
Supplementary material 
Closed-loop trans-skull ultrasound hyperthermia leads to improved drug delivery from 
thermosensitive drugs and promotes changes in vascular transport dynamics in brain 
tumors  

Chulyong Kim1, Yutong Guo1, Anastasia Velalopoulou1,2, Johannes Leisen3, Anjan Motamarry4, 
Krishna Ramajayam5, Muna Aryal6, Dieter Haemmerich5, and Costas D. Arvanitis1,2* 

1School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, USA 
2Department of Biomedical Engineering, Georgia Institute of Technology and Emory University, 
Atlanta, GA, USA 
3Department of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, GA, USA 
4 Department of Dermatology, Massachusetts General Hospital, Harvard Medical School, Boston, 
MA, USA 
5Department of Pediatrics, Medical University of South Carolina, Charleston, SC, USA 
6Department of Radiology, Stanford University, Stanford, CA, USA 
 

 
Figure S1. Spectral imaging emission wavelengths of tissue autofluorescence and Doxorubicin. 
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Figure S2. Calculated plasma Dox concentration for numerical modeling 

 
Figure S3. Objective input functions vs. optimization fits. 
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Figure S4. In-vitro characterization of Dox release from TSL and uptake from GL216 cells. (A) 
Transient drug uptake behaviors of gl261 cells from 0 to 60 min. (B) Transient drug uptake 
behavior of gl261 in different temperature exposure conditions.  

 

Figure S5. Images of harvested brain tissues (target temperature was 41.5°C for 10 mins) 
indicating minimal tissue damage at the surface of the brain. 

 

 
Figure S6. Left: Temperature profiles of FUS experiment at 42.50C. Right: Harvested brain 
indicating extended hemorrhage. 
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Figure S7. (A) A mouse skull was CT-scanned with 50 µm voxel size. (B) CT image was 
incorporated into Comsol Multiphysics to create numerical model. The frequency range from 1 
MHz to 2 MHz were simulated and (C) Acoustic simulation revealed to have optimized 
frequency around 1.7 MHz (free field – top left vs. skull incorporated – bottom left (1.7 MHz). 
(1 MHz – top right, 2 MHz – bottom right) 

 

 

 

 
 

 
 



Table S1. Review on main publications on HSL-Dox. These data were used to extract mean values on dox delivery and improvement 
in survival. 

Tumor Drug Type 
/ Dosage 

Controller 
(Y/N) 

Exposure Measurem
ent 

Main Finding (fold increase / 
survival) 

Open Question Ref 

 FUS 
Mice / 

Human FaDu 
squamous 

cell 
carcinoma 

cells 

HSL-Dox 
10 mg/kg 

Yes FUS 
~42°C, 10 x 
30s bursts 

Intravital 
two photon 
microscopy 

(2PM) 

10 x 30s bursts show about half 
of interstitial drug 
concentration from 20min 
continuous sonication (~6 fold 
longer exposure time). 26.7-
fold drug delivery enhancement 
in animal tumor. 

The study does not 
quantify the effect 
of local 
hyperthermia in 
tumor 
environment. 

[1] 

Rat / 
Rhabdomyos

arcoma rat 
tumor 

 
HSL-Dox 
/ 5mg/kg 
(exp), 
2mg/kg 
(survival) 

MR 
thermometry 
monitoring 

FUS 
~41°C, 2 x 

15min  

Single-
photon 

emission 
CT 

(SPECT) / 
Fluorescen

ce 
microscopy 

For biodistribution of dox 90 
min after injection of the TSL 
more dox was delivered in the 
tumors. Control vs. 
hyperthermia resulted in 3.7-
fold increase (~1 vs. ~3.7 % 
ID/g). Heat + TSL treatment led 
to a decrease in tumor growth.   

Lack of 
quantification on 
cellular uptake and 
of the effect of 
local hyperthermia 
in tumor 
environment. 

[2] 

Rat / 13762 
MAT B III 

cells injected 
in the hind 
lib of rats 

NTSL, 
HSL, PTSL 
(sensitive 
to temp + 

pH) 

Yes FUS 
~40°C / 43°C, 

5min 

Microscop
y 

Admin. of PTSL+FUS led to 
the greatest reduction in tumor 
growth. 

