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Abstract: The blood brain barrier (BBB), a component of the brain’s natural defense system, 
is often a roadblock for the monitoring and treatment of neurological disorders. Recently, we 
introduced a technique to open the blood brain barrier through the use of laser-activated 
perfluorohexane nanodroplets (PFHnDs), a phase-change nanoagent that undergoes repeated 
vaporization and recondensation when excited by a pulsed laser. Laser-activated PFHnDs 
were shown to enable noninvasive and localized opening of the BBB, allowing extravasation 
of various sized agents into the brain tissue. In this current work, the laser-activated PFHnD-
induced BBB opening is further explored. In particular, laser fluence and the number of laser 
pulses used for the PFHnD-induced BBB opening are examined and evaluated both 
qualitatively and quantitatively to determine the effect of these parameters on BBB opening. 
The results of these studies show trends between increased laser fluence and an increased 
BBB opening as well as between an increased number of laser pulses and an increased BBB 
opening, however, with limitations on the extent of the BBB opening after a certain number 
of pulses. Overall, the results of these studies serve as a guideline to choosing suitable laser 
parameters for safe and effective BBB opening. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

A major challenge in the monitoring and treatment of various neurological diseases is the 
blood brain barrier (BBB) [1,2]. The BBB is a physiological barrier that prevents large 
molecules (>500 Da) in the vascular system from extravasating to the brain tissue [2,3]. Due 
to the selective nature of the BBB, delivery of contrast agents or therapeutics is greatly 
hindered, making it difficult to monitor and treat neurological diseases [1,2,4–6]. To 
overcome the BBB, various methods, such as surgical resection, device implantation, and 
chemical manipulation of the tissue are currently used [3,4]. However, there are inherent risks 
with these methods including invasiveness and widespread opening of the BBB, increasing 
the potential for infection and resulting in limited success for treating diseases such as brain 
cancers, Alzheimer’s, and Huntington’s [1,7]. Thus, the focus for monitoring and treatment of 
neurological diseases in the brain has shifted towards noninvasive measures, where BBB 
opening can be performed transiently, locally, and repeatedly [2,5]. 

One well-developed, noninvasive method of opening the BBB is microbubble-assisted 
focused ultrasound (FUS) [2,5,8]. This method relies on the interaction of a focused 
ultrasound field and oscillating microbubbles to stretch endothelial tight junctions and 
increase uptake through mechanotransduction pathways, allowing larger molecules to 
extravasate [2,9,10]. Microbubble-assisted FUS for BBB opening is a technique that has been 
evaluated for safety and efficacy [5,11–13]. FUS frequency, pulse duration, PRF, and 
pressure amplitude, as well as microbubble composition and dose have been examined to 
determine the optimal range of parameters [14–22]. Consequently, this technology is used in 
applications ranging from small animal studies to clinical trials [23,24]. 
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Recently, perfluorocarbon nanodroplets (PFCnDs), a descendant of microbubbles, have 
been investigated as a means to transiently open the BBB [25–27]. PFCnDs are a phase-
change nanoagent capable of changing from liquid nanodroplet to gas microbubble when 
activated via acoustic or electromagnetic energy [28–30]. PFCnDs are comprised of a shell, 
perfluorocarbon core, and an optical trigger when activated via an optical energy source [29]. 
Specifically, laser-activated PFCnDs rely on the interaction between a pulsed laser and an 
optical trigger within the droplet to induce the phase change from liquid to gas [29]. Because 
perfluorocarbon itself is not optically absorbing, a highly optically absorbing dye or 
nanoparticle is encapsulated within the PFCnD to enable PFCnD vaporization. Phase-change 
of the PFCnD occurs due to the localized heating and photoacoustic pressure wave that result 
from the optical trigger-laser interaction [29]. For laser-activated PFCnD induced BBB 
opening, we investigated perfluorohexane nanodroplets (PFHnDs) [27]. PFHnDs are 
attractive for use in BBB opening due to their ability to undergo repeated phase-change from 
liquid to gas [31–34], creating an oscillatory-like behavior and allowing laser-activated 
PFHnDs multiple opportunities to interact with the BBB and enable opening. 

