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Abstract

PLGA/CS nanoparticles containing fluorescein sodium as drug model were
synthesized and characterized to investigate the feasibility of laser-induced

drug delivery using pulse 532 nm. The main objective was to investigate the
Drug Delivery Using Pulsed 532 nm Laser.
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photothermally-induced mechanical force for transporting the nanoparticles.
An argon laser was used to excite the fluorescence of the samples after irradi-
ation. The preliminary results indicated that the drug nanoparticles encapsu-
lated trapped by the cavitation bubbles can be transported by photothermo-
mechanical effect. Different regions of interactions are defined and while in
our case, the thermoelastic does not apply due to higher fluences, vaporiza-
tion and laser-induced thermal breakdown (LITB) including the plasma for-
mation and shock waves played an important and major role. Threshold flu-
ences of 2.8, 18 and 102 Jem™ corresponding to 0.28, 1.8 and 10 GWcm™ and
3.8, 30, and 171 MPa are determined for ablation, vaporization and LITB
mechanisms respectively. The secondary microbubbles due to explosion of
the primary transient cavitation bubbles played a key role in delivery process.
Despite the dominant argon laser brightness, the laser-induced fluorescence
spectroscopy (LIFS) demonstrated the fluorescence emission of the cavitation
bubbles carrying due to the drug nanoparticles entrapped within the biogela-
tin after exposure to laser radiation, the irradiation, which confirms the pos-
sibility of transport of drug nanoparticles by laser cavitation. Finally, it is
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suggested that the nature of such photothermal and photo non-thermal me-
chanical effects is governed and influenced by determining and criticizing in
terms of the type of nanomaterial as well as their synthesis process engineer-
ing and fabrication as they can be made case sensitive by selecting different
types of materials for a specific application.
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1. Introduction

It is well established that the drug delivery systems (DDS) can enhance the effi-
cacy of different pharmaceutical payloads while improving the poor solubility,
limited stability, biodistributions as well as pharmacokinetics of drug [1] [2].
However, one major issue in any DDS is the fate of the drug inside the body
where it is aimed to minimize the side effects and enhance the effectiveness of
drug delivery. To achieve these goals, an understanding of physiology, biophys-
ics and the drug movement within tissue is essential. Traditional DDS include
oral and intravenous (IV) routes of administration where the former via tablets
or capsules is largely inefficient due to exposure of drug to the metabolic
processes of the body [3] and thus a greater amount of drug is required to meet
the effectiveness, which in turn has an uptake limitation, and the latter can also
be an issue because high amount of required drug create high concentration of
the drug in the blood stream hence producing a toxic side effects [4]. Engineered
nanomaterials hold great promise in DDS [5] [6] such as liposomes, metal-
lic/nonmetallic, and polymeric nanoparticles have increased the ability to deliver
drugs for which conventional therapies have shown limited efficacy. These na-
noparticles can either be made passive (ie., based on the enhanced permeation
and retention (EPR) effect) or active where they are functionalized with ligand to
target specific tissues or cell types. Recently, we demonstrated that liposomes
containing doxorubicin as cancer drug and magnetoplasmonics can be used as
passive [7] and active [8] DDS for cancer hyperthermia.

The main advantages of polymeric nanoparticles (PNP) as DDS are that they
increase the stability of any volatile pharmaceutical agents and are easily fabri-
cated in considerable quantities. The PNP can be absorbable or degradable po-
lymer, which allows the design of individual delivery system for highly specific
applications. Among many, PLGA (Poly lactide-co-glycolide acid) which is hy-
drolytically unstable, insoluble in water and degraded by hydrolytic attack of es-
ter bonds has been widely used in biomedical applications [9]. On the other
hand, chitosan (CS) is an amino poly saccharide (Poly 1,4-D glucosamine), bio-
compatible, biodegradable and non-toxic polymer. Though, CS is a weak base

and insoluble in water and organic solvents, it becomes soluble in dilute aqueous
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acidic solution with pH < 6.5. Additionally, CS enhances the drug transport
across the cell membrane and has been extensively utilized in DDS and tissue
engineering [10] [11]. The physical DDS are: 1) Electrical to drive molecules
electrically through the skin (e, iontophoresis) or create pores within the
membrane (i.e., electroporation) [12], 2) Ultrasound [13], Laser ultrasound [14],
Extra corporeal shock waves [15], Laser-induced shock waves [16] and La-
ser-induced cavitation [17] [18] [19]. Recently, it was also shown that the me-
chanisms for the enhanced mobility and laser transport of NPs are thought to be
due to electromagnetic wave induced force (Ze. an oscillatory motion) and laser
absorptive force (ie., photothermophoresis) where the laser beam trajectory
path due to thermal heating results in the change of refractive index of medium
and redistribution of NPs concentration [20].

