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Abstract
The hydrophobicity and high potency of many therapeutic agents makes them difficult to use effectively in
clinical practice. This work focuses on conjugating phospholipid tails (2T) onto podophyllotoxin (P) and
its analogue (N) using a linker and characterizing the effects of their incorporation into lipid-based drug
delivery vehicles for triggered ultrasound delivery. Differential Scanning Calorimetry results show that
successfully synthesized lipophilic prodrugs, 2T-P (~28 % yield) and 2T-N(~26 % yield), incorporate
within the lipid membranes of liposomes. As a result of this, increased stability and incorporation are
observed in 2T-P and 2T-N in comparison to the parent compounds P and N. Molecular dynamic
simulation results support that prodrugs remain within the lipid membrane over a relevant range of
concentrations. 2T-N’s (IC50: 20 nM) biological activity was retained in HeLa cells (cervical cancer),
whereas 2T-P’s (IC50: ~4 µM) suffered, presumably due to steric hindrance. Proof-of-concept studies
using ultrasound in vitro microbubble and nanodroplet delivery vehicles establish that these prodrugs are
capable of localized drug delivery. This study provides useful information about the synthesis of double
tail analogues of insoluble chemotherapeutic agents to facilitate incorporation into drug delivery vehicles.
The phospholipid attachment strategy presented here could be applied to other well suited drugs such as
gemcitabine, commonly known for its treatment of pancreatic cancer.
Key words: prodrug-loaded liposomes, podophyllotoxin, microbubbles, ultrasound, lipid, targeted drug
delivery

Introduction
Delivering chemotherapy to irresectable tumors,
such as pancreatic ductal adenocarcinoma or
glioblastoma, has so far proved difficult due to
physical
barriers
preventing
systemically
administered drugs from reaching target tissue [1,
2]. It may be possible to efficiently supply an effective
dose to target tissues with ultrasound, while
minimizing the total administered dose, by utilizing a
combination of ultrasound contrast agents and
therapeutic
agents.
By
incorporating
a
chemotherapeutic drug directly into ultrasonically
activatable and detectable particles, there is potential

for simultaneous monitoring and treatment of
vascular tumors with one systemically injected agent.
Currently, there are significant challenges associated
with limited drug loading and premature release of
therapeutics carried within lipid-based carriers, such
as liposomes, microbubbles, and nanodroplets [3-8].
Drug anchoring strategies aim to overcome this
challenge by conjugating highly toxic, hydrophobic
compounds to lipophilic moieties for insertion into
the lipid-based carriers’ membranes [9-11]. Building
upon this general anchoring concept, our lipid
prodrug strategy could be applied to lipid-based
http://www.ntno.org
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carriers to increase drug payload, prevent drug
leakage, and employ ultrasound technologies to
trigger local delivery.
Gas-filled lipid microbubbles are used as
ultrasound contrast agents for imaging the vascularity
and perfusion in tumors to monitor treatment [4, 12].
However, these agents are not therapeutic. Loading
therapeutic compounds into microbubbles has been
investigated as a method of particulate drug and gene
delivery (for example using targeting ligands or
chemical or biological triggers specific to tumor
environments [10, 13]) and takes advantage of the
non-invasive spatial targeting that ultrasound
provides. Advances in focused ultrasound, such as
ablative high intensity focused ultrasound (HIFU),
highlight the non-invasive and extracorporeal nature
of therapeutic ultrasound with and without microbubbles [14-16]. At lower intensities, ultrasound can
induce sonoporation, where cell membrane permeability is temporarily and locally increased, allowing
otherwise impermeable agents to enter cells [3, 17-20].
A recent clinical study using ultrasound sonoporation
demonstrates the feasibility and safety of
microbubble-based approaches [11]. In order to take
advantage of these strategies, it is necessary to tether a
large number of potent molecules to a lipid particle in
a way that prevents premature release, yet does not
prevent the drug from having a therapeutic effect.
Liposomes cannot typically be visualized using
ultrasound and are primarily utilized as drug delivery
vehicles. Liposomes can encapsulate various types of
drugs (both hydrophilic and hydrophobic) within an
aqueous core or within the outer membrane.
Liposome-based drug delivery vehicles can deliver
chemotherapeutic drugs, such as Irinotecan (treats
pancreatic cancer, overall 5-year survival of <3%) [21,
22]. Unfortunately, the encapsulated drugs have been
shown to affect the membrane packing and release
kinetics of the liposomes, which results in loading
limitations and leaky molecules. In studies of Doxil®
(doxorubicin-loaded liposomes used for chemotherapeutic applications), insufficient Doxorubicin-entrapment in the bilayer resulted in early release, hindering
the targeted delivery objective [23, 24]. Drug-loaded
liposomes could be attached to microbubbles and
targeted drug release could be accomplished by
ultrasound-induced sonoporation; unfortunately, in
early models, loading limitations were still present
and extensive preparation protocols deemed these
formulations clinically unfavorable [25-30]. In another
approach to improving lipid delivery vehicles,
compounds such as Mitomycin-C have been modified
with a single PEGylated chain designed to intercalate
in the lipid layer as a lipid component. Similarly,
cytarabine’s conjugation to a lauric acid moiety was
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shown to increase bioavailability by increasing
liposomal stability in the presence of plasma [10, 11,
31].
This approach – synthesizing prodrugs that can
effectively incorporate into lipid membranes – shows
promise as the next step in the design of more
effective liposomal drug-delivery agents. Prodrug
anchoring allows a drug molecule to take advantage
of existing particulate drug strategies: the potent
parent compound is released after intracellular
uptake and enzymatic cleavage. Mitomycin-C and
doxorubicin (docosahexaenoic acid-DOX conjugates)
have each successfully been synthesized into lipid
drug conjugates via dithiobenzyl or hydrazine linkers
[26, 32, 33]. These ‘single-tailed’ lipophilic lipid drug
conjugates have enhanced pharmacokinetics and
improved solubility but display low incorporation
within lipid-based carriers. Phospholipid-linked or
‘two-tailed’ prodrugs are generally coupled at the
phosphate group or glycerol backbone, aiding in
overcoming transport resistant barriers and reducing
efflux [26]. In this study, we test a phospholipid
anchoring strategy that utilizes a linker to tether the
drug to the phospholipid, allowing more options for
the drug to be spatially located and oriented, while
remaining covalently associated with a lipid vehicle.
This approach minimizes packing defects, increases
incorporation efficiency, and reduces the requirement
for purification steps after self-assembly, and can be
applied to create a broad range of lipid-based particle
types: microbubbles, liposomes, and nanodroplets.
We synthesized lipid prodrugs (2T-P and 2T-N)
of podophyllotoxin (P) and its analogue 7-(3,5Dibromophenyl)-2-hydroxy-7,11-dihydrobenzo[h]-fu
ro[3,4-b]quinolin-8(10H)-one (N) for incorporation
into lipid carriers, Figure 1. P and N were chosen due
to their hydrophobicity and potent anticancer
properties in addition to both inhibit tubulin
polymerization, which has been shown to induce
apoptosis by inhibiting the microtubule dynamics
required for cell division and DNA segregation [34].
By anchoring drugs with functionalized phospholipids to a particle, we explore the ability to overcome
loading, retention, and purification challenges [35,
36]. The lipid prodrugs 2T-P and 2T-N self-assemble
into lipid-based particles and require relatively little
purification. These drugs can then take advantage of
targeting strategies developed for various lipid drug
delivery vehicles including active, passive, stealth,
and ultrasound triggered release [37]. We incorporated these prodrugs into liposomes, microbubbles,
and nanodroplets to experimentally investigate their
efficacy; to complement our experimental results we
carried out atomistic molecular dynamics simulations
of lipid bilayers incorporating the prodrugs.
http://www.ntno.org
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Figure 1. Overview of experimental pathway for synthesized prodrug to in vitro localized delivery. (A) Anticancer prodrugs were synthesized for incorporation into lipid
delivery vehicles. (B,C) Characterization studies were performed primarily using liposomes then completed with (D,E) microbubbles and nanodroplets for targeted drug
delivery with ultrasound. Transmission electron and light microscopy images verify the size and morphology of 20 mol% 2T-N loaded (B) liposomes and (D) microbubbles.