In addition to enabling BBB opening, laser-activated PFCnDs are also capable of 
providing localized ultrasound (US) and photoacoustic (PA) image contrast [28,35–38]. The 
phase-change of PFCnDs from liquid nanodroplet to gas microbubble provides US contrast 
while the pulsed laser-optical trigger interaction that initiates the phase-change produces PA 
contrast. The unique US/PA image contrast provided by laser-activated PFCnDs allows for 
use in various in vivo applications from super resolution imaging to multiplexed imaging 
[32,33,37,39]. Further, PFCnDs are capable of carrying cargo within the droplet or on the 
shell, making them attractive as controlled release delivery vehicles [40]. Their nanometer 
size also makes PFCnDs capable of extravasation across barriers such as leaky vasculature 
within a tumor or an opened BBB [27,40–42]. As a result, the versatile nature of PFCnDs 
shows their potential to be utilized in a wide variety of applications including the central 
nervous system. 

To understand fully the capabilities of laser-activated PFCnDs in BBB opening and in 
neurological applications, it is necessary to study the effects of the laser parameters used to 
activate the PFCnDs. In these studies, we focus on two particular parameters, laser fluence 
and number of laser pulses used, with the results demonstrating how BBB opening can be 
controlled via laser-activated PFCnDs. 

2. Materials and methods 

2.1 Synthesis and characterization of IR-1048 laser-activated perfluorohexane 
nanodroplets (PFHnDs) 

IR-1048 perfluorohexane nanodroplets (PFHnDs) were synthesized using IR-1048 dye 
(Sigma-Aldrich), perfluorohexane (PFH, FluoroMed, L.P.), and a lipid shell composed of 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-
PEG(2000), 25 mg/mL, Avanti Polar Lipids, Inc.) and 1,2-distearoyl-sn-glycero-3-
phosphocholine (18:0 PC (DSPC), 25 mg/mL, Avanti Polar Lipids). To create the lipid shell, 
40 µL of DSPE-PEG(2000) and 8 µL of 18:0 PC (DSPC) were added to a 10 mL pear-shaped 
flask (Sigma-Aldrich). An IR-1048 dye solution was prepared in chloroform (1mg/mL), and 
200 µL was added to the flask. An additional 1 mL of chloroform was added to the flask to 
enable a smooth lipid cake. A rotary evaporator (Rotovapor, Büchi) was used at reduced 
pressure to remove the chloroform from the flask leaving an IR-1048 dye-coated lipid cake. 
The lipid cake was resuspended in 1 mL of PBS using a water bath sonicator (VWR, 180W). 
The solution was placed in a 7 mL scintillation vial, and 150 µL of PFH was added. The vial 
was vortexed for 10 seconds (Vortex Mixer, Fisher Scientific) and sonicated for five minutes 
in an ice-cold water bath (VWR, 180 W). The PFHnD solution was transferred to a 2 mL 
centrifuge tube and centrifuged for 60 seconds in a mini-centrifuge (Mini-Spin, Eppendorf) to 
remove excess PFH and IR-1048 dye. The supernatant was transferred to a new 2 mL 
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centrifuge tube, and the pellet was discarded. Prior to in vivo experiments, droplets were left 
under UV light for 30 minutes for sterilization. 

PFHnD size and zeta potential were measured in PBS (pH 7.4) using a dynamic light 
scattering instrument (Zetasizer Nano ZS, Malvern Instruments Ltd.). To generate the 
absorbance spectra of IR-1048 PFHnDs, a spectrophotometer was used to measure IR-1048 
PFHnDs and blank PFHnDs, i.e. PFHnDs synthesized as described above without dye. The 
blank PFHnD spectra was then subtracted from the IR-1048 PFHnD spectra. PFHnD 
concentration measurements were made using a NanoSight NS300 (Malvern Instruments 
Ltd.). 