Generally, the pulse laser interaction with absorbing liquid, gelatin or soft tis-
sues takes place via different physical processes: 1) thermoelastic Figure 1(a)
where the absorption of low energy short pulses i.e., shorter than acoustic tran-
sient times, followed by rapid expansion of heated volume generates a
non-ablative bipolar thermoelastic stress waves (ie., photoacoustic) within the
medium. Acoustic transients are also produced by long pulses (ie, ¢, 7, > &)
where c, is acoustic velocity, 7, is pulse duration and 4, is the optical penetration
within the medium respectively, due to the vapour plume and cavities. In the
former case, the Gruneisen-stress produced by rapid heating cannot relax during
the pulse hence a bipolar thermoelastic waves develops and propagates from the
surface adjacent to air through the bulk of the medium [21] [22] [23]. As a re-
sult, the positive 7e., compression tensile stress travels through the medium and
the negative tensile pulse reflects back toward the surface. If the tensile stress
exceeds that of the material, it causes an internal rupture or spallation [24]. The
importance of the thermoelastic stress generation is due to the fact that low hy-
drodynamic pressure below the equilibrium vapour pressure can create cavities
filled with either vapour or gas. The increase of fluence in thermoelastic domain
extends to the threshold of vaporization, 2) vaporization Figure 1(b) occurs at
fluences higher than threshold fluence where the temperature is reached 100°C
and superheating occurs. As a result, the target reactive forces due to escaping
vapour exceed the thermoelastic limit hence giving rise to vapour cavity and the
formation of microbubbles. The recoil momentum generated due to ablated ma-
terial exerts stress on the material enhancing the built-up pressure within the
bulk, and 3) Photomechanical (i.e. photodisruption) Figure 1(c) at higher values
than vaporization where an optical dielectric breakdown occurs either due to
multiphoton absorption or avalanche process, which in either case is accompa-
nied by violent expulsion of liquid droplets, cavitation, the emission of sound,
light due to plasma formation followed by generation of shock waves all at dif-
ferent time scale. Since, in our case the energy levels were above the ablation
threshold thus 2) and 3) are the main mechanisms which sought to be responsi-

ble for the delivery of drug model [25] [26]. All above mechanisms have
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Figure 1. Schematic diagram of laser-biogel interaction process. (a) Cavitation bubbles;
(b) Vaporization; and (c) Laser-induced thermal breakdown.

the potential to be utilized appropriately for a given biomedical application. For
example, the outer layer of skin, the stratum corneum (SC) with a thickness of
10 - 20 um can act as a barrier to the absorption of topically applied chemicals.
Therefore, the penetration depth of some drugs such as vaccines with a molecu-
lar weight greater than 500 Da is limited by the SC [27]. An alternative to over-
come such a problem is to create pores in the SC. In photothermal ablation of
soft tissues, heating of chromophores mainly water content will rapidly vaporize
the water within the tissue, hence causing a microexplosion in the form of phase
explosion and the tissue is removed. The amount of ablated tissue depends on
the fluence, heat deposited per unit volume and the laser pulse duration. As it
will have discussed in the following sections, shorter the pulse duration, the
smaller the tissue thermal damage controlled by the thermal relaxation time. An
advantageous application of this point is the reduced thermal damage to sur-
rounding areas of pores during drug delivery [4]. Also, it has recently been sug-
gested that Dye-enhanced plasma-mediated ablation of the skin can be em-
ployed to increase the topical transdermal drug absorption [28]. It is, however,
emphasized that photomechanical effect in its broad meaning may not necessar-
ily be able to distinguish the differences between the different causes of such
mechanical effect since it can be due to an acoustic, physical (e.g. bubble boun-
dary), thermal, plasma and shock wave or indeed all but with different degree of

participation at different time scale. Therefore, here the term photothermome-
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chanical effect is used to distinguish it from pure photothermoacoustic effect
which is primarily applies in the thermoelastic domain. Indeed, the latter has
been used for investigating photomechanical drug delivery using IR laser [29]
[30] [31] [32].

Our previous studies showed the potential application of PLGA for carrying
betamethasone [33], continuous CO, laser delivery of PLGA/CS containing drug
model [18], and laser thrombolysis with PLGA/CS containing tPA (Tissue Plas-
minogen Activator) drug [34]. Following these works, we report the dynamic
study and visualization of cavitation bubbles containing PLGA/CS encapsulated
fluorescein sodium nanoparticles (NaFl NPs) utilized as drug model for delivery
using a pulsed laser. Our early research has shown that photomechanical deli-
very (PD) is based on the generation of a cavitation or vapour bubble in a liquid
medium due to high absorption of laser energy. Upon expansion and collapse of
these bubbles the material (e.g. drug) are then displaced within the medium (Ze.,
biogelatin). During the first stage, the drug nanoparticles are transferred by ca-
vitation bubbles and during the second stage when the bubbles collapse, the
transfer is also enhanced by acoustic waves. However, at much higher irradiance

level, LITB plays a dominant role.

