofL-Cysteine Functionalized MicrobubbleSovalent

and release of high and low molecular weight drug compounds Iink_age_ ofL-cysteine to microbubbles was achieved by the redgctive

tailoring the microbubble surface chemical properties and a@mination procedure. A 10 mL sample of aqueous suspension of

methods of functionalization. Moreover, there is a wide variety Microbubbles (2 mg/mL) was incubated with 0.5 M cysteine aqueous

of covalent attachment procedures for functionalizing our PVA- Selution at 25°C at pH 5. Schiff base reduction was carried out by

coated microballoons. We anchored several bioactive molecules\2BHECN- After 5 day_s, mprobubbles were extensively dialyzed to

ranging from oligopeptides, amino acids, and oligosaccharides remove unr,eaCted amino ?C'd‘ o )

to polysaccharides. These molecules were sorted out according( Preparation of Poly(lysine) Functionalized Microbubbleoly-

to their potential pharmacoactivity as follows. L-lysine), PLL, was linked to microbubbles by imine linkages or by

. A b s . the reductive amination procedure. A 10 mL sample of aqueous
inclugggﬁlgcciiee)l(it\;?r E?)%(;ﬂﬁig dr‘?lljcarsobubbles can be used to suspension of microbubbles (1 mg/mL) was incubated with 3 g/L
« Cationic polymers as poly(lysiné) and chitosan can self- solution of poly(-lysine) (M, 7500) at room temperature and pH 5.

Schiff base reduction was carried out by Naf@l. After 48 h,
assemble DNA to form a complex tethered to the surface of microbubbles were extensively dialyzed to remove unreactedpoly(

the microbubbles. In t_his respect, this system can be regardeqysine). A dialyzed suspension of polylysine) coupled to micro-
as a model for potential uses in gene therapy. bubbles was concentrated by recovering the floating microparticles and
used for spectroscopic investigations. Pitoly(p-galacturonate)

agents. In pursuing this approach, we were able to produce
aqueous suspensions of air-filled polymer microbubbles with
limited size polydispersity obtained with a method that differs
from those described in the literatufe!® In our case, air was

Experimental Section complexes were prepared by mixing at pH 6 in a 1:1 charge ratio
potassium polyg-galacturonate)Ni, 19 000) with poly(-lysine).
Materials. Poly(vinyl alcohol) was a Sigma product. Number Preparation of Chitosan Functionalized Microbubbl&hitosan was