2.2 In vivo laser-activated PFHnD induced blood brain barrier opening 

All animal studies were conducted under the protocol approved by the Institutional Animal 
Care and Use Committee at Georgia Institute of Technology. Animal studies were performed 
as described previously [27]. Briefly, an injection of sustained released buprenorphine (IP, 0.8 
mg/kg) was administered to each animal (Balb/c mouse, Jax), prior to anesthesia. Mice were 
anesthetized using a combination of isoflurane (2%, Henry Schein) and medical air (0.6 
L/min, Airgas). Mice were positioned in a stereotax in the prone position, on a heating pad 
(Stoelting Co). Hair from the scalp was removed through shaving and depilatory cream. 
Proparacaine (0.5%, Henry Schein) was applied to the eyes, and a retro-orbital injection of 50 
µL of 3% w/v sterile filtered Evans Blue (EB) (Sigma Aldrich) was administered with a co-
injection of 70 µL of IR-1048 PFHnDs (~108 droplets). To allow for irradiation of the right 
side of the brain, animals were positioned underneath an unfocused 1.5 mm core diameter 
optical fiber (0.39 NA, Thorlabs, Inc.). Irradiation was performed with a Vibrant laser (10 Hz, 
5-7 ns pulse length, Opotek Inc.) at a wavelength of 1064 nm. 

Six animal groups (n = 3 mice) were treated with a varying number of laser pulses and 
varying laser fluences. Three animal groups were exposed to a fluence of 56 mJ/cm2, with the 
number of laser pulses being 300, 600, or 1200 pulses. As the PRF of the laser used was 10 
Hz, the total laser irradiation time for these three groups was 30, 60, and 120 seconds, 
respectively. Two additional animal groups were exposed to 600 laser pulses and had laser 
fluences of 38 or 70 mJ/cm2. The sixth group of animals acted as a control group, with no 
laser irradiation or a co-injection. Other controls of co-injection only or laser irradiation only 
have been performed previously and showed no BBB opening effect, so the control here 
serves a baseline for the experimental groups [27]. After laser irradiation, mice were allowed 
to recover, with no gross behavioral damage observed. After four hours, animals were 
euthanized via an IP Euthatal injection (150 mg/kg) followed by perfusion with 1X PBS (pH 
6.8) and 4% paraformaldehyde (PFA). Heads were removed and post-fixed overnight in 4% 
PFA solution. After 24 hours, brains were excised, and whole brain photographs were taken. 

2.3 Ex vivo ultrasound and photoacoustic imaging 

Brains, excised and fixed, were placed on top of an 8% gelatin base in a container filled with 
degassed water. Samples were imaged using an ultrasound and photoacoustic (US/PA) 
imaging system (Vevo LAZR, FUJIFILM VisualSonics Inc.) with a 40 MHz ultrasound and 
photoacoustic imaging probe (LZ-550, FUJIFILM VisualSonics Inc.). The US/PA imaging 
system’s tunable Nd:YAG laser (20 Hz, 5-7 ns pulse length) was operated at a wavelength of 
1064 nm and a fluence of 12-14 mJ/cm2. Brains were imaged at an US/PA frame rate of 5 
frames per second. Coronal and sagittal 3D US/PA images were collected with a distance step 
size of 0.102 mm for a total of about 14 mm and 12 mm, respectively. US/PA imaging was 
performed for all six animal groups. 

2.4 Ultrasound and photoacoustic image processing 

Coronal ultrasound and photoacoustic image sets were processed in MATLAB (Mathworks, 
Inc.). US/PA images were thresholded to reduce noise and exported to generate 3D whole 

                                                                      Vol. 10, No. 7 | 1 Jul 2019 | BIOMEDICAL OPTICS EXPRESS 3141 



brain images using AMIRA (Thermo Scientific). Top view and corner cut images of the 
treated (right) side of the brain, viewed from behind the cerebellum, were captured using 
AMIRA. 

To determine the photoacoustic volume from IR-1048 dye for each brain, the 
photoacoustic data set for each coronal image was co-registered with its respective ultrasound 
data set, and any PA signal located outside of the co-registered US coronal section was 
removed. The treated (right side) PA signal area of each coronal section was determined 
based on the location of the PA signal within the image. Outliers from the location data set 
were removed as to eliminate any PA signal from the untreated (left) side of the brain that 
could have resulted from other sources, such as deoxygenated hemoglobin remaining within 
the vasculature post-perfusion. The area of PA signal was calculated by multiplying the total 
width and depth of the PA location data set in the image. After the area was calculated for 
each coronal image, volume was calculated by totaling the PA area for each brain and 
multiplying by the coronal image step size of 0.102 mm. 