2. Materials and Methods
2.1. PLGA Containing NaFl NPs

To fabricate these NPs, W/O/W double emulsion solvent evaporation surface
coating method was employed as described [35]. For this, 3 ml of deionized
aqueous Na Fl (C, H,(Na,O;) (salt 4535-KGaA) with molecular weight of 376.28
g/mol was used as drug model (Merck, Germany). This was then poured into 15
ml of dichloromethane (DCM) solution (Merck, Germany) containing 300 mg
of PLGA (50:50, Resomer RG 504 H, Mw 48000, Bohringer Ingelheim, Germa-
ny) and emulsified by a sonicator (tecna6-Tcno-GA,-S.P.A) to obtain a W/O
emulsion. The emulsion was the added to 30 ml of 1 wt% of polyvinyl alcohol
(PVA, Mw 22000, Merck), and sonicated again to produce W/O/W emulsion.
300 ml of 0.5 wt% of PVA was added to the emulsion and stirred mechanically.
The solution was evaporated for 18 h and stirred at 250 rpm to remove the sol-
vent from the emulsified suspensions. The PLGA-NaFI NPs solution was centri-
fuged (Sigma, 3K30, RCF 25568, speed 16500 with rotor 12150 H, Germany) for
20 min to separate the NPs from the solution. The NPs were rinsed with distilled
water followed by centrifuging number of times to remove the PVA and residual
solvent. The NPs were then filtered through membrane filters to omit large
sub-micron particles. Finally, the product dried at freeze dryer (Chaist, Alpha
1-2 LD plus, Germany) for further storage and use.

2.2.CS Coated PLGA/NaFI NPs

300 mg low molecular, 80% - 85% deacetylation chitosan solution (Merck) was
dissolved in 150 ml of 1% acetic acid solution. 150 ml of the 0.1 wt% CS solution
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and 150 ml of 0.5% wt% PVA solution, instead of 300 mg as above, were added
to the prepared W/O/W emulsion. In order to enhance the CS coating on
PLGA/NaFl NPs, the pH value of the emulsion was kept between 6 - 7 during

the solvent evaporation.

2.3. Biogelatin Model

To model the tissue, 2 g of the commercial porcine skin biogelatin (3.5% Gela-
tin-175 Bloom-Sigma Chemical, Type A) was mixed with 20 ml of deionized
water and then heated to 60°C with a magnetic stirrer. The final solution had a
pale-yellow colour. For the experiment, the solution was poured into 30 x 30 x
50 mm vessel and after solidification a thin layer (=0.5 mm) of CS@PLGA/NaFl
NPs solution was applied as drug model covering the biogelatin surface.

3. Characterization

3.1. Zeta Potential

Laser light scattering (DynaPro“NanoStar) was used to determine the hydrody-
namic size of NPs in aqueous solution at 25°C and zeta potential measurement (Ze-
tasizer Zs, Malvern, UK) of NPs samples was made by suspending the freeze-dried

NPs in 5 ml deionized water.

3.2. Microscopy
3.2.1.SEM

Scanning electron microscopy (Vega 2, Tescan, Check) was used to determine
the shape and surface morphology of the samples. Small amount of sample was
placed on a double-sided tape attached on a metallic sample stand and coated by
a thin layer of gold in vacuum chamber. The test as carried out three times and
the results were presented as mean and standard deviation for three readings (n
= 3). Significance in data between various process variables was assessed using
all data points over multiple batches via student’s #test and one-way ANOVA
with post-test. P value of <0.5 was considered significant.

3.2.2. TEM

Transmission electron microscopy (Philips CM 10, HT 100 k) was also used to
study the morphology of NPs. The solution of NPs was placed on a carbon-coated
200 mesh size copper grid then 2 wt% of phosphatangstic acid was used to stain
the NPs on the copper grid. The observation was done after the NPs were air-dried

at room temperature.

3.2.3. AFM

The AFM with a Dualscope/Rasterscope system (C26, DME, Denmark) was uti-
lized for imaging. The microscope was equipped with a scanner with maximum
XY scan range of 50 x 50 um and a Z range of 2.7 um and was operated by a scan
Master (95-50E), a real-time closed-loop scanning control system which allows

an accurate measurement, repositioning, and zooming in on selected features.
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The images were obtained using silicon nitride cantilevers with high-aspect ratio
conical silicon tips with the force constants of 0.1 N/m for contact mode imag-

ing.

3.2.4. FTIR Spectroscopy

The FTIR spectroscopy (Nicolet, Magna IR Spec. 550, USA) of samples were
performed using spectrum analyzer at 4 cm™" resolution where 5 mg of the NPs
was mixed with KBr in order to identify the CS coating. The absorption spectra

were recorded between 1000 - 4000 cm™.