average molecular weight determined by membrane osmometry wasconjugated to microbubbles by using the reductive amination procedure.
30 000+ 5000 g/mol, and weight average molecular weight of 70 000 Chitosan was dissolved in sodium acetate 0.2 M acetic acid 0.3 M
+ 10 000 g/mol was determined by static light scattering. buffer at pH 4.5 to a concentration of 3.3% (w/) 5 mL sample of
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2 mg/mL microbubble aqueous suspension was added with 0.8 mL of Chart 1. Schematic Representation of the Air-Polymer
chitosan solution at room temperature. The pH was carefully adjusted Shell-Water Boundary
to 5.0 with acetate buffer, following the addition of Na(CN)BHhe . : :
resulting suspension was stirred for 5 days at room temperature. The % Y\
microbubble suspension was then extensively dialyzed and washed to
remove unreacted chitosan. /"
Characterization of Unmodified and Dedtized PVA Microbubbles. 5'(\
Particle size distribution was evaluated by dynamic light scattering /"
(DLS), matching the density of the particles to that of the medium. An \t‘/
80/20 water/acetone mixture was used as density matching liquid. For /
these measurements, a BI-200SM goniometer (Brookhaven Instrument W /f\
Co.), equipped with a diode pumped solid-state laser (Suwtech) at 532 ater
nm was used. The correlation functions were analyzed according to T N
the CONTIN algorithm. A e :
FITC and RBITC were used for fluorescent labeling of the /\
microbubbles. Fluorescent dyes were added into the suspension at a .Z ® s
typical concentration of 1&M. Floating particles were washed by 'Y . T **
resuspending them in Milli-Q water several times. Confocal images (\{ * b
were collected by a confocal laser scanning microscope (CLSM), Nikon e TT
PCM 2000 (Nikon Instruments; a compact laser scanning microscope
based on a galvanometer point-scanning mechanism), a single pinhole Air
optical path, and a multi-excitation module equipped with Spectra
Physics Ar ion laser (488 nm) and Héle laser (543.5 nm) sources. ?
A 60x/1.4 oil immersion objective was used for the observations. Tests OH groups
carried out by measuring giant liposome shells provided a value of
0.25um for instrumental resolution. Shell thicknesses of fluorescent- in air. At the end of incubation, cells were counted in a particle counter
labeled microparticles were measured as the full width at half-maximum (Coulter Counter, Coulter Electronics, Luton, U.K.). Each experimental
of the fluorescence intensity profile. point was run in triplicate.
Circular dichroism (CD) spectra typically in the range 2BD0 nm
were recorded by using a quartz celH10 mm) with JASCO J600 . .
spectrometer equipped with a thermoregulated cell compartment to Results and Discussion
check the microbubble surface modification byysine, L-cysteine, o )
and poly(-lysine) and to observe peptide conformational behavior as ~ Characterization of the Microbubbles. We have already
a function of pH and in the presence of paiygalacturonate). The  described in a previous wotkthe synthetic route of polymeric
aqueous microbubble suspension (1 mg/mL) was only slightly turbid, microballoons by carrying out a cross-linking reaction of a
and the CD spectrum was recorded using an untreated microbubbletelechelic PVA, i.e., a PVA bearing aldehydes at the chain ends,
suspension as a blank to determine the absence of artifacts in the CDat the air/water interface. Factors leading to the formation of
spectrum. Only after this check was a quantitative estimation of bound microbubbles coated by a PVA shell have also been pointed
poly(L-lysine) concentration attempted. out. In Chart 1, the shell microbubble structure is depicted at
The CD spectrum of the Pltpoly(p-galacturonate) complex  the air and water boundary.
assembled on microbubbles was recorded on a mixture of the negatively Acetalization of telechelic PVA at the aiwater interface
charged polysaccharide and PLL loaded microbubbles at the molar ratioynder high shear condition leads to the formation of spherical
of 1:14 polymer shells entrapping air in the micron-sized particle core.
High-resolution'H NMR spectra were recorded on a Bruker 400 Separation of these particles, characterized by a density lower
MHz on a DO suspension of microbubbles to check the conjugation than water, from PVA debris is particularly easy because of
of L-cysteine angb-cyclodextrin to the microbubble surface. The thiol  the flotation of the empty microspheres toward the surface of
content introduced on the microbubbles by functionalization with the agueous suspension. In the early stage of the polymer shell
L-cysteine was determined using Ellman’s reagent. formation, the PVA surfactant behavior causes migration of
Isothermal microcalorimetry titration gf-cyclodextrin anchored chains at the air/water interface. The initial polymer layer will
microbubbles with amantadine hydrochloride allowed the determination ggsume a spherical shape with dimensions dictated by the
of both the extent of microbubble grafting and the binding constant of Laplace equation. Accumulation of PVA molecules will occur
the inclusion complex. Binding constant determination of the free according to the Gibbs adsorption equation up to the leveling
ﬂ-c;(;clodextrin—amantadine complex irc1j solutionr\]/vas carriid out ;as well. off of the surface tension with PVA concentratifnSimulta-
Binding measurements were carried out with an isothermal micro- ot : ;
calorimeter, TAM (Thermometrics). at 2 by adding 10uL of neously, th_e acetallzatl_qn process supplies t_he necessary chemi-
) ) . cal cross-links to stabilize the shell of particles. PVA perme-
amantadine solution (0.015 M) to 2 mL of concentrated microbubble bility t d ticularly to nit . | th
aqueous suspension placed in a stainless cell. Potentiometric titration® ||ty 0 gasels an par IC.U arly to ni rogen I.S very' ow, thus
of glucosamine residues of chitosan was used for quantitative estimationc’ffe”ng a barrier a_ga'nSt _a'r escape. The fa'r'f'”ed microbubble
of chitosan conjugation to microbubbles. aqueous suspensions display a shelf life of many months.
Colloidal stabilization of such a system caused by the presence

Cell Lines and Cell Growth AssaloVo and HT29 human colon f bol hai truding into the bulk di ¢
adenocarcinoma cell lines obtained from American Type Culture of polymer chains protruding Iinto the bulk medium prevents

Collection were used for cytotoxicity tests. According to growth profiles particle coagulation.

preliminarily defined for each cell model, appropriate numbers of cells ~ The yield of polymer microbubble fabrication drastically

in the logarithmic growth phase were plated in each well of a 6-well depends on several experimental parameters, and the choice of
plate and allowed to attach to the plastic surface for 24 h. Cells were proper operative conditions is a key point for performing
then exposed to increasing volumes of 1 g/L PVA microbubble successful microbubble design. The influence of reaction
suspensions for 7 days at S in a 5% CQ humidified atmosphere parameters such as telechelic PVA concentration, acid catalyst

PVA shell
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Figure 1. 2D CLSM image of FITC-labeled PVA-based microbubbles.