2.5 Histology and immunohistochemistry 

After 3D US/PA imaging, brains were transferred to a solution of 30% sucrose and stored at 
4°C for five days. Brains were snap frozen, and 20 µm coronal sections were cut using a 
cryostat (Leica CM 1860, Leica Biosystems). For each brain, 48-60 sections were cut and 
analyzed, spanning a total region of 0.96-1.2 mm within the brain. Standard hematoxylin (Gill 
No. 2, Sigma-Aldrich) and eosin (VWR) (H&E) was performed. H&E pictomicrographs were 
captured using the bright field mode of a Zeiss AxioObserver Z1 Microscope. 
Immunohistochemistry (IHC) was also performed using a secondary antibody of goat anti-
mouse immunoglobulin G (H + L) tagged with Alexa Fluor 488 (Invitrogen) and 4',6-
diamidino-2-phenylindole (DAPI, Invitrogen). IHC pictomicrographs were captured with a 
Zeiss Laser Scanning Confocal Microscope 700. 

Zen lite software (Zeiss) was used to evaluate the fluorescence area of the IHC 
pictomicrographs of each animal. Fluorescence area was calculated using the profile view in 
the Zen lite software. Using a rectangular profile, IgG fluorescence signal was displayed 
across each coronal slice and thresholded to remove background noise. The area of IgG 
fluorescence was then calculated based on the location of above-threshold fluorescence. 

3. Results 

3.1 Characterization of IR-1048 laser-activated PFHnDs 

Lipid shelled, IR-1048 perfluorohexane nanodroplets (PFHnDs) were characterized by size, 
charge, and UV-VIS-NIR absorbance as shown below (Fig. 1). PFHnDs had an average 
diameter of 265 ± 64.7 nm and a charge of −5.2 ± 4.4 mV in PBS (pH 7.4) (Figs. 1(A) and 
1(B)). When activated, PFHnDs are expected to expand to 1.25 µm (5X their nanodroplet 
diameter), putting theses activated droplets in the size range of microbubbles used for FUS 
BBB opening [2,30]. Optical absorbance spectra measured for IR-1048 PFHnDs shows a 
peak optical absorption near 1064 nm, the wavelength used for laser-activation of PFHnDs 
(Fig. 1(C)). Irradiation at 1064 nm allows for increased light penetration in tissue, enabling 
activation of PFHnDs at increased depths [29,43]. Evans Blue (EB), the dye co-administered 
with PFHnDs in in vivo experiments to qualitatively and macroscopically evaluate BBB 
opening, has a peak optical absorption near 600 nm and minimal absorption at 1064 nm. As a 
result, EB will not interact with the 1064 nm laser light used for laser-activated PFHnD BBB 
opening and ex vivo imaging. 
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Fig. 1. Characterization of IR-1048 perfluorohexane nanodroplets (PFHnDs). (A) IR-1048 
PFHnD size distribution, 265 ± 64.7 nm. (B) Zeta potential of IR-1048 PFHnDs, −5.2 ± 4.4 
mV. (C) Normalized absorbance spectra of IR-1048 PFHnDs with a peak optical absorption 
near 1064 nm and Evans Blue dye with a peak optical absorption near 600 nm. Both IR-1048 
PFHnDs and Evans Blue are used for in vivo blood brain barrier opening experiments. 

3.2 Evans Blue extravasation and histological analysis of laser-activated PFHnD 
induced blood brain barrier opening 

Evans Blue extravasation and hematoxylin and eosin (H&E) staining was compared for each 
animal group based on the number of laser pulses used (Fig. 2). EB extravasation provides a 
macroscopic view of BBB opening, and H&E staining evaluates the tissue for damage, with 
red blood cells (RBCs) in the tissue indicating microhemorrhages [21]. For 0 laser pulses, i.e. 
no laser irradiation, no EB extravasation was visible nor was there any abnormalities in the 
stained tissue (Fig. 2(A)). At 300 laser pulses, EB extravasation is visible in the top-view 
photograph and coronal cross-section photograph, as indicated by the white, dashed oval, 
outlining the EB extravasation area (Fig. 2(B)). H&E staining shows no differences between 
the treated (right) and untreated (left) sides of the brain (Fig. 2(B)). When 600 laser pulses are 
used, EB extravasation is evident, and H&E staining shows some RBC extravasation, denoted 
by the bright red staining in the tissue slice (Fig. 2(C)). With 1200 laser pulses, EB 
extravasation is also apparent in both the top view and coronal cross-section images (Fig. 
2(D)). However, in this group, RBC extravasation was not found, and both treated (right) and 
untreated (left) tissue were the same (Fig. 2(D)). As the number of laser pulses increases from 
300 to 600, there is an increase in EB extravasation in both the top view and coronal cross-
section photographs (Figs. 2(B) and 2(C)). From 600 to 1200 laser pulses, there appears to be 
a similar EB extravasation footprint from the top view photographs, however, there is an 
increase in the area of EB extravasation in the coronal cross-section images from 600 to 1200 
laser pulses (Figs. 2(C) and 2(D)). 