4. Experimental

In a simple experimental setup shown in Figure 2, a double-frequency pulse
Nd:YAG laser (532 nm) (LG-LM1) with maximum output energy of 1.6 J, pulse
duration of 10 ns and pulse repetition frequency of 15 Hz was used for the expe-
riment. The output beam with a 1 mm spot diameter was focused on the surface
of biogelatin covered by a thin layer of drug model as described above. The
time-resolved study was performed using a fast CCD camera (Panasonic Super
Dynamic WV-CP450) connected to an optical microscope (Prior-UK), and a 2
mW He-Ne laser (Newport) which acted as a probe beam deflection. An ion

Pulse 532 nm

| Argon Laser

Beam Splitter

? NaF! NPs

ﬂ Solution
L 4
N - -
L w"- Biogelatin _,_—-/'_——_\ y
. UV-Vis
-

Spectrometer

Figure 2. Experimental setup: pulse 532 nm is used to create cavitation in biogelatin and
argon laser for fluorescence excitation after the laser irradiation.
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argon laser (Melles Griot-35MAP431) at 488 nm and 150 mW was used to in-
duce fluorescence in samples after the irradiation (Figure 2). Visualization of
the NaFl-loaded NPs driven by cavitation bubbles was done via the microscope.
The fluorescence signals were collected by a 600 pm core diameter optical fiber
(LIBS-600-6-SR, Ocean Optics), which was connected to spectrometer (UV-Vis
USB 4000, Ocean Optics) equipped with 2048-pixel linear silicon CCD array (14
pum X 200 pm) with a detector range of 200 - 1100 nm, optical resolution of 0.1 -
10 nm FWHM for analysis and the output was then displayed on computer.

5. Results

Table 1 presents the results of synthesized NPs where the positive value of 9.6 +
0.008 for PLGA/CS indicates the formation of CS layer on the surface of PLGA
NPs. This is also confirmed by the hydrodynamic diameters of 356 + 1.26 nm for
NaFl/PLGA/CS compared to 248 = 0.77 nm of NaFI/PLGA NPs with the cor-
responding polydispersion index (PDI) values of 0.431 and 0.312 respectively,
which shows the acceptable distribution. The increase of PLGA/CS hydrody-
namic diameter with CS concentration can be due to increased viscosity of CS as
well as other interactive forcers taking place at both ends ie., attractive and van
der Waal’ force between the initial CS monolayer and PLGA surface and be-
tween the first CS monolayer and the subsequent layers due to for example hy-
drophobic interactions.

Figure 3 indicates the SEM of NaFl encapsulated by PLGA Figure 3(a) and
NaFl/PLGA/CS NPs (Figure 3(b)) respectively with almost spherical geometric-
al shape. The spherical shape of the NPs is also illustrated by TEM micrographs.
Figure 3(c) clearly, shows the shape and distribution of different sizes of PLGA
NPs followed by encapsulation of drug model by PLGA in Figure 3(d) and fi-
nally, the drug encapsulated PLGA/CS NPs are shown in Figure 3(e).

The FTIR results of NaF]l and NaFl encapsulated PLGA/CS NPs are shown in
Figure 4 where the dominant peaks at 3084 and 1580 cm™ correspond to CH
and C=C bonds present in the NaFl Figure 4(a), similarly, the peaks at 1091,
1759, and 3452 cm™" in Figure 4(b) correspond to CH;, C=0 and stretching and
vibrational modes of hydroxyl (OH) bonds in PLGA respectively. The CS bonds
are particularly shown at 1672, 2854, 2924 cm™' corresponding to C-N, CH and
NH, bonds respectively. The 2D and 3D AFM pictures of drug loaded PLGA
NPs are illustrated in Figure 4(c) & Figure 4(d) and the corresponding drug
loaded PLGA/CS NPs in Figure 4(e) & Figure 4(f).

Differential Scanning Calorimeter (DSC) was used to address the quality of CS

layer during the laser irradiation as a powerful thermal analyzer to measure the

Table 1. The polydispersion index, zeta potential and hydrodynamic size of the nanoparticles.

PDI Zeta Potential (mV) Hydrodynamic Diameter (nm) NPs

0.312 -1.45 248 + 0.77 NaFl + PLGA

0.431 9.6 356 £ 1.26 NaFl + PLGA + CS
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Figure 3. SEM of (a) NaFl encapsulated by PLGA and (b) NaFI/PLGA/CS NPs and TEM of (c) PLGA NPs, (d) NaFI/PLGA, and

(e) NaFI/PLGA/CS nanoparticles.
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Figure 4. FTIR results of (a) NaFl and (b) NaFl encapsulated PLGA/CS NPs and AFM pictures of 2-D and 3-D drug loaded of (c,

d) PLGA NPs and (e, f) PLGA/CS NPs.

energy absorbed or released as a function of time or a controlled temperature

profile. The results in Figure 5 indicate the glass transition of 160°C for CS (a) and
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55°C for PLGA in (b) respectively. The thermal degradation points of 270°C and
250°C are obtained for CS (a) and PLGA/CS (b) with their corresponding exo-
thermic peaks at 300°C and 235°C respectively. This implies that the PLGA/CS
NPs are relatively easier to thermal degradation and hence more susceptible for
drug release compared to CS alone.

