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Abstract

We report loading of vitamin C (ascorbic acid) oryisozyme-shelled microbubbles. The interactioiwben
lysozyme-shelled microbubbles and vitamin C wadistliby use of cyclic and differential pulse voltaetry, zeta
potential measurements, and scanning electron sdopy. The effect of microbubbles on electrochemica
measurement of ascorbic acid was evaluated. Tharlirange for ascorbic acid obtained for differdmulse
measurement in the presence of 1 mg nmhicrobubbles was 1-§0mol L™ (y = 0.06% + 0.130,r* = 0.995), with a
detection limit of 0.5umol L™*. The experimental conditions, i.e., pH and iotiersgth, were optimized to improve the
interaction between ascorbic acid and lysozymeleth@hicrobubbles. The results were satisfactorymthe

interaction was performed for 1 h in aqueous sotuéit pH 6. The amount of vitamin C loaded on therobubbles

(90 % of the analyte addel@SDinter-expt. = 3 %,n = 6) and the stability of microbubbles—ascorbidaomplex (until

72 h at 25 °C) were also evaluated by use of difféal pulse voltammetry and zeta potential measargs.
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Introduction

The purpose of targeted drug delivery is to imprtheetherapeutic efficacy of drugs in specific e, for example
tumor cells, with minimum side effects, for exampggicity to healthy tissue [1]. MicrobubblgsBs, are small
(typically 0.5-8um in diameter) gas-filled microspheres stabilizg@bipid, protein, or polymer shell [2, 3]Bs are
currently used as contrast agents in diagnostiosir Tnovement through the vasculature is unobstdjand they
increase backscattered acoustic signals in livssyé [4, 5]. In addition to diagnostic applicaspmBs are promising
sonoresponsive drug carrierds can be disrupted by use of a localized ultraspuise to release therapeutic agents at
targeted sites [6]. We recently reported a flowetiyh sonication technique for synthesizing stabht&rmonodisperse
lysozyme shelled micro and/or nanobubbleuBS§ with potential applications in diagnostics geshe therapy [7-10].
Proteins and nucleic acids [7, 9] can be conjugeidlde L$iBs shell [10], exploiting the hydrophobic and/or
electrostatic and/or covalent interactions withah&no carboxyl, and thiol functional groups ofdggme. Because the
isoelectric point of lysozyme is 10, 1Bs are positively charged colloidal particlépbtential +40 £ 3 mV) at pH 7.
The positively charged surface of iB¥s is a good template for assembly of negativebrgéd molecules.

Ascorbic acid, known as vitamin C, has a varietpiological, pharmaceutical, and dermatologicaktions [11]. It is

a potent antioxidant capable of reversing endathdlisfunction caused by increased oxidant stieatso promotes



collagen biosynthesis, provides photoprotectionsea melanin reduction, scavenges free radicalsgalmances
immunity [12, 13]. In animal models of sepsis, @aw@nous ascorbate injection increases survivapeaotects several
microvascular functions, including capillary blofbow, the microvascular permeability barrier, amtegolar
responsiveness to vasoconstrictors and vasodildiscorbate accumulates in microvascular endothetits,
scavenges reactive oxygen species, and stimuldtesaxide production by endothelial nitric oxidggnthase [14].
Analysis of ascorbic acid in solution is usuallysed on its electrochemical and colorimetric prapsriSeveral
analytical methods using voltammetric, amperomge#imc spectrophotometric techniques [15-19] haea beported.
Electrochemical techniques have been used foretermination of ascorbic acid with the advantageaheed for
derivatisation. Cyclic voltammetry (CV) of ascorlgicid furnishes an irreversible anodic peak at@agprately 450—
500 mV [20].

Herein, we report loading of vitamin C (ascorbigdaon to LS1Bs and characterization of the electrochemical
properties of the ascorbic acid—iS complex, hereafter referred to as AA{LES Ascorbic acid is an electroactive
compound bearing a negative charge in a specifitisn pH range delocalized between the two oxygems present
in the structure (Fig. 1b). Electrostatic interantbetween the positively charged surface giRSand ascorbic acid
was exploited to load the electroactive agent ahe@B shell.