The biodistribution 
of the drugs and the 
effect of local 
hyperthermia in 
tumor environment 
was not quantified.  

[3] 
 

Rabbit / 
Thigh muscle 

HSL-Dox, 
5mg/kg 

Yes FUS 
~42°C, 30min 

Fluorescen
ce 

microscopy 

~6 times higher Dox 
fluorescence averaged over a 5 
mm diameter. 

Detailed drug 
distribution and the 
effect of local 
hyperthermia in 
tumor environment 
was not shown. 

[4] 
 



Mice / 
Murine 

breast cancer  

Pegylated 
liposomal 

Dox (PLD) 
/ 5 mg/kg 

No FUS 
~42-43°C, 

10min 

Fluometry Dox concentration in tumor for 
PLD + FUS was 2.4-fold that of 
the PLD only group. PLD + 
hyperthermia markedly 
inhibited breast tumor growth 
in the brain. 

Drug and temp 
distribution along 
with and the effect 
of local 
hyperthermia in 
tumor environment 
was not quantified.  

[5] 

Rabbits / 
Thigh 

HSL-Dox / 
2.5 mg/kg 

Yes FUS 
~43°C, 20-

30min 

Fluometry 
(homogeni
zed tissue) 

Drug concentrations in heated 
regions were, on average 15.8 
times (8.3 vs. 0.5 ng/mg) higher 
than in the corresponding 
unheated regions of the 
contralateral thigh. 

Effects of 
temperature, 
heating duration, 
and thermal dose 
on drug deposition 
not shown. 

[6] 

 Different heating methods 
Mice / Human 

tumor (SKOV-3 
ovarian carcinoma) 

No 
therapeutic 

agent / 
Rhodamine 

labeled 
liposomes 

No HT chamber 
(fluid) 

Intravital 
microscopy 

For ~1h treatment the relative 
concentration of liposomes in 
the tumor were ~0, 0.46, 0.94, 
1.53 @ 34-39°C, 40°C, 41°C, 
42°C 

Unknown if these 
observations apply 
to brain tumors 

[7] 

Rats / Healthy Albumin – 
positive 

cells 
assessed 

No Pentobarbita
l by 

inhibiting 
brain 

metabolism 

Immunosta
ining 

@ temp (34.2-38.0°C), (34.2-
42.3°C), (38.0-42.5°C), 
albumin-positive cells increase 
to (1.90+/-0.74 vs. 8.50+/-2.22 
vs. 17.71+/-2.67) 

Unknown if these 
observations apply 
to brain tumors 

[8] 

Canines / Healthy 
Brain 

HSL-Dox/ 
0.94 mg/kg 

No RF 
generator 

high-
performanc

e liquid 
chromatogr

aphy, 
fluorescenc

e 
microscopy 

Dox delivery ranged from 0.11 
to 0.74 ug/g of brain tissue at 
the hyperthermia locations, 
with undetectable drug uptake 
in unheated tissue. No animals 
in the survival group 
demonstrated significant 
neurological deficits. 

Unknown if these 
observations apply 
to brain tumors 

[9]  



Mice / human 
squamouse cell 

carcinoma 

HSL-Dox/            
5 mg/kg 

No Water bath 
(leg) 

 Growth time (x5 of initial 
tumor size) = 19.8 (control – 
saline) vs. 51.4 (LTSL @ 42°C) 

Drug 
biodistribution and 
uptake not 
quantified 

[10] 

Rodent / 
Subcutaneous rat 

R1 
rhabdomyosarcoma 

HSL-Dox 
/ 4 mg/kg 

No Water Bath Fibered 
confocal 

fluorescenc
e 

microscopy 

Reported cell uptake rates (1/k) 
of 3 minutes (n = 241 cells) and 
a released-DOX penetration in 
the range of 2500 μm2·s−1 in 
the tumor extravascular 
space. 

Unknown if these 
observations apply 
to brain tumors. 

[11] 

Mice / Pancreatic 
subcutaneous 

tumors 

GNRs 
(stealth 

gold 
nanorods) 

No Pulsed laser 
irradiation 

Evans blue 
dye / 

fluorescent 
dextran dye 

Blood perfusion increases with 
rising temperature and peaks at 
a 11-fold increase relative to 
baseline. The treatment 
increased vascular permeability 
within 24 h after treatment, 
allowing enhanced transport of 
macromolecules up to 54 nm in 
size. Dye extravasation over the 
unheated control (2-fold 
increase at 1 h and 2.5-fold 
increase at 3 h) 

Unknown if these 
observations apply 
to brain tumors. 