Varying laser fluences were also evaluated for their effect on EB extravasation and H&E 
staining (Fig. 3). As was shown in with 0 laser pulses, a fluence of 0 mJ/cm2 (no laser 
irradiation) shows no EB extravasation or tissue abnormalities (Figs. 2(A) and 3(A)). When 
the laser fluence is increased to 38 mJ/cm2, EB extravasation is evident, in both the top view 
photograph and coronal cross-section photograph, where the EB extravasation of the coronal 
cross-section is outlined by a white, dashed oval (Fig. 3(B)). H&E staining shows no 
differences between the treated and untreated sides of the brain (Fig. 3(B)). In the case of 56 
mJ/cm2, EB extravasation is widespread on the treated side of the brain, and RBC 
extravasation on the treated side is seen in H&E staining (Figs. 2(C) and 3(C)). At 70 mJ/cm2, 
EB extravasation occurs, and the treated side of the brain shows RBC extravasation (Fig. 
3(D)). By increasing laser fluence, EB extravasation spread increases, and at higher fluences, 
RBC extravasation is present (Figs. 3(B) and 3(D)). 
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Fig. 2. Representative Evans Blue (EB) dye extravasation top view and cross-sectional 
photographs and hemotoxalyin & eosin (H&E) pictomicrographs for varying number of laser 
pulses. EB dye extravasation is outlined on the coronal cross-section with a white, dashed oval. 
H&E pictomicrographs are shown for both treated (right) and untreated (left) sides of the 
brain, with presence of red blood cells indicated by a white arrow and bright red staining 
within the tissue. Number of laser pulses includes (A) 0 laser pulses, (B) 300 laser pulses, (C) 
600 laser pulses, and (D) 1200 laser pulses. Note: Laser pulse in A and C use the same images 
as laser fluence Figs. 3(A) and 3(C), and experiments shown in B–D were performed at a laser 
fluence of 56 mJ/cm2. 

D. 70 mJ/cm²C. 56 mJ/cm²A. 0 mJ/cm² B. 38 mJ/cm²

3 mm

3 mm

100 µm

TreatedUntreated TreatedUntreated TreatedUntreated TreatedUntreated

 

Fig. 3. Representative Evans Blue (EB) dye extravasation top view and cross-sectional 
photographs and hemotoxalyin & eosin (H&E) pictomicrographs for varying laser fluences. 
EB dye extravasation is outlined on the coronal cross-section with a white, dashed oval. H&E 
pictomicrographs are shown for both treated (right) and untreated (left) sides of the brain, with 
presence of red blood cells indicated by a white arrow and bright red staining within the tissue. 
Laser fluences include (A) 0 mJ/cm2, (B) 38 mJ/cm2, (C) 56 mJ/cm2, and (D) 70 mJ/cm2. Note: 
Laser fluence A and C use the same images as laser pulse Figs. 2(A) and 2(C), and 
experiments shown in B–D were performed with 600 laser pulses. 