It is known that [36] that CS has mucoadhesive properties due to molecular
attractive force formed by electrostatic interaction between positively charged
CS and negatively charged surfaces. This is explained by number of factors
mainly including: strong hydrogen bonding groups such as -OH, -COOH,
strong charges, high molecular weight, sufficient chain flexibility and surface
energy properties. It is thought that the electrostatic attractive force is the main
force during the early stages of monomolecular adsorption layer formation. This
process continuous despite a positively charged surface due to hydrogen bond
(N-H) and van der Waal’s force acting on the surface. In the case of high CS
concentration, after the direct formation of first layer on PLGA, the subsequent
layer will not possibly be in direct contact with PLGA layer. Therefore, the added
layer will increase the repulsion force due to increase of like charges between CS
chains but interact and attracted via hydrophobic interactions, van der Waal’s
forces and hydrogen bonds [37]. The zeta potential of PLGA/CS NPs tends to
increase with initial CS concentration until it reaches the plateau where it re-
mains constant. It has been shown that the adsorption of CS on PLGA at high
concentration (0.4 - 0.6 gl™') does not affect the zeta potential [36]. Prior to using
drug model-loaded NPs, an experiment was carried out to test the interaction of
laser with biogelatin as seen in Figure 6(a). The time-resolved dynamic study
showed the formation of cavitation at =5 Jcm™ beneath the surface of biogelatin,
which gradually expanded and finally the initial bubble detached after about 50
ms. A 2 mW He-Ne laser was used as a probe to visualize the depth of cavity as
illustrated in Figure 6(b). The results of bubble formation as s function of pulse
number at relatively low energy of 50 m] corresponding to 6.5 Jem™, 640
MWcm™ and pulse frequency of 5 Hz are given in Figure 6(c). It demonstrates
that the number of bubbles increases with increasing the pulse number and that

the drilled channel widens accordingly. In practical term this certainly would

(a): CS (b): PLGA + CS
—~ M\ ° —_ e}
s © ’I\ 300°C g 20 235°C /‘""‘"
E 4 A E
R ! \ E 15
g 2 [ e g 10 160°C
T o 250_"0\/ T 0.0 /5;0
*g o \ / 270°C *g 0.5 250°C
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-4 it & & 2 _
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Figure 5. DSC results for glass transition of 160°C for CS (a) and 55°C for PLGA (b), and the thermal degradation points at 270°C
for CS (a) and 250°C for PLGA/CS (b). Note that the exothermic peak for CS is reduced from 300°C to 275°C for PLGA/CS.
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Figure 6. (a) Time-resolved sequences of cavitation formation in biogelatin at 5 Jem™ (b)
Depth of cavitation is visualized by probe He-Ne laser; and (c) Bubble formation as a
function of pulse number at 6.5 Jem ™. The bubble population increases by increasing
number of pulses.

bear an implication on the amount of drug delivered within a tissue.

Figure 7 indicates an example of the irradiation of biogelatin at constant fre-
quency of 2 Hz and at different low fluences of 3.5, 5, 6.5, 13 and 64 Jcm™ corres-
ponding to 383 - 640 MWcm ™ for F1 to F3 and 1.20 and 6.5 GWcem™ for F4 and
F5 respectively. A blue filter was used as background to enhance the image con-
trast. The above values are in vaporization domain and below the laser-induced
thermal breakdown (LITB) = 1 x 10'° Wem™ ie, thermionic emission threshold.
As it is seen in Figure 7(a) by box (A), at lower input fluence of =3.5 Jem™, the
number of drug containing bubbles formed close to the biogel surface are com-
paratively less than those at higher values but gradually increase with increasing
the fluence. It is also noted that the dimension of bubbles increases with fluence
as shown by box (B). Figure 7(b) indicates that the bubbles formation beneath
the surface were better observed when a pink filter was used. A magnified (x10)
portion of the gelatin shown in Figure 7(c) illustrates the statistically varying
bubbles dimension.

The experiment was repeated at higher fluences where LITB was observed as

illustrated in Figure 8(a) where clearly the plasma is shown as white region and
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Figure 7. Cavitation bubbles produced in biogelatin at constant frequency of 2 Hz and at different fluences of 3.5, 5, 6.5, 13 and 64
Jem™? respectively. Box (A), demonstrates the number of drug containing bubbles formed close to the biogel surface are compara-
tively less than those at higher fluences. Box (B) shows that the dimension of bubbles increases with fluence.
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Figure 8. (a)Represents an example of LITB with plasma trapped within the cavity. The green colour is due to 532 nm wavelength,
(b-e) Corresponding laser-induced fluorescence after irradiation at 1, 1.3, 1.9 and 2.5 x10" Wem™, and (f) An example of LIF
emission of NaF]l NPs at green wavelength (518 nm) excited by 488 nm argon laser.
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the laser green light is entrapped inside the cavity. Once the experiment was fi-
nished, the sample was irradiated by argon laser to excite the NaFl NPs fluores-
cence to visualize the entrapped NPs track within the cavity. The Figures
8(b)-(e) represents the irradiation at 1, 1.3, 1.9 and 2.5 x 10'® Wcm ™ respective-
ly and an example of the laser-induced fluorescence is given in Figure 8(f).
Clearly, at higher irradiances, the regions of populated bubbles are significantly
higher than the lower values due to more intense and energetic interaction. As
seen, the brightness of argon laser strongly dominates the fluorescence signal
and not distinguishable by naked eye but detected by spectrometer.