Materials and Methods
Chemicals and Materials
3- aminopyrazole, 4- dimethylaminopyridine
(DMAP), 5- bromovanillin, dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), ethanol (EtOH),
methanol (MeOH), methylene chloride (CH2Cl2), MTT
reagent, phosphate buffered saline (PBS), podophyllotoxin (P), tetronic acid, and triethylamine
(Et3N) were purchased from Sigma-Aldrich or Fisher
Scientific (Milwaukee, WI/Fairlawn,NJ). Chloroform
solutions of 1,2-dipalmitoyl-sn-glycero-3-phophate
(monosodium salt) (DPPA); 1,2-dipalmitoly-snglycero-3-phosphocholine (DPPC); 1,2-distearoyl-snglycerol-3-phosphoethanolamin-N-[methoxy(polyeth
ylene glycol) -2000] ammonium salt (DSPE-PEG2000);
and
1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-(polyethyleneglycol)-5000) (ammonium salt)
(DSPE-PEG5000) were purchased from Avanti Polar
Lipids (Alabaster, AL). COATSOME® FE-6060GL
(DPPE-Glu) was purchased from NOF America
Corporation.

Synthetic methods for parent compounds and
prodrugs
N was synthesized following the procedure
presented in Magedov 2011[34]. The parent
compound (0.24 mmol, 1 eq.), DCC (0.73 mmol, 3 eq.),
DPPE-Glu (0.24 mmol, 1 eq.) and DMAP (0.048 mmol,
0.4 eq.) were combined in a 10 mL flask. 5.5 mL of dry
THF was added under nitrogen. The coupling

reaction ran at room temperature for 24 hours. Thin
layer chromatography (TLC) (precoated silica gel
60F254 glass-backed plates, 250 mm) was used to
monitor the reactions and guide all flash column
chromatography (Kiesel gel 60, 230-400 mesh). 1H and
13C NMR were recorded on Jeol Eclipse 300 or Bruker
Avance III 400 spectrometers. HRMS analyses were
performed at the mass spectrometry facilities of the
University of New Mexico and Montana University.
Samples were run on an LCT Premier TOF mass
spectrometer.

Liposome preparation
Control and prodrug-loaded lipid ﬁlms were
prepared with chloroform solutions of 1,2-dipalmitoyl- sn- glycero-3-phosphocholine (DPPC) and
1,2-distearoyl -sn- glycero -3- phosphoethanolamine
-N- (methoxy (polyethyleneglycol) 2000) ammonium
salt (DSPE-PEG2000) mixed with the prodrug solution
in chloroform at the desired lipid ratio [DPPC:
DSPE-PEG2000: prodrug or drug]. The lipid mixture
was then dried under nitrogen gas and further under
vacuum at 50 ◦C for 2 h. The prodrug enriched lipid
ﬁlms were resuspended in 1 mL aliquots of 1X
phosphate buffer saline (PBS) solution via sonication
bath for 30 min at 50 ◦C, resulting in a 1 mg/mL
liposome suspension.

Differential scanning calorimetry
Prodrug-loaded
liposome
samples
were
prepared at 20 mg/mL in deionized water for each
http://www.ntno.org
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compound with increasing prodrug concentrations
without extrusion. Deionized water was used as the
calibration standard. 10 µL from each liposome
suspension were transferred and sealed in an
aluminum DSC pan then measurements began at
room temperature then heated from 15 °C to 55 °C at 5
°C/min. All liposome suspensions used for DSC
analysis were prepared in deionized water, instead of
sodium buffer, to prevent undesired interactions;
moreover, the samples were not extruded. A Q2000
differential scanning calorimeter (Thermal Analysis
Instruments, New Castle, DE) and TA Universal
Analysis 2000 software were used to obtain
measurements.

Incorporation efficiency measurements
Parent compound and prodrug concentrations
in liposomes were determined by UV-Vis
spectrophotometry in triplicates (Absorption peaks at
2T-P: 292 nm; 2T-N: 285 nm). Prodrug-loaded
liposomes were prepared at varying concentrations,
where DPPC and DSPE-PEG2000 amounts remained
fixed and prodrug amount varied from 0-50 mol%.
Each sample was extruded through a 200 nm pore
membrane for a total of 11 passes. Pre and post
extrusion liposomes were ruptured by dissolution in
DMSO (liposome suspension/DMSO, 1:9, v/v).
Samples were analyzed in a quartz cuvette. The
following parameters were used: scan speed: 120
nm/min; bandwidth: 2 nm; integration time: 0.15 sec;
data interval: 0.30 nm; start wavelength: 500 nm; end
wavelength: 190 nm.