Table 2. Structural Parameters of PVA Microbubbles

external internal shell specific
diameter diameter thickness surface area
um um um m?2/g
5241 324+ 1 0.902 4 0.25¢ 1.2
5041

aConfocal laser scanning microscopy. ? Dynamic light scattering.

¢ Confocal microscope resolution.
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Figure 2. H NMR spectrum of DO microbubble suspension.

devices. However, most of the commercially available products
match these requirements only partially. In this context, the
chemical and physical stability of these air-filled microbubbles
based on the use of a biocompatible polymer represent an asset
for considering this system as a potential ultrasound echo
contrast and drug delivery tool.

To address the device to the targeted organ and promote focal
release of the drug payload, suitable functionalization of the
polymeric shell has to be devised. We have probed the
possibility of covalently anchoring different types of case
molecules to the microbubble external surfacelysine, L-
cysteine, -cyclodextrin, poly(-lysine), and chitosan. The
chemical functionalization of microbubbles described in this
work is summarized in Chart 2. The attachment route is mostly
determined by the chemical nature of the microbubble polymer

shell. Microbubble surface reactivity is an important parameter

concentration, time of reaction, and reaction temperature on thefor the functionalization and loading capacity. However, this
preparation of microbubbl&&were scrutinized in detail. The  feature could be detrimental to the biocompatibility properties
use of 2% (w/w) fully hydrolyzed telechelic PVA, 0.02 M  of the microbubbles. In our case, shell formation entails
H,SQ;, as catalyst, and stirring fa h at 5°C resulted in the intermolecular acetalization. Few unreacted chain ends bearing
higher microparticle density of-Z0" microbubbles/mL. The  aldehyde groups at physiological pH are in the form of
CLSM image in Figure 1 shows a typical PVA-based micro- intramolecular stable hemiacetal tethered to the shell and
bubble preparation. protruding toward the solution. These chain ends can be

The structural characterization of microballoons prepared at activated at acidic pH, offering simple routes to conjugated
room temperature was studied by CLSM. FITC labeling was molecules carrying hydroxyl or amino moieties by acetalization
used to visualize the shells and to determine microparticle size Or Schiff base coupling, respectively.
and shell thickness (see Table 2). The 'H NMR spectrum in Figure 2 of a microbubble

Polydispersity of the microbubble external diameter was suspension in BD indicates high flexibility of PVA chains, as
determined by dynamic light scattering evaluation of the rather sharp signals were recorded for PVA backbone methine
autocorrelation function by the CONTIN method, operating in and methylene groups at 4.1 and 1.5 ppm, respectively. These
a mixed solvent (water/acetone 80:20) in order to minimize the polymer chain tentacles, protruding toward the solution from
interference of buoyancy of the microbubbles on the correlation the microbubble surface, exhibit a mobility similar to that
function. As mentioned above, we have observed a remarkablymeasured in solution, whereas the polymer chains engaged in
long shelf life of the aqueous suspension of these systems, athe buildup of the shell have a much lower mobility, and their
feature often claimed as a prerequisite for ultrasound imaging relaxation decays are silent to the probed NMR time scale.

Chart 2. Scheme of Microbubble Chemical Functionalization (structures not in scale)
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Figure 3. Growth of human colon adenocarcinoma cell lines, LoVo -5 X y , .

(m) and HT29 (O), exposed to different volumes (from 0 to 50 uL/mL 200 220 240 260 280 300

culture medium) of PVA microbubbles after 7 days. Data represent A (nm)

mean values (+SD) of three independent experiments. Figure 4. Room-temperature CD spectra of lysine aqueous solution
1.6 1073 M at pH 6 (0.1 cm cell) (#), lysine modified microbubble