Interaction of ascorbic acid with u8s and the colloidal stability of the resulting quex were studied. The
experimental conditions were optimized to imprdve éfficiency of the interaction between ascorlgid @and L$iBs.
€ potential measurements were also used to optithe&ading conditions without compromising thelaidlal
stability of uBs. The redox properties of ascorbic acid immoedinn to LEBs were studied by use of differential
pulse voltammetry (DPV).

The proposed method of loading vitamin C has theng@l to enable intravenous administration ofbasic acid
combined with an ultrasound contrast agent forlloglaase of high concentrations of vitamin C bg ofan acoustic
stimulus, as shown in Fig. la.

Experimental
Reagents and solutions

All reagents were of the highest available graden Egg white lysozyme amd -dithiothreitol (DTT) were purchased
from Fluka (Castle Hill, Australia).-Ascorbic acid, potassium chloride, and sodium Gteowere purchased from
Sigma—Aldrich (Castle Hill, Australia). All buffesolutions were prepared with Milli-Q water obtairfeaim a

Millipore RiOs/Origin system (18.2 @ cm* at 25 °C).

Preparation of LSuBs

Lysozyme (5 %w/v) solution was prepared in 5 mL Tris buffer (0.1lhd) at pH 8.0. Lysozyme was denatured by
adding DTT (0.15 g) and stirring for 2 min. A Bras®0-kHz ultrasound generator with a standard 3diameter horn
and adjustable power intensity was used for enicggibn and cross-linking of protein molecules quaous media [7,
10]. The tip of the high-intensity ultrasonic hamas positioned at the protein solution—air integfaifter ultrasonic
irradiation at an applied acoustic power of 1600/30 s, the LBB suspension was washed five times with MilliQ
water to remove DTT and residual protein. The ftgat. SuBs were collected after each washing.

BCA procedure

The amount of lysozyme in i8s was determined by biochemical colorimetric ag&aginchoninic Acid Kit for
Protein determination; Sigma, Castle Hill, AustaliThe amount of the protein present was quadtiie
measurement of absorption at 562 nm. The results e@mpared with those obtained gravimetrically-{23]. For
gravimetric calculation of the concentration ofdE3 the microbubbles suspension was washed seiraes with
Milli-Q water by flotation, to remove any unreactgdozyme, and 1 mL of LB agueous suspension was dried and
weighed.

Determination of free sulfhydryl groups

The amount of free —SH groups present on the sudathe microbubbles was determined by Ellman’shoe [25].
Mixtures of 1 mL of microbubbles solution (1 mg MLand 2.0 mL Tris buffer (10.4 g Tris (trihydroxythgl
aminomethane), 6.9 g glycine, and 1.2 g EDTA indelonized water at pH 8.0) and 0.02 mL Elimanagent (0.2 g
DTNB (5,5-dithio-2-nitrobenzoate) in 50 mL Tris buffer), véemixed and reacted at 25 °C for 5 min. The absmda



was then measured at 412 nm, with reacted solutitthsno microbubbles as blank and microbubble$ it
Ellman’s reagent for determination of the turbidity

Preparation of ascorbic acid—microbubbles complexAA-LS uBs)

Different amounts of ascorbic acid were addedfigeal amount of LEBs (1 mg mL*, determined by BCA assay) and
incubated for 1 h with mild stirring at room tematrre. The LEB-AA complex was then washed three times with
MilliQ water to remove the unreacted ascorbic a€ite complex was stored at 25 °C in MilliQ watethe dark and
was stable for three days.

To optimize the yield of the AA-LISB complex, different experimental conditions wesed. The NaCl concentration
(0, 0.01, 0.05, 0.1, 0.5 morl't) and pH (4, 6, 8) of the incubation solution weagied. The ascorbic acid loading
efficiency was evaluated by measuring the concgatraf AA used for the incubation, the amount sfarbic acid
loaded on to the microbubbles, and the amountadrag acid present in the washing solution. Thigtded
determination of whether ascorbic acid was conddrigo an inactive form under the reaction condisi$24].