Liposomal particle size distribution and
stability assay
Liposomal size distribution was determined
with dynamic light scattering (DLS) using a Zetasizer
Nano ZS90 (Malvern Instruments Ltd., Worcestershire, UK) equipped with the Zetasizer software.
Measurements were taken with disposable
polystyrene sizing cuvettes containing the liposome
suspensions. Reported DLS measurements are
averages of 3 individually prepared liposome
samples.

Cell culture
HeLa (human cervical cancer, ATCC S3) were
cultured in DMEM (Invitrogen) supplemented with
10% FBS, 100 mg/L penicillin G, and 100 mg/L
streptomycin. MCF-7 (human mammary carcinoma,
ATCC HTB 22) cells were cultured in DMEM
supplemented with 1.0 mM sodium pyruvate, 1%
GlutaMax-1 (Invitrogen), 100 μg/mL penicillin, 100
μg/mL streptomycin, and 10% FBS. The cells were
incubated at 37 ˚C in a humidified atmosphere with
5% CO2. MCF10A (human mammary epithelial,
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ATCC CRL10317) cells were cultured in RPMI
(Invitrogen) supplemented with 5% FBS (Invitrogen),
epidermal growth factor (20 ng/mL, QED Bioscience
Inc.), hydrocortisone (0.5 μg/mL, Sigma), cholera
toxin (100 ng/mL, Sigma), insulin (10 μg/mL, Sigma),
and PenStrep (Invitrogen).

Enzymatic assay
Enzymatic cleavage was qualitatively measured
using a Shimadzu RF-5301pc Spectrofluorophotometer. Porcine liver esterase was diluted in 1X PBS
from a concentrated stock solution to 1.2x10-7 M and
stored at -20 ℃. At time zero, 100 μL of empty or
prodrug-loaded liposomes were placed in a 100 μL
cuvette and 5 μL of esterase was added. The solution
was immediately measured in a Shimadzu RF-5301pc
spectrofluorophotometer. The sample was measured
again at 60 minutes. The following parameters were
used: medium scanning speed, 2 second response
time, 1 nm sampling interval, 3 nm excitation slit
width, 20 nm emission slit width, high sensitivity, an
excitation wavelength of 250 nm, and an emission
range of 280 nm – 600 nm.

In vitro cytotoxicity of prodrug-loaded
liposomes
Cells were seeded at 4,000 cells/well (HeLa,
MCF-7, MCF10A) in 96-well plates and incubated for
24 hours at 37 oC and 5% CO2 to ensure cell adhesion.
Following incubation, the media was replaced and the
cells were divided in parallel into 2 treatment groups:
prodrug-loaded liposomes and parent compound.
The cells were treated with a two-fold dilution series
of prodrug-loaded liposomes, beginning at either 2
vol% of the prodrug-loaded liposome suspension
(prodrug/lipid, 20 mol%) or 1 µM of the parent
compound. The prodrug-loaded liposome controls
were as follows: negative controls (no treatment,
empty liposomes (without drug, 2 vol%) and a
positive control (phenylarsine oxide (PAO)). The
parent compound groups controls were as follows:
negative controls (no treatment, DMSO) and a
positive control (PAO). After 48 hours of incubation,
20 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT, 5 mg/mL) was added to
each well then incubated for 2 hours. Subsequently,
100 µL of DMSO replaced the media to dissolve the
formazan crystals formed. Absorbance at 595 nm was
measured via a ThermoMAX microplate reader. The
experiments were performed in quadruplicate and
repeated twice.

Liposomal cellular uptake assay
MCF-7 and MCF-10A cells seeded in 6-well
plates at 300,00 cells/well were incubated with 0, 5, or
http://www.ntno.org
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20 mol% 2T-N and DiO (a fluorescent lipid dye)
loaded liposomes at various concentrations for 24 h.
After cellular uptake, cells were incubated with
HoechstⓇ 33258 for 20 minutes then washed 3 times
with 1X PBS to remove excess liposomes and dye. The
intracellular fluorescence was observed using a Nikon
Eclipse LV100 fluorescence microscope equipped
with a Hamamatsu ORCA-RF camera. Image
enhancing: Images were adjusted using ImageJ to
improve visualization of assay results. A flat field
correction was performed on bright field images to
correct for pre-existing artifacts. Image brightness and
contrast were equally enhanced for the purpose of
display and publication.

Transmission electron microscopy
Tetramethylorthosilicate (TMOS) was deposited
for 15 min onto a 20 mol% 2T-N liposome sample
creating silica coated vehicles using the SolGenerating Chemical Vapor into Liquid deposition
method discussed in Johnston 2017 [38]. A drop of
silica-coated liposomes was absorbed onto a holey
carbon coated 200-mesh copper grid and excess was
removed using filter paper. After the samples dried at
room temperatures liposomes were imaged using a
transmission electron microscopy (model JEOL 2010F;
University of New Mexico, Albuquerque, NM).

Microbubble preparation
Microbubble prodrug-loaded lipid films were
produced via premixed lipid chloroform solutions of
1,2-dipalmitoly
-snglycero-3-phosphocholine
(DPPC); 1,2-dipalmitoyl -sn- glycero -3-phophate
(monosodium salt) (DPPA); 1,2-distearoyl -snglycero-3-phosphoethanolamine
-N-(polyethylene
glycol) -5000) (ammonium salt) (DSPE-PEG5000)
mixed with the prodrug solution in chloroform at the
desired lipid ratio [DPPC: DSPE-PEG5000: prodrug].
The lipid mixture was then dried under nitrogen gas
and further under vacuum at 50 ◦C for 2 h. The
prodrug-enriched lipid film was resuspended in 1.5
mL aliquots of (80 vol% 0.1 M Tris, 10 vol% glycerin,
10 vol% propylene glycol) Tris buffer via sonication
bath for 30 min at 50 ◦C resulting in a 3 mg/mL of Tris
buffer creating a liposome suspension. Post sealing,
each vial was purged with 10mL of sulfur
hexafluoride (SF6). A Vialmix (mechanical shaker)
was used to shake the vials for 45 seconds to form
microbubbles from the liposome suspension [3].