The presence of masked aldehydes in the form of intra- suspension (1 mg/mL, 0.1 cm cell) (®), cysteine modified microbubble
molecular hemiacetals at physiological pH is a central factor Suspension (1 mg/mL, 1 cm cell) (a).
for the biocompatibility of the microbubbles towards several
cellular strains, as reactive aldehyde groups on microbubbles i
are known to be highly cytotoxic. ‘
Colon adenocarcinoma cell lines were chosen for biocom-
patibility tests for two main reasons: (i) the related malignancy A I
represents one of the most common human tumor types, and ‘1 /)

|

Ml /
(ii) it is largely refractory to current anticancer therapies and SR NV S M
could benefit from the development of new strategies based on
innovative delivery systems for conventional anticancer drugs ‘ 4‘,0 | 3_0‘ , 2.0 1|0

as well as on gene therapy approa_ches. We evaluated th_e effeCl‘iigure 5. H NMR spectrum of D,O suspension of L-cysteine
of long-term (7 day) exposure to increasing concentration of .\ Jqified microbubbles.
PVA microbubbles on the in vitro cell growth of two human
colon adenocarcinoma cell lines, LoVo and HT29, as shown in
Figure 3. No significant antiproliferative effect was observed modified microbubbles presents a remarkable change in the sign.
in cells exposed to microbubbles compared to control cells in The negative CD band indicates that the lysine coupling involves
both experimental models, indicating that microbubbles do not mainly the more reactive-amino groups, changing the Cotton
leach any cytotoxic fragment. effect sign intensity associated with the— z* transition of
The evaluation of the effect of long-term (7 day) exposure the carboxyl groups.
to increasing concentrations of PLL-coated microbubbles re- PVA microbubbles were modified by cysteine to introduce
sulted in a negligible interference with LoVo cell growth at disulfide and thiol moieties on their surfaces. The CD spectrum
concentrations up to 2@g/mL. Higher concentrations induced of cysteine coupled microbubbles, reported in Figure 4, was
an appreciable and dose-dependent decline of LoVo prolifera- recorded in order to qualitatively check the successful conjuga-
tion. However, short-term (1 day) exposure to different con- tion to the microbubbles surface. Disulfide bonds give rise to a
centrations of PLL-coated microbubbles failed to affect LoVo diagnostic broad signal throughout the near-UV CD spectral
cell growth at all tested concentrations (from 5 to 2@@mL). region, indicating that a simple oxidation process in aqueous
Moreover, when examined under a phase-contrast microscopemedia leads to the formation of inter- and/or intrachain disulfide
cells showed comparable morphology and shape with respectbonds within the thiolated surface microbubbles. As a quantita-
to control cells (not shown). These findings indicate that PVA tive evaluation of cysteine/cystine content was not accessible
microbubbles do not interfere with tumor cell growth and can by CD, thiol content on the microbubbles determined using
be considered a biocompatible support for the development of Ellman’s reagent was 4.8 meg/mg. The presence of cysteine
new drug delivery systems. on the microbubble surface was also evidenced by the high-
Chemical reactivity of the microbubble surface was tested resolution NMR spectrum recorded on the@microbubble
by using both low and high molecular weight molecules. For suspension (Figure 5), displaying resonance peaks of the
the former type of molecules, the extent of functionalization methylene group of the cysteine moiety at-324 ppm.
was qualitatively assessed by spectroscopic methods, whereas Thiols carrying polymeric microparticles were recently
for S-cyclodextrin, PLL, and chitosan modified microbubbles, developed as an in vitro protein refolding device mimicking
a quantitative evaluation of derivatization was assessed. the function of the molecular chaperori€$?olymeric micro-
L-Lysine and L-Cysteine Microbubble Surface Function- bubbles carrying thiol and disulfide groups are able to bind and
alization. Microbubbles bearing pendant aldehyde groups were refold reduced proteins via thiedisulfide exchange reaction.
designed to react with amino acids via imine linkage formation Moreover, thiolated microbubbles strongly improve the muco-

under very mild condition. adhesive properties of a drug delivery system, ensuring localiza-
L-Lysine can be attached to the particle surface by Schiff basetion of the drug at a given target sité.

coupling at thex- or e-amino group positions, the former group Poly(L-lysine) Surface Microbubbles DecorationModern

being much more reactive g 8). therapeutic approaches use macromolecular assemblies to

The CD spectrum of a-lysine grafted microbubble suspen- penetrate cellular membranes and ultimately introduce gene
sion is shown in Figure 4. Comparison with the CD spectrum sequence%’-18DNA recognition by helical peptides containing
of the original amino acid shows that the ellipticity of the lysine lysine residues by the formation of a macromolecular complex



Tethering of Polymeric Microbubbles Biomacromolecules, Vol. 7, No. 2, 2006 609

with the capability to be endocytosed by cells has been reported 02 . . . :
in the literature91° o1