Apparatus and measurements

The interaction between ascorbic acid angRSwas monitored by use of zeta potential measurenfZetaPals
Phase Analysis Light Scattering, model Bl-Zel AQ&@ctrode assembly and BI-SCP). With this techmitine
capacity of L@Bs to interact with ascorbic acid and the stabiityhe complex formed, AA-LiSB, were studied and
correlated with pH (between 3 and 8) and ionicrsjtie (NaCl concentration between 0.01-0.5 md) bf the
solutions. All measurements were performed at reamperature in aqueous solutions.

Electrochemical measurements were performed wilaeLab/2e (AD Instruments, Australia). Voltammetric
measurements were performed with a screen-pritéetiede produced in house; it consisted of a tbfeetrode
configuration with graphite working and counterattedes and a silver pseudo-reference electrodéeprion a plastic
support film. The CV conditions were: start potahti0.25 V, first vertex potential 1.00 V, secoreftex potential
-0.25 V, step potential 2 ms, scan rate 50 My Ehe differential pulse voltammetry (DPV) conditiwere: pulse
amplitude 60 mV, pulse width 100 ms, scan rate 50sm. All measurements were performed in 0.1 mdlKCl
aqueous solutions at room temperature. Cyclic wotiatry measurements (CV) were performed witlpb6QSuBs,
ascorbic acid, and lysozyme solutions to obsergeetbctrochemical behavior of each analyte. Theesstody was
performed by use of DPV. To understand how thegures of the protein (lysozyme or uSs) could interfere with the
electrochemical response to ascorbic acid, DPV orea®ents were performed using@0lysozyme—ascorbic acid or
uB—-ascorbic acid mixture.

A DPV calibration curve for ascorbic acid was obéal by use of increasing amounts (0-5 ¥ ol L™) of the
analyte (standard solutions) in 0.1 mét KCI. The amount of ascorbic acid absorbed on tiifase ofuBs was
determined by use of this calibration curve. Thasueements were repeated three times and theveetasindard
deviation RSD, %) was calculated.

Spectrophotometric measurements were performedanithry 50 UV-visible spectrophotometer. The molqinp of
LSuBs and the AA-LEB complex was studied by scanning electron micnpg¢8EM) and use of an inverted
Olympus IX71 wide-field microscope with a 60x olijee lens and a CCD camera (Cool SNAP fx; Photoicgtr
Tucson, AZ, USA).

Results and discussion

The mechanism of ultrasonic generation ofiBS has been described elsewhere [7, 10]. In bysézyme was
denatured by adding DTT. Emulsification of air blashinduced by a 20-kHz ultrasound horn in an agsguwotein
solution creates a suspensioruBs. Aggregation of denatured lysozyme at the bukgaition interface contributes to
stabilization ofuBs. The protein shell was further stabilized bgirprotein disulfide cross-linking of cysteine dases
induced by the superoxide radicals generated dwangation. The diameter and shell thickness sbhyme were
2.5+ 0.5um and 150 + 50 nm, respectively [10]. Unreacted freols remaining on the shell preserve a reducing
environment in th@Bs. The concentration of WBs was determined by use of a gravimetric methallgnBCA

assay. The concentration of free unreacted thiglsgmt on the surface of the microbubbles was miéted by

Ellman’s method [25]. Table 1 shows the concerdratf theuB suspension and the concentration of thiols. The
measurements were performed in triplicate on timdependent preparations of jSs.

Optimization of electrochemical studies



The electrochemical behavior of aqueous soluti@msaining lysozyme (1 mg mt), LSuBs (1 mg mL?), ascorbic
acid (10 mg mr%), and the LEB-AA mixture was determined by use of CV measureménunderstand the
electrochemical response of each analyte sepaatelyn the mixture. The results obtained for emtdlyte are shown
in Fig. 2. Ascorbic acid furnished an anodic oxidatpeak at approximately 450-500 mV; the voltamraots
obtained from L8Bs and lysozyme solution did not contain this pleaka low-intensity signal was observed at high
potential [26]. These results were confirmed by Ditlysis, a technique much more sensitive thanTbé.DPV
voltammograms acquired for lysozyme, ascorbic aid, a mixture of ascorbic acid and lysozyme aosvehin

Fig. 3a, and the DPV voltammograms acquired fquR<S§ ascorbic acid, and the mixture of ascorbic acid LSiBs
are compared in Fig. 3b. These results suggesbdthatthe lysozyme solution and thepBESsuspension are
electrochemically oxidized in the range 800—-900 m¥expected. In fact, voltammetric studies of tysoe have
revealed the oxidation current of tyrosine andtwppan residues of the protein with adsorptiorheflysozyme on the
graphite electrode surface [26, 27].