Nanodroplet preparation
Preformed
microbubbles
[DSPC:
DSPEPEG2000] with perfluorobutane were used to generate
nanodroplets following the procedure presented in
Dayton 2011 [8]. The microbubble containing vial was
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submerged in a 5 oC CO2/isopropanol bath and
vented with a 27 G needle then pressurized with
approximately 30 mL of air (from room).

Localized delivery to adherent cells with
ultrasound
Microbubbles generated with 0 mol% and 20
mol% prodrug concentrations were purified by
centrifugation at 0.3 rcf for 10 mins, separating the
supernatant
(microbubbles)
and
infranatent
(liposomes). The supernatant was incubated in
culture media with serum for 12 hrs, then centrifuged
again. HeLa cells were seeded at 120,000 cells per well
onto thermanox coverslips in 6-well plates. Once
confluent cells were observed, coverslips were setup
into the cell-plate chamber in contact with 2 μL
microbubbles: 3 mL media. Chambers were then
sealed with another thermanox coverslip, placed in
the ultrasound chamber. and exposed to 18 pulses of
ultrasound. They were immediately introduced to 3
washes of media to remove excess microbubbles [39,
40]. After 20 hours of incubation, cell plates were
imaged in bright field using a Nikon Eclipse LV100
fluorescence microscope equipped with Hamamatsu
ORCA-RF camera and Nikon Plan Fluor objective
lens. Images were cropped and brightness/contrast
was equally enhanced for the purpose of display and
publication. Controls were no treatment and inverted
cell-plates to facilitate contact with 0 mol% and 20
mol% prodrug-loaded microbubbles following the
protocol above, except without ultrasound exposure.

Simulation model preparation
The linker and prodrug moieties and the drug
molecules were modeled using atom types from the
Lipid14 force field, where available, and otherwise
from the General Amber Force Field (GAFF) [41, 42].
Partial point charges were calculated using the
restrained electrostatic potential (RESP) method [43]
with the Hartree-Fock 6-31G* basis set. Gaussian 09
software was used for the charge calculations, with
preparatory assistance from the R.E.D. Server and
R.E.D. III software [44, 45]. For the prodrugs and
linker, a fixed-charge “capping” strategy was
developed based on the Lipid11 modular framework
approach [46]. A “head cap” was attached to each
prodrug moiety during the charge fitting and later
removed. The linker moiety was charge-fitted with a
“tail cap” on the end to be joined to the prodrug and a
“head cap” on each end to be joined to the fatty acyl
tails; all caps were removed after charge-fitting. Each
prodrug was joined to a linker moiety using the
AmberTools preparatory program LEaP [47], and the
resulting prodrug-linker construct was treated as a
“residue” for further simulation system construction.
http://www.ntno.org
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Hydrated lipid bilayer systems were prepared
using the CHARMM-GUI membrane builder,
followed by the introduction of drug or prodrug
molecules through targeted molecular substitution
[48]. Table 1, provides the detailed molecular
composition of each simulation system. Every system
used
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) as the base lipid and included approximately
35 TIP3P water molecules [49] per lipid—or 50 water
molecules for the systems incorporating 2T-prodrug.
K+ ions were used to neutralize the net negative
charge of the 2T-prodrug molecules and were added
to the aqueous layer by replacing water molecules. In
all systems, the number of K+ counter ions equaled the
number of 2T-prodrug molecules (if any).
Table 1. Physical data calculated from simulations
System

#
DPPC a
DPPC simulation 128
experiment e
—
2 mol% P
126
N
10 mol% P
116
N
20 mol% P
102
N
2 mol% 2T– P
126
2T– N
20 mol% 2T– P
102
2T– N
45 mol% 2T– P
70
2T– N
60 mol% 2T– P
52
2T– N

#
compound a
—
—
2
12
26
2
26
58
76

Order
parameter b
0.202
0.198
0.202
0.205
0.214
0.233
0.215
0.253
0.200
0.200
0.216
0.228
0.212
0.228
0.196
0.196

Area per
lipid (Å2) c
62
63 ± 1
62
62
59
57
56
53
63
63
66
64
65
64
69
70

Polar
contacts d
125 (98%)
—
121 (96%)
123 (98%)
105 (91%)
111 (96%)
81 (79%)
87 (85%)
123 (96%)
123 (96%)
115 (90%)
120 (94%)
116 (91%)
113 (88%)
101 (79%)
99 (77%)

Shading indicates unphysical systems—i.e., incorporation levels inaccessible in the
laboratory. Substantial changes in bold type.
a Number of molecules of DPPC, P, N, 2T-P, or 2T-N, divided evenly between the
two bilayer leaflets. b “Plateau value” of the deuterium order parameter, <S>,
where S = |½<3cos2θ – 1>|, in the highest order lipid tail region, i.e., averaged over
carbons 4-8 [85]. Standard deviation ~0.006. c Area per lipid—counting prodrugs
(but not parent compounds) in the “lipid” total. Standard deviation for simulations
~2 Å2. d Time-averaged number of ion-ion and ion-dipole interactions among
headgroups and prodrug linker moieties, not distinguished. Percentage of total
possible contacts given in parentheses. e Order parameter plateau value [86]; area
per lipid [87].

Simulation details
CUDA-enabled
Amber
14
biomolecular
simulation software was used to conduct all-atom,
tensionless molecular dynamics simulations [47, 50].
Every system was simulated in duplicate, giving two
independent trajectories, each with 150 ns of
production (the portion used for analysis). For the 2
mol% drug and prodrug systems, all production runs
were extended to 300 ns, to facilitate ample sampling
of the potential energy landscape. For all systems, the
temperature was held constant at 323 K
(50°C)—above the phase transition temperature for
DPPC—using Langevin temperature control with a
collision frequency of 1.0 ps−1. The pressure was

maintained at 1.0 bar, using the Berendsen barostat
[51]. The SHAKE algorithm was used to constrain
bonds to hydrogen, with a tolerance of 10-7 Å, and the
simulation timestep was set to 1.0 fs. Particle mesh
Ewald was used to calculate nonbonding interactions
[52], with a cutoff distance of 10 Å. Translational
center-of-mass motion was removed every 2 ps, and
coordinate wrapping was turned on.
Atomic positional histograms were calculated at
1-Å intervals along the bilayer normal (z-axis) using
the AmberTools program CPPTRAJ [53]. The
locations of the atoms used to generate the histograms
are indicated with arrows in Figure S9. For plotting,
the histograms were averaged across the duplicate
trajectories for each system. Carbon-wise lipid tail
order parameters, S, were calculated with CPPTRAJ.
The order parameters for carbons 4–8 were averaged
to generate a “plateau” value, 〈S〉, for ready
comparison across simulation systems. Common
rules of error propagation were applied to estimate
standard deviations for the 〈S〉 values, based on the
standard deviations reported by CPPTRAJ.
Simulation snapshot images were rendered with
PyMOL [54].