In this respect, we have tested the possibility of decorating

the external surface of PVA-based microbubbles with pely( 0

lysine), PLL, and investigated the conformational properties of g Ol
the anchored polypeptide. PLL conjugation on a polymeric shell §‘° 02
was carried out by Schiff base formation using the presence of g

o -03

the acetal moiety on the microbubble shell and of the amino
groups of poly(-lysine). The total amount of tethered polypep- 0.4
tide was 81 mg lysine residue/g microbubbles corresponding

to 67 mg/n?, based on a specific surface area of microbubbles 02
of 1.2 nt/g (see Table 1) and molar ellipticity of PLL in random 0.6
coil conformation measured by circular dichroism. Reductive 02

amination of the Schiff bases increases the PLL amount on the 0.1
microbubble surface to about 550 mg/rithese payloads are

higher than the protein and PLL contents, evaluated in about 1 0

to 3 mg/n?, obtained at the oil/water interfad8sand at the 3 01
PLGA surface microparticlesrespectively. gu 02
Moreover, the chemical stability of the palylysine) tethered g
microbubbles was greatly improved by the reductive amination = 03
step. Tethered PLL by Schiff base conjugation was hydrolyzed 04
in few weeks, whereas the reductive amination yielded an amine 05k b 3

linkage resulting in a product stable for few months.

The conformational properties of polylysine) immobilized 200 220 230 240 250
on the microbubble shell were investigated in order to under- A (nm)
stand the potential of these devices as carriers able to retain thgsigyre 6. (a) Room-temperature CD spectra of poly(L-lysine)
conformational status of the attached macromolecule. The ability anchored on PVA microbubbles via reductive amination: pH 12 (@);
of polypeptides to undergo arrhelix <= random coil transition pH 7 (m); full line simulation at pH 12 (#). (b) Room-temperature CD
by varying the solution parameters such as pH, temperature,spectra of 1:1 anchored poly(L-lysine)—poly(p-galacturonate) mixture,
and solvent polarity is know?t The conformational features ~ 0-0018 M (M) on microbubble surface; random coil of anchored PLL
of PLL anchored to PVA-based microbubbles were tested by ﬁgnm(':rzc’:(;f’g';osn“r:a(‘ﬁ at pH 7 (®); simulation of CD curve in the
circular dichroism spectroscopy, an assessed approach for 9 '
investigating the conformational state of polypeptides. The
o-helix content of the polypeptide was evaluated by the method Some considerations can be inferred on the conjugation
of Greenfield and Fasma#.With the a-helix content of the site of poly(-lysine). Bothe- and terminalo-amino groups,
low molecular weight PLL set to 100%, about 72% of the present in this peptide, can participate in the anchoring of the
polypeptide anchored as Schiff base or as amine was in thepeptide molecule. In our case, the number of amino groups in
ordered conformation, according to the analysis of the CD the e-position is about 40 times the number of theamino
spectrum of a suspension of PLL-decorated microbubbles showngroup. However, the terminal amino groups possess a higher
in Figure 6a. reactivity. The conservation of the conformational features of

Another check on the conformational properties of the the tethered polytlysine) indicates that the conjugation sites
anchored polypeptide was carried out by studying the inter- are most probably the-amino groups, as the involvement of
action of tethered PLL with the oppositely charged poly( ~ amino groups of the-type would dramatically decrease the
galacturonate). Recently, we investigdtedthe conformation ~ ability of peptide chains to undergo a conformational transi-
in aqueous solution of the macromolecular complex between tion in the observed extent. Moreoveramino groups coupling
PLL and polyp-galacturonate). It has been established that the to the microbubble surface preclude interbubble bridging
interaction between these oppositely charged polyelectrolytesprocesses, as the remainiagype ones have a much lower
induces the formation of an ordered assembly constituted by reactivity.
an a-helical conformation of the peptide and a super-helical ~ Figure 7 shows that tethered PLL promotes microbubble
arrangement of the polysaccharide moiety. The influence of the aggregation at basic pH. As already described in the literature,
anchoring on the conformational status of the polypeptide in in these conditions the polypeptide is neutral, and hydrophobic
the presence of the polysaccharide moiety is shown in Figure effects drive the behavior of this colloidal system. The lowering
6b. In this case, the ordered conformation of immobilized PLL of pH promotes aggregate disruption, confirming that PLL is
on the microbubble surfaces approaches 40% with respect tonot able to chemically link microbubbles.
the molar ellipticity of the corresponding low molecular weight ~ f-Cyclodextrin Surface Decoration.Liposoluble drugs can
PLL at basic pH. To avoid the poly{galacturonate) ellipticity be effectively incorporated in the lipid layers of vesicle-type
contribution in the region of 220200 nm, the observed  microbubbles. Also, thep-cyclodextrin hydrophobic cavity can
spectrum was “best fitted” only between 250 and 230 nm for be exploited to accommodate lipophilic molecuigésThe
the determination of the-helix content in PLL. It should be  acetalization reaction can be used to couple the carbonyl end
considered that polyelectrolyte complexes typically have a low groups of the telechelic PVA chains projecting from the
solubility in water, whereas the high PLL total surface entrap- microbubble surface in the solution and the hydroxyl moiety
ment obtained by reductive amination indicates that surface of 3-cyclodextrins. In Figure 8, théH NMR spectrum in the
immobilization represents an efficient method to carry a higher 3.4—4.0 region indicates the microbubble surface derivatization
concentration of supramolecular complex. with -cyclodextrins.
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610 Biomacromolecules, Vol. 7, No. 2, 2006