It must be noted that the protein does not affeetedectrochemical response of ascorbic acid, ath@ shift in the
ascorbic acid oxidation potential because of asc@tid—protein interaction was observed. This b&hrehas been
observed for other electroactive analytes whemaeteng with proteins [28]. However we observe@duction of the
value of the current for the AA—protein mixturetia®® same ascorbic acid concentration, probablyusecaf the
presence of the protein (LBs or lysozyme). Lysozyme may be adsorbed by thetrelde surface, thereby precluding
AA from easily accessing the electrode [27, 29]e Tifferent currents observed for ascorbic acithepresence of
lysozyme and LBBs were ascribed to the different concentrationgrofeins present and to their different state of
aggregation. A comparable result was also obtdioethe complex AA-LEB, for which loading of ascorbic acid on
to microbubbles was performed in MilliQ water fd@ fin (data not shown). In this case the peakghty shifted
because of its interaction with the surface ofliBgBs. These results indicate that these electroctait@chniques
can be used to determine the electrochemical regpoinmmobilized ascorbic acid on the surfacéhefltSiBs and to
guantify the amount of ascorbic acid loaded onLiBeB shell as a result of the electrostatic interactio

DPV was performed to evaluate the amount of asc@tid in the presence of LBs. In Fig. 4a the acquired peaks
indicate the sensitivity of the measurement andatieence of the interference by fiigs present. A calibration curve
(Fig. 4b) was constructed by using different comions (0-5@mol L™) of ascorbic acid while keeping th&
concentration fixed (1 mg mt). The results showed the working range was betvesmd 5Qumol L™

(y = 0.06% + 0.130,r* = 0.995), with a detection limit of OiBnol L™

To improve the electrostatic interaction betweearodsic acid and thgBs without compromising the colloidal stability
of theuBs, the experimental conditions, for example istiength, pH, incubation time, and the amount obdsic
acid, were optimized. Ascorbic acid is a dibasid &pK,; = 4.04 and K., = 11.3) [30]. The effect of pH on the
efficiency of loading of ascorbic acid on to thecrobubbles was investigated by loading at pH 4resmonding to
pKa, pH 6 and pH 8. This study confirmed the poor iitsitof the uBs at alkalineX8) and acidic£4) pH, with
formation of an aggregate or pellet after 1 h. &bielic denaturation and degradation of the prateinld explain the
poor stability of microbubbles at p¥l4. The gas core is stabilized by a thick lysozell. Hence degradation of the
shell causes leakage of the gas. To optimize ugtb&scorbic acid by the shell of the |15, the effect of ionic
strength on LEB loading capacity was also investigated, by intimgaLSuBs with ascorbic acid dissolved in
solutions containing different concentration of N&T01, 0.05, 0.1, and 0.5 mol) at pH 6 [31].

The AA-LSuB complex was characterized by use of DPV @pdtential measurements. The electrochemical esult
obtained for different ascorbic acid concentratjqis, and ionic strength are reported in Fig. uFé 5a shows that
incubation of LfiBs with increasing amounts of ascorbic acid froit6.10 mg mL" results in an increasing current
response. Ascorbic acid concentrations higher 1ftamg mL* were found to be detrimental to the stabilityu8fs,
inducing aggregation. These results suggest tledbtding capacity qiBs can be maximized by using an ascorbic
acid concentration of 10 mg riL Figures 5b and 5¢ show the measured currentsmatidns of pH and ionic strength,
respectively. Figure 5b shows that maximum loadihgscorbic acid is achieved at pH 6. Despite theddoading
capacity of LeBs at pH 4, as already mentioned, we observed fitwmaf aggregates of microbubbles. Because the
isoelectric point of lysozyme is 10, at pH > 8 tI#uBs lose the electrostatic stabilization derivedrfrine highly
charged surface and consequently aggregate. InonkstpH 6 was found to be best for maximizing ékectrostatic
interaction between ascorbic acid andBs. In addition, pH 6 was ideal for stability oktimicrobubbles. At pH 8 the
ascorbic acid is present as a dehydroascorbicsattidosing its electroactive properties in théaton region [18—
20].