Results and Discussion
Structural validation and synthetic yield of
prodrugs
Phospholipid chemotherapeutic prodrugs, 2T-P
and 2T-N, were synthesized for use in lipid-based
carriers for drug delivery with ultrasound, Figure 1.
Utilizing a Steglich reaction, P and N were coupled to
DPPE-Glu to produce the final prodrugs, 2T-P and
2T-N, Figure 2. Structures were verified with 1H, 13C,
and high resolution mass spectrometry as shown in
Figures S1-S8. Figure 3 shows a representative set of
1H NMR spectra confirming successful conjugation of
2T-N. The parent compound N, Figure 3A, peaks
located around 4.99-5.13 ppm correspond to the
amine group’s signal. DPPE-Glu (Figure 3B) gave
signals in the range 0.89-1.31 ppm, corresponding to
protons of –(CH2)–. All of the characteristic peaks
appeared in the 2T-N spectrum, Figure 3C, and an
increase in the carbonyl signal at 2.2 ppm further
validated the conjugation between DPPE-Glu and N.
The co-existent peaks related to the protons on N and
DPPE-Glu observed in the detailed 1H NMR spectrum
confirm the formation of 2T-N (CDCl3– d6, d, ppm):
10.56 (s, 1H), 8.06 (s, 1H), 7.89 (d, J=6.88 Hz, 1H); 7.72
(d, J=8.96 Hz, 1H), 7.59 (s, 1H), 7.44 (s, 1H), 7.37-7.29
(m, 3H), 7.19 (d, J=8.8 Hz, 1H), 6.96 (d, J=8.36, 1H),
6.38 (d, J=7.08 Hz, 1H), 5.25 (s, 1H), 5.13-4.99 (m, 3H),
4.34 (d, J= , 1H), 4.02-4.01 (m, 5H), 3.51 (d, J=14.08 Hz,
2H), 3.05 (s, 3H), 2.69 (s, 2H), 2.41 (s, 2H), 2.23 (d,
http://www.ntno.org
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J=6Hz, 4H), 2.09 (s, 2H), 1.31-1.21 (m, 46H, -C14H46)
0.91-0.89 (m, 6H).
The one-pot synthesis of 2T-P and 2T-N resulted
in low yields, 28.6% and 25.6%, respectively, which
may be attributed to the following possible causes: 1)
low formation of the intermediate (O-(uridine
acetonide)-succinoyl-isourea) reduced the reaction
rate; 2) the bulky stature of P, N, and DPPE-Glu may
generate steric effects, with DCC decreasing
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successful catalyst collisions with the intermediate; 3)
high formation of side products [55].
Table 2. Cell viability data of HeLa (cervical cancer), MCF7
(breast cancer), MCF10A (normal breast) cell lines after 48h
treatment with free parent compounds or prodrug incorporated
liposomes, n=4.
Cell Lines
HeLa
MCF7
MCF10A

P [μM]
0.009 ± 0.001
0.009 ± 0.004
0.014 ± 0.004

2T-P [μM]
1.373 ± 0.044
2.556 ± 0.126
1.537 ± 0.130

N [μM]
0.005 ± 0.001
0.003 ± 0.000
0.005 ± 0.000

2T-N [μM]
0.020 ± 0.002
0.038 ± 0.007
1.105 ± 0.131

Figure 2. Steglich esterification of chemotherapeutic compounds with DPPE-Glu.

Figure 3. H1 NMR spectra of (A) N, (B) DPPE-Glu, and (C) 2T-N.
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Figure 4. Differential scanning calorimetry (DSC) curves of (A) 2T-P, P, (B) 2T-N, and N loaded liposomes with increasing concentrations.

Figure 5. Drug incorporation within liposomes post extrusion, n=3.

Prepared Vehicles
DSC thermograms illustrate that prodrugs intercalate
within bilayer, while parent compounds are excluded
DSC can be used to study liposomal drug
delivery systems by determining the compatibility of
mixed molecules and compositions within the
liposome bilayer [56, 57]. This is done by observing
the thermotropic behavior of the liposomes at varying
prodrug concentrations, to see whether insertion of
these molecules modifies the phase transition
temperature [57, 58], Figure 4. A sharp endothermic
peak with a pre-phase transition is characteristic of
DPPC bilayers, but in this case the pre-phase
transition is masked by DSPE-PEG-2000 [59]. In
comparison to empty liposomes, prodrug-loaded
liposome (2T-P and 2T-N; 0 to 37 mol%) thermograms
show
shallow
decreasing
phase
transition
temperatures with increasing prodrug compositions
[57, 60]. In contrast, the thermograms of P and N
loaded liposomes (0 to 31 mol%) did not show a
significant change in the phase transition temperature
and the magnitude of the endothermic peak was
modulated as a function of loading. The decrease in
the 2T-P and 2T-N loaded liposome endothermic peak
suggests a change in lipid-lipid interaction, as a result
of the prodrug presence in the bilayer [57]. P induced

a slight change in the phase transition at 13 mol%,
corresponding to drug saturation (Figure 5).
However, as the concentration increased, the phase
transition returned to that of ‘empty liposomes’. This
suggests that at a higher concentration, P is excluded
rather than becoming entrapped in the bilayer [56, 61].
According to incorporation data (Figure 5), N did not
reduce the phase transition temperature, whereas
2T-P and 2T-N did.