In addition to H&E staining, immunohistochemistry was performed to examine the 
extravasation of the secondary antibody mouse immunoglobulin G (IgG). Mouse IgG has a 
molecular weight of 150 kDa and will not extravasate unless the BBB is opened, as the 
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molecular weight limit for the BBB is 500 Da [3,44]. As can be seen with the whole brain, 
coronal section and magnified confocal pictomicrographs of the 0 laser pulses/ 0 mJ/cm2 (no 
laser) case, fluorescence from DAPI is present, but there is minimal fluorescence signal from 
IgG (Figs. 4(A) and 4(B)). Minimal fluorescence from IgG is seen in the untreated (left) side 
of the brain for all laser pulse and laser fluence variations (Figs. 4(A), 4(C), 4(E), 4(G), 4(I), 
and 4(K)). In the animal groups where irradiation occurs, IgG fluorescence is visible 
throughout the treated (right side) region (Figs. 4(D), 4(F), 4(H), 4(J), and 4(L)). When the 
number of laser pulses is varied, fluorescent intensity from 0 laser pulses to 600 laser pulses 
increases (Figs. 4(B), 4(F), amd 4(H)), but from 600 to 1200 laser pulses, the fluorescence 
signal does not seem to change (Figs. 4(H) and 4(J)). A similar trend is observed for 
increasing laser fluence where fluorescence increases on the treated side from 0 mJ/cm2 to 56 
mJ/cm2 and remains constant from 56 to 70 mJ/cm2 (Figs. 4(B), 4(D), 4(H), and 4(L)). 

Untreated (left) Treated (right) Untreated (left) Treated (right)

A

E

I

C

G

K

B D

F H

J L

0 pulses / 0 mJ/cm² 600 pulses / 56 mJ/cm²

300 / 56

0 / 0 0 / 0

300 / 56

1200 / 56 1200 / 56

600 / 56 

600 / 38 600 / 38

600 / 56

600 / 70 600 / 70

 

Fig. 4. Immunohistochemistry staining for secondary antibody IgG and DAPI. The coronal 
sections displayed are representative images of overall IgG (green) and DAPI (blue) 
fluorescence while the magnified images display the difference in IgG fluorescence between 
the untreated (left) and treated (right) sides. Magnified images are labeled as number of laser 
pulses/laser fluence (mJ/cm2). 

3.3 Ultrasound and photoacoustic analysis of IR-1048 dye extravasation 

Ex vivo ultrasound and photoacoustic (US/PA) imaging was performed, and 3D whole brain 
images were reconstructed to evaluate the volume of extravasated IR-1048 dye. This NIR 
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absorbing dye is contained within the PFHnDs; however, when laser-activated PFHnD BBB 
opening occurs, dye is able to extravasate across the BBB and produces a PA signal when 
imaged at its peak wavelength [27]. Reconstructed 3D US images are displayed in grayscale, 
and the reconstructed 3D PA signal is displayed using a hot colormap (Fig. 5). At 0 pulses (no 
laser), there is minimal, background PA signal present, but as the number of laser pulses 
increases from 300 to 1200 pulses, the volume of PA signal within the brain can be seen to 
increase in the treated (right side) of the brain. 

D. 1200 pulsesB. 300 pulses C. 600 pulsesA. 0 pulses

3 mm

3 mm
 

Fig. 5. Reconstructed 3D top view and right side, corner cut images of ultrasound (US, 
grayscale) and photoacoustic (PA, hot colormap) data for varying number of laser pulses: (A) 
0 pulses, (B) 300 pulses, (C) 600 pulses, and (D) 1200 pulses. Note: Laser pulse A and C use 
the same images as laser fluence Figs. 6(A) and 6(C), and experiments shown in B–D were 
performed with a laser fluence of 56 mJ/cm2. 

B. 38 mJ/cm² C. 56 mJ/cm²A. 0 mJ/cm² D. 70 mJ/cm²

3 mm

3 mm
 

Fig. 6. Reconstructed 3D top view and right side, corner cut images of ultrasound (US, 
grayscale) and photoacoustic (PA, hot colormap) data for varying laser fluences: (A) 0 mJ/cm2, 
(B) 38 mJ/cm2, (C) 56 mJ/cm2, and (D) 70 mJ/cm2. Note: Laser fluence A and C use the same 
images as laser pulse Figs. 5(A) and 5(C), and experiments shown in B–D were performed 
with 600 laser pulses. 

The trend in PA signal volume can also be examined as laser fluence is varied (Fig. 6). At 
0 mJ/cm2 (no laser), there is minimal signal, and as laser energy increases from 38 mJ/cm2 to 
70 mJ/cm2, the PA signal volume increases. Although the volume of PA signal at 70 mJ/cm2 
is increased, the overall PA signal intensity appears to be lower than the intensity at 56 
mJ/cm2 (Figs. 6(C) and 6(D)). 