Interestingly, at pH 6 (Fig. 5¢) the measured aur(e30pA) and, consequently, the ascorbic acid loadingciyp of
thepuBs, is independent of NaCl concentration. As a enadf fact, the screening effect exerted by salsion the
surface charge of theBs causes a decrease in potential (Fig. 6a). Hawheesalt shielding effect, shown in Fig. 5c,
does not affect either the electrostatic bindirfigieincy of AA or the colloidal stability of L@Bs (Fig. 7a). Conversely
LSuBs in the presence of a high concentration of salhout ascorbic acid, tend to aggregate. Theselteindicate
ascorbic acid displaces salt ions from the@BSurface and strongly interacts with the positihatarged amino acids
(lysine, hystidine) present on the surfac@B§.

As already mentioned@,Bs are positively charged colloidal particles wath potential of +48 mV. Thé potential of
AA-LSuB, as a function of pH, has a trend in agreemetit thie results obtained by use of DPV. At pH 8high
potential, 48 mV, corresponds to a low peak currénée decrease dfpotential to 22 mV (Fig. 6b) on interaction with



ascorbic acid indicates that analyte adsorptioeldbithe LEB surface charge. The low ascorbic acid loading
measured at pH 8 is ascribed to the partial agtofiascorbic acid in alkaline condition when isfgontaneously
oxidized to a neutral non electroactive dehydrodsate, which is not able to interact electrostdjoaith uBs.

The measurements were repeated with different etdabtimes (10, 30, 60, and 120 min) and assedsofi¢ine
amount of immobilized ascorbic acid. The resultmoted for 10 and 30 min did not reveal a significamount of
ascorbic acid on thegBs (reduction of the LOD in DPV measurements). Quien the incubation time was increased
to 60 min was the amount of ascorbic acid loadédfaatory. The results obtained after an inculvator 120 min

were similar to those obtained after 60 min, sutiggshat L$:Bs incubated with AA for 60 min were saturated and
longer able to interact with additional moleculésscorbic acid. The best conditions, with the amiswf ascorbic
acid measured in the washed solutions and opBiseare reported in Table 2. It is apparent thattimount of
ascorbic acid loaded on th&s is ~90 % of the amount added. This result idiooed by the amount of ascorbic acid
detected in the solution (~10 %). These analysees vepeated six times to check the reproducibilitye
electrochemical measurement demonstrated thastiwlzic acid present on microbubbles was stabl&Zdr at 25 °C.
Complexation of AA with L&Bs may prevent AA degradation and oxidation.

SEM images of LBBs and of AA-LSiB are shown in Fig. 7. The SEM images obtainedtferLS:Bs before (Fig. 7a)
and after (Figs. 7b, c) interaction with ascorlimashow that small white crystals were observethersurface of the
uBs, indicating the presence of this analyte. Teneine the ability of LEBs to release AA upon ultrasound
irradiation, AA-LS1Bs were treated by use of 1 MHz ultrasound transduEA was only partially released (data not
shown), and most of the AA remained electrostdtidadund to the broken L shells.