Lipid conjugation increases incorporation within
liposomes
N and P are both hydrophobic compounds that
have been tethered to a phospholipid moiety through
a cleavable linker moiety (2T-P and 2T-N), increasing
their incorporation within liposomes, as characterized
by UV-vis spectrometry. A series of parent compound
and prodrug-loaded liposomes concentrations,
ranging 0 to 50 mol%, were formulated then extruded
through a membrane to remove unincorporated
precipitates. Samples were analyzed by measuring the
absorption peaks for 2T-P and 2T-N around 280-300
nm pre- and post- extrusion, by rupturing the
liposomes via dissolution in DMSO to compare
loading capacities. As anticipated, the maximum
loading for P (~11 mol%) and N (~1.1 mol%) were
low, whereas 2T-P (36 mol%) and 2T-N (46 mol%)
http://www.ntno.org
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were considerably higher, Figure 5. Both prodrugs
attained high loading capacities with 2T-N achieving
a 96% loading efficiency. Samples prepared beyond 50
mol% incorporation were not tested due to difficulty
in extrusion. It is important to have high prodrug
incorporation through self-assembly, to increase the
loading efficiency and reduce purification steps for
the clinical preparation of liposomal formulations [22,
62, 63]. Achieving high loading efficiencies are
desirable as there is a high therapeutic compoundto-lipid mass ratio, reducing the number of liposomes
needed to be administered to attain the necessary
therapeutic effect. For these prodrugs, the lipid
moiety is a member of the bilayer, which is also
beneficial for use in lipid monolayer vehicles like
microbubbles and nanodroplets [64-67]. These
prodrug structures result in a higher drug loading
limit and increased stability than unmodified agents
as previously reported [37, 58, 61, 68].

Prodrug-loaded liposomes remain stable over time
The effect of prodrug concentration on
prodrug-loaded liposomes physical stability was
assessed using dynamic light scattering. If there is
minimal change in the size distribution of the
liposomes over time, it is presumed that the
liposomes maintain physical stability [69, 70].
Measuring the size distribution of prodrug-loaded
liposomes over time showed 2T-P and 2T-N-loaded
liposomes remained nearly constant in size
throughout a 3-week period, as shown in Figure 6A
and 6C. Extruded P and N loaded liposomes, with
maximal incorporations of 1 and 11 mol%,
respectively (concentration labels in Figure 6 reflect
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the formulated drug amount rather than the final
drug retention post extrusion), remained stable for 3
weeks, Figure 6B and 6D. Due to the consistency of
the prodrug-loaded liposome size distributions and
visual observations, it is speculated the prodrugs
remain within the liposomes without precipitation.
Full saturation was assumed when extrusion became
impossible to complete along with the observation of
a cloudy suspension, indicating unincorporated drug
particles were present.
Our results suggests increasing both the loading
efficiency and encapsulation stability minimizes
chemical degradation and allows for a feasible
prodrug formulation in lipophilic vehicles while
maintaining a spherical morphology, Figure 1 [71].
Overall, solubility of P and N was increased by
conjugation to phospholipids, converting the
hydrophobic drug into a lipophilic prodrug for
improved biodistribution and pharmacokinetics [61,
71, 72]. This alteration allows for high entrapment,
low release in storage media, and high stability [61].
Successful application of this approach could result in
reduced treatment schedule or flexible dosing
dependent on the treatment strategy. The stability of
prodrug-loaded liposomes shows promise for
reasonable shelf life when compared with clinically
used liposomes and potential for lyophilization for
storage [73, 74]. This prodrug strategy has potential to
be implemented not only for chemotherapeutic
applications, but also for antiviral, antibacterial, and
antifungal treatments. Previously unusable drugs,
most often due to solubility toxicity, may be altered
for formulation in targeted lipid-based carriers.

Figure 6. Drug loaded liposome stability assessed by size distribution of the liposomes over 3 weeks using dynamic light scattering, n=3.
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Simulation Results
Simulations provide physical insight into compound
incorporation
Atomistic molecular dynamics simulations of
parent compound (P and N) and prodrug (2T-P and
2T-N) incorporation in model liposomes were
conducted at various loading levels. The objectives
were to visualize modes of incorporation, to
determine positional preferences within a lipid-based
carrier, and to provide atomic resolution insight into
the effect each compound has on the vehicle structure.
The lipid-based carrier was modeled as a lipid bilayer.
Each compound was incorporated within a bilayer of
DPPC lipid, at levels ranging from very low (2 mol%,
or 1 molecule per bilayer leaflet), to excessively high
(20 mol% for P and N; 60 mol% for 2T-P and 2T-N).
Compositional details are given in Table 1.
The simulations used atom types from the
generally well-validated General Amber Force Field
(GAFF) and Lipid14 force field [41, 42]. Control DPPC
bilayers showed good agreement with experimental
values for order parameter and area per lipid (Table
1), as expected for the Lipid14 force field [41]. In
agreement with our DSC data (Figure 4), the simulations indicate that P, N, 2T-P, or 2T-N compound
incorporation alters the lipid bilayer physical
properties in a composition-dependent manner.
Though qualitative, this comparison provides
cross-validation of the DSC and simulation techniques
used in this study. Details of the physical changes
upon compound incorporation are discussed below.

Flexible, headgroup-like linker facilitates compound
incorporation within and just outside the bilayer
Figure 7 shows simulation snapshot images of
bilayers incorporating the 2T-P and 2T-N compounds,
and Figure 8 provides histograms of compound
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locations relative to the bilayer center. Simulations at
the minimal incorporation level of 2 mol% indicate
that all of the parent compounds and prodrug
moieties preferentially localize to the bilayer interior
(Figure 8A and C). N and 2T-N are found almost
exclusively within the hydrophobic tail region, as
delineated by the average position of the 5th tail
carbon atom (C5, dotted line near ±11 Å bilayer depth
in Figure 8C). P and 2T-P have broader positional
distributions, spreading into the headgroup region
located between the two dashed lines near ±20 and
±11 Å bilayer depth (Figure 8A). 2T-P has secondary
populations in the aqueous region just outside the
bilayer (±40 to ±20 Å) at 2 mol% and above (Figure 8A
and B and data not shown). Similar “aqueous
populations” occur for 2T-N at and above the higher
prodrug incorporation level of 20 mol% (Figure 8D
and data not shown). Similar concentrationdependent localization effects have been observed
with the bulky electron-spin-resonance probe
tempocholine, which prefers burial in the lipid bilayer
tail region at lower incorporation levels (2 or 11 mol%)
and develops a secondary population in the waterbilayer interfacial region at a higher incorporation
level (28 mol%) [75, 76].
In the current work, the prodrug populations
inside the bilayer are facilitated by “bent”
conformations of 2T-P and 2T-N, while the aqueous
populations
are
supported
by
“extended”
conformations (Figure 9). This, too, is in agreement
with simulations of tempocholine [76]. The flexible
linker used in our study supports drug loading by
enabling both bent and extended conformations to
occur, while maintaining tail-tail contacts between the
prodrug molecules and phospholipids in the
hydrophobic region.