                                                                      Vol. 10, No. 7 | 1 Jul 2019 | BIOMEDICAL OPTICS EXPRESS 3146 



3.4 Quantitative fluorescence and photoacoustic analysis 

Quantitative analysis of fluorescence signal from IgG and PA signal from IR-1048 dye was 
completed for the five animal groups where laser irradiation was performed (Fig. 7). The 
fluorescence area and PA volume were not calculated for the no laser (0 laser pulses, 0 
mJ/cm2) case, as there is no calculable fluorescence area or PA volume for this animal group. 
Examining the number of laser pulses from 300 to 600 pulses, there is an increase in 
fluorescence area (Fig. 7(A)). However, fluorescence area measurements from 600 to 1200 
pulses are similar in mean and median, potentially indicating a saturation point with regards 
to the area over which of IgG is delivered to the tissue as the number of laser pulses increases. 
When the laser fluence is increased, the fluorescence area also increases (Fig. 7(B)). With PA 
volume measurements, similar trends are seen (Figs. 7(C) and 7(D)). There is an increase in 
PA volume as the number laser pulses increases from 300 to 600 pulses, but there is not an 
increase when comparing 600 to 1200 laser pulses. As the laser fluence is increased from 38 
mJ/cm2 to 56 mJ/cm2 to 70 mJ/cm2, the PA volume increases. 

A B

DC

 

Fig. 7. Quantitative evaluation of fluorescence area and photoacoustic volume for the varying 
number of laser pulses and laser fluences used. (A) Fluorescence area vs. number of laser 
pulses for 300, 600, and 1200 pulses. (B) Fluorescence area vs. fluence for 38, 56, and 70 
mJ/cm2. (C) Photoacoustic volume vs. number of laser pulses for 300, 600, and 1200 laser 
pulses. (D) Photoacoustic volume for 38, 56, and 70 mJ/cm2. The circle marker indicates the 
mean value calculated for each animal group. The horizontal line identifies the median, and the 
vertical line marked with crossbars identifies the 95% confidence interval. 

4. Discussion 

Through the variation of a range of laser fluences and laser pulses, the extent of laser-
activated perfluorohexane nanodroplet (PFHnD) induced blood brain barrier (BBB) opening 
was controlled. BBB opening was evaluated through Evans Blue (EB) staining of the tissue, 
fluorescence produced by the secondary antibody IgG, and photoacoustic (PA) signal 
produced by IR-1048 dye (Figs. 2–6). Damage to the tissue indicated by RBC extravasation 
was also evaluated to determine which range of laser fluences and laser pulses was safe (Figs. 
2 and 3). Overall, it was seen that extent of BBB opening increased with increased laser 
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fluence (Figs. 7(B) and 7(D)). When the number of laser pulses was increased from 300 to 
600 pulses, there was an increase in fluorescence area and PA volume (Figs. 7(A) and 7(C)). 
However, the trend in BBB opening remained constant when the number of laser pulses was 
increased from 600 to 1200. The results of these studies show how BBB opening can be 
modulated through the choice of laser parameters used for activation of PFHnDs. 

The increased extent of BBB opening for increased laser fluence used is expected. Due to 
the optical properties of tissue, the ability of light to penetrate tissue and vaporize the droplets 
is in part dependent on the amount of laser fluence used [43]. Therefore, an increased laser 
fluence used in laser-activated PFHnD induced BBB opening can result in increased depth 
penetration, and this increased fluence will likely activate more PFHnDs, causing BBB 
opening in a larger volume within the tissue. This tissue-fluence interaction may also explain 
the trend seen when the number of laser pulses is increased. Although an increased number of 
pulses will allow for an increased number of PFHnD droplet phase-changes or oscillations, 
which may help to increase BBB opening, the laser fluence footprint is expected to be the 
same when the same fluence is used. As a result, there is likely to be a limit to the extent of 
BBB opening when the same fluence is used but the number of laser pulses is increased. 