Conclusions

It has been shown that lysozyme microbubbles caitydze complexed with ascorbic acid under spe@fiperimental
conditions. In this work we demonstrated that agoole with a negative charge, for example ascatiid, is able to
stably bind to the microbubbles by electrostatteriaction. It has been shown that electrocheméirtiques can be
used to determine the electrochemical responsambbilized ascorbic acid on the surface of theRSand to
quantify the amount of this analyte loaded onitBeshell as a result of the electrostatic interactieurther studies are
necessary to establish the stability of AAfiEScomplex in the freeze-dried state to improvesigbility to enable use
of such systems for drug delivery. In conclusior,wged AA as a typical electrochemically activedpeutic agent
that can be efficiently carried by 1Bs. We showed that LBs do not affect the redox properties of AA. Be@As
is active when embedded in lBs, release from the LBs may not be required. In addition, if$s provide
sonoresponsive drug-delivery microdevices whichlmaimaged by use of a 10-MHz ultrasound scanneging of
LSuBs enables monitoring of the location and accunadf AA-LSuB in the body where AA exerts its antioxidant
activity.
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Fig. 1 (@) Schematic diagram of the interaction betweenBsS(positively charged) and AA (negatively charged)
Ultrasound U9)-assisted breakage of the shell of thetBS causes release of the drug located on the suofabe
LSuBs. (o) Delocalization of negative charge on the ascaaleid molecule

Fig. 2 Cyclic voltammograms of lysozymél (e line), microbubbles (LSB) (green line), the AA—LSuB complex
(yellow line), ascorbic acidAA) (brown line) and 0.1 mol [* KCI (violet line). Concentrations: lysozyme 1 mg ML
uB 1 mg mL?, ascorbic acid 10 mg mt. The measurements were conducted with a scanfraemV s*. All
measurements were performed in dropsyl60at room temperature

Fig. 3 Differential pulse voltammograms obtained fromolzgme, ascorbic acid, and a mixture of lysozyme AAdn
0.1 mol L* KCI. The pulse amplitude was 60 mV, the pulse witB0 ms, and the scan rate 50 m¥ Al
measurements were performed in dropsy(6Pat room temperatur€ontinuous line, 10° mol L™* AA in 0.1 mol L*
KClI; dashed line, 0.4 mmol L* lysozyme + 10° mol L™* AA in 0.1 mol L'* KCI; dotted line, 0.1 mol L* KCI; dotted
dashed line, 0.4 mmol * lysozyme in 0.1 mol T* KCI

Fig. 4 Calibration for measurement of ascorbic acid ingtesence of LigBs (1 mg mL?): (a) DPV voltammetric
measurements for ascorbic acid (0Bl L) in 0.1 mol L* KCI; (b) calibration curve for ascorbic acid obtained
from the DPV peaks

Fig. 5 Currents measured for AA-IB as a function of the experimental conditions usedncubation: &)
concentration of AA,If) pH, () ionic strength

Fig. 6 Zeta potential measurement for AA{LE as a function of the experimental conditions usedncubation: §)
ionic strength, i) pH

Fig. 7 SEM images of the LiBs before &) and afterlf) the loading of AA. €) Higher magnification ofl) shows
small white crystals on the surface of thauBS, indicating the presence of AA

Table 1 Concentration of the LfBs and amount of free thiols present on thaBS

LSuBs concentration (mg mt) Free —SH on LB (mmol g7)

By gravimetric method (1 mL) By BCA (10 ml)

0.5+0.3 0.6+0.2 0.777 £ 0.002




Table 2 Results obtained for the interaction between ascarntid and LEB (1 mg mL?)

Incubation time Recovery | R®jerexpt. | INCubation time Recovery | RDiter-expt.
1h (%) (n=6) 2h (%) (n=6)

pH 6 5.0+0.2mmol T' | 89 3 5.0+ 0.2 mmol T | 89 7

NaCl 49+0.1mmol ' | 86 3 5+ 1 mmol ' 87 22

0.5 mol L%, pH

6

H,0 dist 5+ 2 mmol [* 87 19 5+ 4 mmol T 87 9
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Figure 5.



a)

b)

¥ Hd

9 Hd

50 A

— N T'0 10BN

T T T
o o o
< ™ N

(Aw) [enusiod €197

10 4
0

IN G0 |OeN

— IN TO'0 [OeN
s o o o o
< ™ N —

(AW) [enusiod €197

Figure 6
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. Vitamin C or Ascorbic Acid @ Microbubbles

Schematic of the interaction between LEME (positively charged) and A A (negatively charged).
TMtrazound (T3 assisted brealking of the L3WE s shell causes the release of drug located on the surface of the L3WE.