6. Discussion and Analysis

One of the challenges in the field of nanomedicine is accurate delivery of diag-
nostic and imaging agents to target. Since, normally drug concentration required
for the therapy is toxic to healthy tissue, targeted or selective delivery of encap-
sulated drug is most desirable. Laser-induced drug delivery can be performed in
variety of ways where a laser with high absorption coefficient and short pulse
can be applied to impregnate the drug solution through the skin surface either
with the epithelium removed or being intact. However, in some cases, it is possi-
ble to perforate both the drug solution and the soft tissue containing mainly wa-
ter by an IR laser through which the drug is then transported and eventually
diffused and absorbed by tissue network [14] [18] [38]. The above method can
be enhanced when short pulse and low power laser is used to produce photoac-

oustic waves to push the remaining drug solution into the skin.

6.1. Interaction Process

Early research has shown the role of vaporization of agar gel [39]. Assuming the
absorbed energy required by gelatin of infinitesimal thickness to reach the abla-
tion threshold fluence £, is,
1-R)AT pc
F - % (1)

where for biogelatin a = 1.43 x 10 m™" at 532 nm is the absorption coefficient at

(nm - na )2

given laser [40], wavelength, R = >~2% 1is the reflection of beam

(n, +n,)

from the surface n,, = 1.33 and n, = 1 are respectively the refractive indices of
gelatin (assuming water) and air, p = 1200 kg m™ is the density, ¢ = 4180 ]
kg 'K™ is the specific heat capacity, 7. = 100°C and 7, = 20°C are the critical
and initial temperatures respectively. Similarly, for PLGA/Ca containing drug
model p = 300 kg m~>, ¢ = 2500 ] kg"' K™}, a = 700 m™" the DSC results AT =
230°C. The energy balance shows that the evaporation of solution containing
PLGA/CS NPs or the gelatin is achieved when the laser irradiance has reached
the evaporation threshold, 7, defined as

Tp

I 2
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where L, = 2260 k] kg™' is the latent heat of vaporization of water and & = 70 um
is the optical penetration depth. Table 2 and Table 3 indicate the calculated re-
sults for both PLGA/CS and biogelatin using the given corresponding data.
Since, in our experiment the laser fluences are above F,, a pure non-ablative
thermoelastic stress wave does not apply, however, cavitation formation is possible.
Consequently, the induced thermoacoustic pressure is mainly due to expansion
and collapse of cavitation bubbles below I, but above the threshold vaporization,
the recoil momentum of ablated material and shock waves are also added to the in-
teraction process. In fact, there are number of non-linearities which should be con-
sidered at this stage 1) the coupling of temperature and pressure, 2) non-linearities
in the propagation of a pressure pulse, and 3) optical saturation in the dye absorb-
ing solution. Recently, it has been shown that Nd:YAG laser-induced photother-
moacoustic effect can be used for photomechanical drug delivery where onset of
significant hydrodynamic nonlinearity in the water for laser pulse irradiances in
the 165 MWcm ™ was observed [29]. The volume of the gelatin that is vaporized

by the excess pulse energy above threshold can be estimated using

V, =0 1 fn| = (3)

Figure 9 indicates the results obtained for the fluences used in Figure 7 and
Figure 8 where a range of vaporized volume between 0.32 x 107 - 0.69 cm’ is
obtained. The range of fluences are: zone (I) non-ablative and thermoelastic ex-
pansion only (0 - 2.8 Jem™), zone (II) thermoelastic expansion cavitation and
collapse (2.8 - 18 Jem™), and zone (III) explosive vaporization including the ca-
vitation bubbles and plume (18 - 100 Jem ) where the heating is sufficiently
high and the temperature is about critical temperature which causes a rapid ho-
mogeneous nucleation and expansion of vapour bubbles leading to explosive
boiling carrying off the solid and liquid material fragments Ze., “Phase explo-
sion” occurs, and zone (IV) LITB (100 - 255) Jem™* which includes number of

Table 2. The ablation threshold fluence with the corresponding values of energy, irra-
diance and the deposited heat on the PLGA/CS and biogelatin.

Ablation threshold Corresponding Corresponding irradiance  Deposited heat

fluence Fy,(J/cm™) energy (m]) I, (GWcm™) Q (GWcm™)
PLGA/CS 24 188 2.4 16.2
Biogelatin 2.8 22 0.28 0.34

Table 3. The vaporization irradiance with corresponding energy and the threshold flu-
ence applied on the PLGA/CS and biogelatin.