[12] 

Mice / Murine B16 
melanoma, BFS-1 
sarcoma, Lewis 

Lung Carcinoma, 
Human BLM 

melanoma 

HSL-Dox/         
6 µmol 

lipid 

No Heating coil 
attached to 

dorsal 
window 
chamber 

Intravital 
fluorescenc

e 
microscopy 

 

Liposomes intensity increased 
in the EES over time up to 1h at 
41°C in all tumor models. 
Increased exposure caused 
increased extravasation. The 
extravasation is noticed in EES 
up to 27.5 µm from the vessel. 
Increased permeability is 
effective for up to 8 hr. 

Unknown if these 
observations apply 
to brain tumors. 

[13] 



Mice / Murine 
BFS-1 sarcoma, 

human BLM 
melanoma 

 
HSL-Dox/ 

7mg/kg 

No Heating coil 
attached to 

dorsal 
window 
chamber 

 
Intravital 

fluorescenc
e 

microscopy 

TSL + HT (42°C) showed 
intravascular Dox release with 
peak Dox concentration 
(penetration) observed at 50 
min of heating. Dox intensity 
increased to more than 8-fold 
compared to initial during 
heating period of 40 min. TSL 
+ HT had tumor growth delay 
of ~16 days.  

Unknown if these 
observations apply 
to brain tumors 

[14] 
 

Mice / 
subcutaneous 

tumors 

HSL-Dox / 
5mg/kg 

No Custom HT 
probe 

(thermistor) 

In-vivo 
fluorescenc
e imaging / 

Liquid 
chromatogr

aphy 

Drug related fluorescence of 
heated tumors (~43°C) 
increased by 4.6-fold (15min 
HT), 9.3-fold (30min HT), and 
13.2-fold (60min HT). Tumor 
drug concentrations were 4.2 
ug/g (no HT), 7.1 ug/g (15min), 
14.1 ug/g (30min HT), 21.4 
ug/g (60min HT). 

What is the cellular 
uptake of the drug? 
Unknown if these 
observations apply 
to brain tumors. 
 
 

[15] 
 
 
 
 



Table S2: PBPK Model Parameters 

Symbol Description Value Reference 
Vrbc RBC velocity in tumor vessels 0.12 mm/s [16] 
PV Vascular pressure 5 mmHg [17] 
PI Interstitial pressure 1 mmHg - 
μ Blood viscocity 0.004 Pa*s [17],[18],[19] 
εi Interstitium porosity 0.4 [19–22] 
εv Vessel wall porosity 0.5 - 
K Hydraulic conductivity 4x10-8 cm2/(mmHg*s) [23] 
d Vessel wall thickness 5 μm [17] 

Dv Vessel effective diffusion coefficient 1.25 μm2/sec [18,24] 
Di Interstitium effective diffusion coefficient (free dox) 40 μm2/sec [18,19,25] 
Db Diffusion coefficient in blood 1x105 μm2/sec [26] 
V Rate of transmembrane transport 42.9 nM/s 

[18,19,27] Vb Rate of drug binding to nucleus 0.0016 1/s 
Ke Michaelis-Menten kinetics constants 403 nM 
Ki 63 μM 

BW Body weight for mice 20 g Assumed 
Vtot Total blood volume in body 1.17 ml  

D Total dose of encapsulated Dox injected 0.14mg Calculated 
Hct Hematocrit 0.45 [28] 
𝑉𝑉𝑝𝑝𝐵𝐵  Volume of systemic plasma - Vtot*(1-Hct) 

Ke_dox Dox clearance constant 2.1e-3 s-1 [29] Ke_hsl Rate constant of HSL clearance 2.228e-4 s-1 
R_37 Release rate of Dox from HSL at 37°C Variable s-1 Calculated 

R_41.5 Release rate of Dox from HSL at 41.5°C Variable s-1 Calculated 
CBF_perf Brain CBF perfusion rate 1.07 ml/g/min [30] 
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