Figure 7. Simulation images of systems incorporating 20 mol% 2T-P or 2T-N. DPPC lipids shown in gray, with tails depicted as thin lines and headgroups as thick lines. Explicit
water molecules shown as reduced-size dots. All H atoms hidden for clarity. Drug and linker moieties colored by atom, as follows. black C, red O, orange P, and blue N.
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Figure 8. Positional histograms for a terminal atom on the drug molecule (central methyl carbon for P and 2T-P and bromine for N and 2T-N), at incorporation levels of 2 mol%
(A and C) or 20 mol% (B and D). Dotted lines indicate the positions of the headgroup phosphate moiety and the 5th carbon of the lipid tail (C5), together delineating the polar
headgroup region on either side of the bilayer.

Figure 9. Bent and extended 2T-P and 2T-N prodrug conformations, as observed in simulations at 20 mol% incorporation levels. Prodrug molecules are shown with black
carbon atoms; DPPC molecules shown with gray carbon atoms. Other atoms colored as in Figure 7, with H atoms in white.

Besides being flexible, the linker moiety is
headgroup-like in its structure (Figure 2 and 9). It is,
thus, able to replace some headgroup-headgroup
ionic interactions with ionic and ion-dipole
interactions via the linker’s phosphate and amide NH
groups. Table 1 includes the total number of polar
contacts (ionic and ion-dipole) observed in
simulations for the various compound incorporation
levels. The number of headgroup-headgroup polar
contacts is reduced in direct proportion to the number
of P parent compound molecules substituted for
DPPC lipids. The N parent compound shows
somewhat less reduction in the number of polar
contacts, perhaps because it buries deeper in the
bilayer than P and, thus, has less impact on the
headgroup region structure. The lipid conjugates have

comparably little impact on the number of
headgroup-headgroup
and
headgroup-linker
contacts, maintaining polar contact counts close to
90% of the total number possible (i.e., 2 polar groups
per DPPC lipid, divided by 2 molecules needed to
form a contact, giving 1 contact per lipid or lipid
prodrug), even at 45 mol% prodrug incorporation. In
addition, the systems incorporating 2T-P or 2T-N
prodrug are resistant to change in area per lipid,
giving fairly stable values at loading levels up to 45
mol%. Lipid order parameter does increase, reflecting
increased packing of molecules in the lipid tail region.
The lipid order parameter value peaks at 0.216 for 20
mol% 2T-P (7% higher order than DPPC) and at 0.228
for 20 and 45 mol% 2T-N (13% higher than DPPC).
http://www.ntno.org

Nanotheranostics 2020, Vol. 4
Excessive amounts of parent and prodrug compounds
physically disrupt the bilayer
Our simulations indicate that at high
incorporation levels (10-20 mol%), the P and N parent
compounds disrupt the bilayer, leading to increased
order parameter and reduced area per lipid
(entropically unfavorable), along with reduced polar
contacts (enthalpically unfavorable). Much higher
2T-prodrug incorporation levels (>45 mol%) likewise
lead to bilayer structural disruption. At these levels,
physical changes include reduced lipid order
parameter—especially relative to the increased order
parameters for the 2T compounds at 20 and 45
mol%—along with substantially increased area per
lipid (~70 Å2 vs. 62 Å2 for DPPC) and strongly reduced
polar contacts (<80% of the total number possible).
Together, these changes agree with our observations
that parent compound levels above 10 mol% and lipid
prodrug incorporation levels above 45 mol% were not
feasible in the laboratory.
It is somewhat unclear from the simulation data
why the N parent compound did not incorporate
experimentally at levels above 5 mol%. However, we
do observe a larger increase in order parameter and
decrease in area per lipid for N at 10 mol%, compared
with P at the same incorporation level: the order
parameter increases to 15% above the DPPC control
for 10 mol% N but only 6% above DPPC for 10 mol%
P. These data suggest that the N parent compound
incorporation is entropically disfavored to a greater
extent than P parent compound incorporation. The
stronger impact of N, relative to P, on lipid order is
also seen with the 2T-prodrug compounds at 20 and
45 mol% incorporation.
Compound incorporation efficiency within a
lipid-based carrier reflects a balance among molecular
geometry, order/disorder, and favorable interactions.
Minimal disruption of the vehicle is essential,
especially for microbubble lipid-based carriers.
Vehicle stability is conferred by the hydrophobic
effect (exclusion of nonpolar constituents from water),
the large number of favorable van der Waals
interactions
among
the
lipid-based
carrier
hydrocarbons, and favorable headgroup-headgroup
ionic interactions. The two-tailed-linker construct
used as a prodrug anchor in this work achieves
minimal disruption of the vehicle by mimicking the
DPPC tails and replacing some of the
headgroup-headgroup contacts. It also maximizes
drug loading, by enabling hydrophobic drugs to be
accommodated both in the nonpolar tail region and at
the vehicle/water interface.
We anticipate that this construct will also be
useful for delivering hydrophilic compounds (e.g.,
highly toxic chemotherapeutics), but somewhat
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reduced incorporation efficiency for such compounds
is likely because their polarity will hinder localization
in the hydrophobic lipid-based carrier interior. Based
on the results shown here, we hypothesize that
hydrophobic compound incorporation is limited by
the size of the compound, the ability of the lipid-based
carrier to generate “space” for it in the hydrophobic
interior, plus the amount that can be placed at the
water-bilayer interface. For the size of drug studied
here, it appears that ~45 mol% is the maximum
possible loading level when a two-tailed anchor is
used. Future exploration of 4-tailed (e.g., cardiolipin)
variants may be useful for expanding the size and/or
amount of compound that can be incorporated.

In-Vitro Experiments
Liposome cellular uptake
To ensure the cytotoxic activity is attributed to
the prodrug incorporated liposomes, a cellular uptake
assay was implemented. DiO was used to visualize
the liposomes. MCF7 and MCF10A cells successfully
internalized 0, 5, and 20 mol% 2T-N liposomes loaded
with DiO, Figures 10 and S12. At 24 hours, Figures 10
and S12 show cells treated with 0 mol% remained
attached with a healthy morphology post incubation,
whereas cells treated with 2T-N result in a
balled-morphology suggesting apoptosis.