Vaporizing irradiance Corresponding Corresponding threshold
(GWcm™) energy (m]) fluence Fy,(J/cm™)
PLGA/CS 9.5 745 95
Biogelatin 1.8 141 18
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Figure 9. Vaporized volume of biogelatin at different fluences for various zones of inte-

raction process: (I)-non-ablative thermoelastic, (II) thermoelastic with cavitation, (III)
explosive vaporization with phase explosion, and (IV) LITB.

non-linearities introduced by high pressure and temperature. As an example,
Figure 6(c) is well below vaporization, in Figure 7 F1, F2 and F3 are in zone II
well below I, F4 and F5 in zone III are above vaporization threshold and Fig-
ures 8(b)-(e) are within the LITB domain Ze., vaporization, plasma (see Figure
8(a)) and shock waves all present but at different time scales. Optical breakdown
is an electronic and thermomechanical process which involves generation of plas-
ma by either multiphoton (LIOB) or avalanche ionization (LITB) followed by ex-
plosive vaporization and mechanical expansion [41]. The origin of the thermoac-
oustic mechanical pressure lies in the fast deposition of energy in the focal volume
resulting in dielectric breakdown which causes a rapid temperature and pressure
rise within the plasma produced locally in the impurity centers. As a result, a fully
developed compression wave of large amplitude ie, shock wave is generated across
which density, pressure and particle velocity change significantly [42] [43].

Figure 10(a) illustrates an example of bubbles formation at F5 (64 Jem™)
where it clearly indicates the front surface of bubble is opened and releasing the
smaller bubbles (Figure 10(b)). A vapour-filled bubble is generated below the
surface which expands with time. When the bubble expands, the shell thickness
contracts and the concentration of gas near the bubble surface is increased and
the rate of gas diffusion towards the bubble becomes greater than average. It is
known that with transient cavities as in our case, great concentration of energy
occurs towards the end of the contraction before the bubble breaks and produc-
ing large number of microbubbles. Indeed, in our early report [17], we showed
that the bubble reaches a maximum size and then collapses; the maximum bub-
ble size and the time scale for growth and collapse decrease as the fluence de-
creases. The bubbles become unstable in the final stage of collapse, dissipating
through the generation of minute bubbles.

The maximum bubble radius can be determined using

3a)2F 1/3
27
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Figure 10. (a) An example of vapour-filled bubble formation at 65 Jem™ beneath the biogelatin surface, and (b) Clos-up of (a)

indicating the release of secondary microbubbles from distal end of the primary bubble. Variation of bubble radius with (c) Flu-

ence and (e) Bubble potential energy. The turning point at about 3 Jem™ is an indicative of onset of non-linearities.

where w is the beam radius, F is the fluence and 7, is the atmospheric pressure
~10° Pa. It can be seen from Figure 10(c) that R, increases linearly with flu-
ence in zone (I) Ze, thermoelastic but it gradually begins to deviate at the onset
of cavitation in zone (II) and it continuous with the same trend for vaporization
in zone (III). Despite the fact the behaviour of cavitation bubbles varies with the
surrounding environment and materials and considering some experimental er-
rors, the calculated values are in close agreement with the observation results.
Clearly, as the fluence increases the more factors are involved during the inte-
raction process and hence accounting for more complicated and non-linear be-
haviour of bubbles such as those in LITB in zone (IV). Thus, the Equation (4) is
not used for this region. At its maximum radius the velocity of the bubble wall
and hence of the liquid falls to zero and from the work done on the liquid the

potential energy E, of the cavity is found to be:
Ep=4/37R} (P, - P)) (5)

where P, = 2064 Pa is the saturated vapour pressure. The calculated results are
shown in Figure 10(d) where a similar behaviour as Figure 10(c) is observed.
The characteristic collapse (and growth) time for gas filled spherical bubbles is
given by [44]

Pg

7, =091R
L-F

(6)

max
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This gives values in the range between 330 ps and 1.35 ms for the corres-
ponding R, between 3 and 12 mm respectively.
At its maximum radius the velocity of the bubble wall and hence of the liquid

falls to zero and from the work done.

6.2. Thermal and Acoustic Confinement

In the absence of vaporization as depicted in Figure 1(a), F <« F, = 18 Jem™,
the temperature increases due to transient heating produced by the energy depo-
sition in the focal point volume leads to thermal expansion of the gelatin, as a
result of which a momentum is set up within medium. Consequently, a rarefac-
tion inside the heated volume is responsible for the compressive and tensile
stresses. The thermal expansion directed into material towards the free surface
generates negative stress. Temperature distribution in laser irradiated gelatin can

be described by the Fourier heat conduction equation

pc%ﬂwzr(r,mg(r,z) )
where K= D,pc = 5380 (Wm™'K™") is thermal conductivity of gelatin and
Q(r,z,t)za](r,z,t) (8)

is the heat source indicating the rate of heat generated by the laser per unit vo-
lume (Wem™). Considering an adiabatic case, z > 0 and a > p where B is
the scattering coefficient, the solution to Equation (7) with a Guassian beam

profile can be described as

2
T(r,z):a—”e_g‘z.e—zL2 9)
pC N

The temperature increase will result in pressure distribution with a similar
distribution as temperature, which acts as a source of pressure signal interacting
with the medium. The thermal confinement is achieved if the pulse duration 7,

is smaller than the relaxation time 7, where,
2
7, <1, =3 [4D, (10)

where &, = a' = 70 pm is the optical penetration depth, D, = 1.4 x 107 m* s~
[40] is the thermal diffusivity. Using these values it gives 7,= 10 ns <« T, = 8.75
x 107 s. Also, for 1-D model, the thermal diffusion depth X is determined by