Furthermore, it is important to note that there were some cases where red blood cell 
extravasation occurred. When 56 mJ/cm2 and 600 laser pulses were used, RBC extravasation 
was apparent in the tissue (Figs. 2(C) and 3(C)). In addition, at 70 mJ/cm2 and 600 laser 
pulses, RBC extravasation was visible (Fig. 3(D)). Thus, choosing lower fluences may be 
optimal to enable effective BBB opening without damage to the tissue. Interestingly, at 1200 
laser pulses and a fluence of 56 mJ/cm2, RBC extravasation was not seen (Fig. 2(D)). There 
are a few possibilities as to why 1200 pulses did not show damage, such as variation per 
animal or slight differences in the PFCnD size distribution synthesized for each set of 
experiments. However, the trends seen in Evans Blue extravasation, IgG fluorescence, and 
IR-1048 dye delivery show that these slight differences have not affected the outcome of 
BBB opening, suggesting that damage should be seen in the 1200 laser pulse group (Figs. 
2(D), 4(I), 4(J), and 5(D)). As a result, the upper limit or guideline for safe, laser-activated 
PFHnD induced BBB opening given these experiments should be the lowest laser fluence and 
laser pulse number to show RBC extravasation, which is 56 mJ/cm2 and 600 laser pulses. 

Other parameters can also be explored to optimize laser-activated PFCnD induced BBB 
opening. With regard to laser parameters, the laser pulse repetition frequency (PRF) could be 
modified. In these studies, a laser PRF of 10 Hz was used. A lower PRF would increase the 
time between phase-change events, potentially reducing the concentration of phase-changing 
PFHnDs within the laser irradiated volume which may help to reduce tissue damage seen at 
higher fluences. Laser irradiation wavelength could also be adjusted. The current wavelength 
of 1064 nm used was selected for increased depth penetration into tissue, but other NIR 
absorbing wavelengths could be used. Regardless, effectiveness and extent of BBB opening 
would be dependent upon the peak absorption wavelength of the optical trigger within 
PFCnDs, so wavelength used should coincide with the optical trigger. PFCnD parameters 
would also affect BBB opening [25,26], similar to how microbubbles affect BBB opening 
[14,17,18,22]. Parameters such as PFCnD size, concentration, perfluorocarbon core, and 
encapsulated optical trigger can also affect the safety and efficacy of laser-activated PFHnD 
induced BBB opening. Overall, these studies focused on laser fluence and laser pulses used 
and provide a guideline to how PFCnD BBB opening can be controlled through laser 
irradiation. Nevertheless, there is still space to improve upon laser-activated PFCnD BBB 
opening, primarily through exploration of PFCnD parameters. 

A fully optimized laser-activated PFCnD induced BBB opening would allow laser-
activated PFCnDs to act in multiple roles in the monitoring and treatment of neurological 
diseases. US/PA imaging of extravasated photoacoustic contrast in the brain in vivo has been 
established [45,46], and therefore PFCnDs could contribute to not only BBB opening but also 
US/PA contrast within the brain. Contrast provided via laser-activated PFCnDs could enable 
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monitoring of BBB opening as well as well as monitoring of the delivery of any cargo, 
therapeutic or diagnostic, contained within PFCnDs. In addition, laser-activated PFCnD 
induced BBB opening would allow for delivery of other PA contrast agents, possibly 
furthering the capabilities of longitudinal or multiplexed US/PA imaging within the brain. 
Altogether, laser-activated PFCnD induced BBB opening and the versatility of PFCnDs have 
the potential to play a significant role in US/PA imaging and therapy in the central nervous 
system. 

5. Conclusion 

The results of these studies show how laser-activated perfluorohexane nanodroplet (PFHnD) 
induced blood brain barrier (BBB) opening can be controlled by adjusting both laser fluence 
and the number of laser pulses used. An increased laser fluence increases the volume of BBB 
opening, as does increasing the number of pulses used. However, there appears to be a limit 
to the extent of BBB opening when increasing the number of laser pulses, as the difference in 
BBB opening after a certain number of pulses was minimal. Furthermore, at higher fluences 
and with increased laser pulses, red blood cell extravasation is visible. To enable safe and 
effective BBB opening, laser parameters must be appropriately chosen, and these studies 
provide guidelines toward optimized laser-activated PFHnD BBB opening. As a result, laser-
activated PFHnDs have the potential to safely and effectively deliver various sized agents 
across the BBB, enabling real-time monitoring and treatment of neurological diseases. 
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