2T-N loaded liposomes retain N activity
The anti-proliferative activities of the prodrugloaded liposomes (20 mol%) and parent compounds
were examined in HeLa (cervical cancer), MCF7
(breast cancer), and MCF10A (noncancerous breast
tissue) cell lines via 48 hr MTT assays. 2T-N prodrugloaded liposomes maintained parent compound (N)
potency, whereas with 2T-P loaded liposomes,
activity was greatly reduced. 2T-P activity decreased
by 3 orders of magnitude in HeLa and MCF7 cell lines
compared with parent compound, while 2T-N maintained activity within 1 order of magnitude in HeLa
and MCF7 cells (0.020 µM and 0.038 µM, respectively).
These findings are important as it is essential for the
prodrug to retain its activity. Additionally, a degree of
selectivity was observed: 2T-N activity decreased by 3
orders of magnitude in noncancerous MCF10A lines
(1.105 µM). The concentration (20 mol%) in the
formulation was chosen below the saturation point in
the lipid bilayer (to maintain stable liposomes). The
cytotoxicity time was originally 96 hours to discern
whether a delayed ‘release’ time was responsible for
2T-P’s reduced activity (data not shown). Activity was
not retained leading to the hypothesis that steric
hindrance prevents cleavage at the intended site by
intracellular enzymes.
While ultrasound will spatially enhance
http://www.ntno.org
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delivery, enzymatic activation after intracellular
uptake is still required, likely within lysosomal and
endosomal compartments. The concentration of
various enzymes is increased in certain cancers, such
as elevated phosphofructokinase in HeLa cells and
pancreatic
cancers
with
increased
secreted
phospholipase A2 (sPLA2) [77-79], which may
provide an additional advantage. However, the 2T-N
prodrug enzyme specificity is currently unknown.
Preliminary nonspecific enzymatic assays with
dynamic light scattering and fluorescence spectrophotometry results are shown in Figure S10 and S11,
where liposomes containing 2T-N and incubated with
esterase result in a slightly modified size distribution,
polydispersity index, and the appearance of a 20-40
nm subpopulation. The fluorescence spectra were also
monitored upon addition of esterase resulting in
decreased intensity of 2T-N containing liposomes and
an increase in intensity for empty liposomes,
suggestive of enzyme driven changes. We
hypothesized that porcine liver esterase (nonspecific)
hydrolyzes the ester bonds and activates the prodrug
resulting in the cytotoxicity observed. HPLC or
LC-MS is needed to confirm the structure of the
degradation products. If cleavage occurs at a more
accessible bond such that the parent compound
structure is not regained, the function and therefore
biological activity may be significantly reduced [34].
Without nanomolar toxicity within 72 hours, the 2T-P
prodrug may have limited applications.

Ultrasound localized delivery of 2T-N microbubbles
After establishing that 2T-N retained potency in
liposomes, we performed a proof of concept
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experiment using microbubbles and phase changing
nanodroplets, both incorporating the 2T-N prodrug,
for focused drug release with ultrasound. In vitro
cytotoxicity of localized microbubble and nanodroplet
delivery via ultrasound studies validate triggered
delivery with 2T-N loaded microbubbles and
nanodroplets. Figure 11B and 11C displays a
representative image set from triplicate results using
prodrug-loaded microbubbles and nanodroplets.
Microbubble dissociation was not observed during
incubation with serum, suggesting they will remain
intact
upon
intravenous
injection.
Empty
microbubbles and prodrug-loaded microbubbles were
placed in contact with HeLa cells for ultrasound free
controls to confirm localization via ultrasound, Figure
10C left panel. Empty and 2T-P microbubble
ultrasound treated cells remained confluent in the
ultrasound exposed and unexposed areas, whereas
2T-N
microbubble
ultrasound
treated
cells
diminished in the ultrasound exposed area but
remained confluent in the ultrasound unexposed
areas. Similarly, empty and 2T-N loaded
nanodroplets exposed to ultrasound showed a
reduction of cells in the targeted area, Figure 11B.
Nanodroplet drug delivery vehicles have advantages
of both liposomes and microbubbles. It is expected
that nanodroplets circulate throughout the vascular
system upon injection like liposomes, but expand into
microbubbles upon ultrasound exposure for targeted
and real-time deposition. Nanodroplets also have a
longer half-life in blood than microbubbles, increasing
the opportunity for the nanodroplet to flow through
the target vasculature.

Figure 10. Cellular uptake in MCF-7 cells post 24 hour incubation with DiO and 2T-N loaded liposomes at a 0.7 μM concentration.
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Figure 11. In vitro prodrug loaded vehicle delivery. (A) Prodrug loaded liposome contact only, (B) ultrasound triggered nanodroplet delivery, (C) With and without ultrasound
triggered delivery of prodrug loaded microbubbles.

This study demonstrates that conjugating a
potent drug to a phospholipid tail can achieve high
loading efficiency, stability, retention, and targeted
delivery in vitro. The strategy employed here has
achieved both physical and chemical means of
targeting. An extracorporeal ultrasound application,
such as sonoporation, can mechanically aid drug
delivery through difficult areas, such as the stroma
[17]. Currently, stroma reducing strategies combined
with systemic chemotherapy have yet to positively
impact patient tumors [80, 81]. Enzymatic
degradation of the prodrug can target organs with
selectivity towards cancerous cells, avoiding
unwanted burst release. These delivery strategies
with lipophilic vehicles keep the drugs ‘hidden,’
providing a way to avoid the body from building
resistance as the vehicles may bypass the efflux
pumps. Currently, we have chosen to apply this linker
strategy to topotecan, cytarabine, and gemcitabine

(pancreatic chemotherapeutics) due to their steric
appeal [82]. Furthermore, clinically used hydrophobic
and hydrophillic combination therapies induce
synergistic effects while reducing drug resistance.
Applying these lipid prodrugs into a combination
technique, such as done by resveratrol and paclitaxel,
conveys
potential
in
overcoming
loading
complications [83, 84].

Conclusion
In these studies, we demonstrate the
characterization and utilization of novel lipid
conjugated prodrugs within lipid drug delivery
vehicles for theranostic applications with ultrasound.
This conjugation strategy could potentially be applied
to an array of compounds and lipid vehicles,
including irinotecan, topotecan, cytarabine, and
gemcitabine, making them more appealing candidates
for clinical treatment limiting off target effects.
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