X, =[4Dg, (11)

Thus, &, = 70 um > X; = 75 nm. Therefore, in our case, the heat produced is
confined and the adiabatic condition is satisfied i.e., the heat transport due to het
conduction can be neglected. If the absorption coefficient of a liquid is so large
that the optical penetration depth is much smaller than the radius of beam (¢
< ¢/2) then the shape of sound source can be considered as plane wave as in
our case. Considering 7, < acoustic transient time 1, = (ac,)™ = 47 ns (i.e, the

time required for the stress wave to propagate across the optical zone of energy
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deposition) where c, ~ 1500 ms™ is the speed of sound in water, and the acoustic

R

penetration depth 6, = ¢, 7, = 15 um <, then stress confinement is achieved.
The photothermal ablative removal of material (Zone III and IV in Figure 9)
from the gelatin surface can generate strong stress transients through the im-
parted recoil momentum of ablation plume as depicted in Figure 1. Although it
is possible that only small mass of material is ablated, the short expulsion times

and high ablation velocities can lead to large amplitude stress waves.

6.3. Pressures

The possible pressures during the interaction process are: 1) photothermoacous-
tic due to thermoelastic stress, 2) photothermal due to temperature distribution
as described above, 3) photothermal ablative stress, and 4) shock wave. In our
case, 1) does not apply because the applied fluences were above the threshold.

The maximum ablative stress o,,,, 3) can be determined by

Crax =V X (12)

where V is the ablation velocity and x is the surface recession speed.
t
O o =Vpl/a~IIdt (13)
0

where I= F/7, is the laser irradiance. The peak stress is reached when

t
J.Idt =F,,so
0

VpF

= (14)
aFyt,

Thus, the maximum stress is directly related to laser fluence and V' = Plcp.
The product of stress and the rate of stress is a measure of mechanical energy
propagating through a medium. Assuming for example pressure (in liquid) P =
10° Pa, p = 1200 kgm™, it gives V= 0.56 ms™" in liquid. Using the Equation (14),
values of 3.8, 30, 171 and 428 MPa are achieved at ablation, vaporization, LITB
thresholds and the final LITB point in Figure 9 corresponding to zones II, III
and IV. As for the shock wave, it is assumed a spherical shape where it begins to
form and propagates from a distance from the center of plasma equal to the
length of the plasma. From the conservation of momentum

P~P-F=UpU, (15)

where Pand 7, are peak and hydrodynamic pressure respectively, U, and U, are
the shock and particle velocity respectively and p, is the density within the
shock. Using the Rankine-Hugoniot expression to calculate the change in the
internal energy behind the shock front [45]

AE =(1/2)(P+£)(Vy =V) (16)

AE is the change of internal energy between the shock and normal states and
Vis the specific volume 1/p. Although, the energy deposited by the shock front

in the gelatin may not be very high, the rate of deposition of energy is very sig-
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nificant. It is this shock energy which acts a source of photomechanical pressure.

Thus, the total energy deposited is

AE, = j4ﬂ'r2p(r)AE(r)dr (17)
0

It is seen that by increasing the fluence, the total deposited energy increases
hence a stronger shock wave is produced. It is noteworthy that the fluorescence
emission is known to be sensitive to the environment where different molecules
may well coexist. Part of the fluorescence changes with temperature rise due to
change in the microenvironment. Also, the pressure wave that follows the shock
front may contribute to the increase of the internal energy. Finally, it is believed
that the more general traditional term “photomechanical” is not sufficient to
differentiate the origin of such mechanical effects in such applications as they
are all initiated by photon absorption. Thus, the nature of such photomechanical
effects can be decisive and important in terms of nanomaterial engineering and
fabrication as they can be made case sensitive by selecting different materials for

more specific application and accurate results.

7. Conclusion

PLGA/CS nanoparticles containing fluorescein sodium as drug model were suc-
cessfully fabricated and characterized for investigating as drug delivery cargo
using pulsed double frequency laser and LIFS technique. The results showed that
the encapsulated cavitation bubbles are transported by different mechanisms at
below and above vaporization threshold where photothermomechanical force is
the main mechanism involved in the process. The secondary microbubbles gen-
erated during the collapse phase play a key role in deeper transportation. How-
ever, based on DSC results at higher irradiances level, plasma and shock forma-
tion can exceed the nanoparticles melting temperature and cause undesirable
damage. The LIFS demonstrated the fluorescence emission within the cavitation
bubbles after irradiation, which confirms the possibility of laser-induced trans-
port of drug nanoparticles. In our case, despite detection of fluorescence, the
brightness of argon laser was too strong and dominated the weak fluorescence
background. This work can be completed in future by investigating the subject at
thermoelastic region, fast time resolved-dynamic study, attenuated excitation

beam and drug release evaluation.
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