Figure 7. CLSM of an aqueous suspension of microbubbles with
tethered PLL at pH 10.

H3, H5, Hi6 cyclodextrin

H2, H4 cyclodextrin

CH, PVA

' 40 3.0 20
Figure 8. Proton NMR spectrum of derivatized PVA microbubbles
with S-cyclodextrin.
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Figure 9. Binding isotherm of amantadine to microbubble anchored
[-cyclodextrin at room temperature; continuous line nonlinear best
fit.
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Figure 10. CLSM of chitosan-coated microbubbles.

ratio of 3.5 mol %3-cyclodextrin per mol PVA, with a binding
enthalpy of—21 kJ/mol.

Similar binding parameters, i.eK, = 9000 M~ AH = —

16 kJ/mol, were determined for tifiecyclodextrin-amantadine
complex in solution, thus showing that the anchoring did not
change the inclusion properties @fcyclodextrins.

Chitosan Surface Microbubbles Decoration (Figure 10).
Chitosan has the special feature of adhering to mucosal surfaces
and improving the bioadhesiéh For this reason, a variety of
chitosan-based colloidal delivery carriers have been described
for association and delivery of macromolecular compounds such
as peptides, oligonucleotides, and genes. Because of the high
molecular weight of chitosan, the extent of polysaccharides
covalently bound to microbubbles, determined by potentiometric
titration of microbubbles suspension, was very high, ap-
proximately @ g % glucosamine/g microbubbles. The high
yields of functionalization were also confirmed by confocal
microscopy images where chitosan aggregates surrounding
microbubbles were also evidenced by FITC labeling. As for
PLL, protonation of amino groups discourages microbubble
aggregation, indicating that covalent cross-linking is unlikely.

Concluding Remarks

PVA-based microbubbles offer interesting features as poten-
tial drug delivery devices. The unusual chemical and colloidal
stability of these polymer microbubbles is the result of many
factors such as the covalent nature of the cross-links responsible
for the shell buildup and the presence of chain segments
projecting into the dispersion medium with “good solvent”
characteristics.

The combination of their properties as ultrasound enhancers
with the ease in derivatizing their surface provides a clue for a
new multifunctional ultrasound device with high chemical and
physical stability. We have reported the conjugation of several
pharmacologically relevant molecules to the surface of these
microbubbles, addressing the characteristics of the system in
targeting a tissue by increasing its bioadhesion properties,
delivering by sonoporation the macromolecular cargo in the cell.

protons denotes a mobility comparable with the solution spectra  p| | and B-cyclodextrin coated microbubbles display interest-

of the two separate moieties.

In modeling the transport of a drug molecule, the inclusion
capability of anchoreg@-cyclodextrins was studied by isothermal
microcalorimetric titrations with amantadine, a molecule with
known hydrophobic features.

An apparent binding constant of 7000~ Mwas determined
by a nonlinear two-parameter fit of the d&tassuming a 1:1
host/guest stoichiometry (Figure 9). The concentration of
pB-cyclodextrins host molecule effectively anchored on the

ing features as preservation of the typical random cait-teelix
conformational transition and of the ability to host molecules
with hydrophobic features.

Such devices, showing good biocompatibility and physical
stability, can be envisaged as an ultrasound responsive biomedi-
cal device.
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