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Liposomes with Water as a pH-Responsive Functionality for Targeting
of Acidic Tumor and Infection Sites
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Linqi Shi*

Abstract: A lipid named DCPA was synthesized under
microwave-assisted heating. DCPA possesses a pyridine be-
taine, hydrophilic group that can be complexed with water
through hydrogen bonding (DCPA-H2O). DCPA-H2O lip-
osomes became protonated relatively fast already at pH< 6.8,
due to the high HOMO binding energy of DCPA-H2O. In
murine models, DCPA-H2O liposomes had longer blood
circulation times than natural DPPC or cationic DCPM
liposomes, while after tail-vein injection DCPA-H2O lip-
osomes targeted faster to solid tumors and intra-abdominal
infectious biofilms. Therapeutic efficacy in a murine, infected
wound-healing model of tail-vein injected ciprofloxacin-load-
ed DCPA-H2O liposomes exceeded the ones of clinically
applied ciprofloxacin as well as of ciprofloxacin-loaded DPPC
or DCPM liposomes.

Introduction

Self-targeting, drug-loaded nanocarriers are considered to
provide a welcome extension to the currently available
armamentarium of clinicians for treating tumors or bacterial
infections.[1] A wide variety of smart, drug-loaded nano-
carriers has been described in the literature that are equipped
with pH-responsive groups to self-target the nanocarrier to

the acidic environment of a tumor[2] or infectious biofilm[3]

through electrostatic double-layer attraction with negatively
charged cells.[4] Smart nanocarriers can be distinguished based
on their pH-responsive, functional groups including: 1) weak-
ly alkaline (mainly primary amines)[5] or acidic (carboxylic,
sulfonic or phosphonic acid)[5] groups, 2) zwitterionic groups
containing weak alkaline and acidic groups,[6] and 3) quater-
nary ammonium salts and carboxylic acids.[6] Although these
functional groups all yield charge reversal from negative at
physiological pH[7] to positive in an acidic tumor or infection
site, this usually occurs well below pH 6.5 and requires
a relatively long exposure time to a low pH environment.[8]

Moreover, the pH value near a tumor or infection site
decreases only gradually towards its depth.[9] Therefore, the
relatively low point of zero charge of these functional groups
may be considered a disadvantage that is neglected in current
designs of pH-responsive nanocarriers.

Most liposomal drug-loaded nanocarriers possess a num-
ber of unique features, that include long circulation times in
the blood without reticulo-endothelial rejection[10] and easy
entry into tumor cells or infectious bacteria by fusion with the
cell membrane.[11] Equipping lipid nanocarriers with pH-
responsive functionalities to make them self-targeting to an
acidic environment is not trivial however. pH-responsive,
liposomal drug carriers have been made using weakly alkaline
or zwitterionic lipids[12] with amino and carboxyl as functional
groups, but they all have points of zero charge below pH 6.5
and their charge properties only respond to a pH change after
several tens of minutes.[8] Moreover, their biocompatibility
can raise problems, such as blood coagulation[13] or cytotox-
icity.[14] Here, we designed a new zwitterionic lipid 2-(4-((1,5-
bis(octadecyloxy)-1,5-dioxopentan-2-yl) carbamoyl) pyridin-
1-ium-1-yl) acetate, abbreviated DCPA) for making liposo-
mal drug nanocarriers with water as a pH-responsive func-
tional group (Scheme 1). Water is highly biocompatible and
its protonation occurs gradually towards acidic pH, but with
relatively fast response times.[15]

Results and Discussion

Synthesis of DCPA started with commercially purchased
Boc-L-glutamic acid (compound 1). First, dioctadecyl (tert-
butoxycarbonyl) glutamate (compound 2) was synthesized to
provide compound 1 with hydrophobic tail groups.[16] To this
end, 1-octadecanol was allowed to react with compound 1 and
purified using column chromatography.[28]
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Next, the Boc-protection was removed from compound 2
using 50 % TFA in DCM to expose the terminal amino group
(compound 3) that was subsequently coupled with the
carboxyl group of isonicotinic acid to obtain compound 4.[29]

Subsequently, (2-(4-((1,5-bis(octadecyloxy)-1,5-dioxo-
pentan -2-yl) carbamoyl) pyridin-1-ium-1-yl) acetate (DCPA)
was made by quaternization of the nitrogen atom in the
pyridine ring of compound 4 with bromoacetic acid to obtain
DCPA with a hydrophilic, pyridine betaine head-group.
Quaternization of pyridine required elevated temperatures[17]

and was done by conventional heating in a thermostatic oil
bath during 24 h at 81 88C.[30]

The final quaternization of pyridine was also carried out in
a microwave-generated electromagnetic field, suggested to
enhance molecular vibrations to increase internal energy
generation and exposure of active sites, thus decreasing the
reaction time.[18] Hence, quaternization yields were compared
under microwave-assisted heating and heating by conven-
tional heating. Based on a comparison of 1H NMR spectra
(Figure 1a,b, respectively), microwave-assisted heating dem-
onstrated not only faster, but also more extensive quaterni-
zation under microwave-assisted heating (Figure 1 c). There-

fore, the remainder of this study is based on DCPA obtained
using microwave-assisted heating.

Frontier molecular orbitals in DCPA were subsequently
calculated in order to explain the pH responsiveness of water
complexed with DCPA. HOMO (highest occupied molecular
orbital) analysis (Figure 2 a) indicates that electron-donating
sites are clearly confined to the pyridine betaine head groups
of DCPA. Zooming in on the pyridine betaine head group of
DCPA (Figure 2b), shows that electron-donating, that is,
hydrogen-accepting sites in DCPA are located at the neg-
atively charged oxygen of the carboxylate connected to the
pyridine ring. Electron-accepting sites in DCPA are located at
the positively charged nitrogen in the pyridine ring (see
Scheme 1a). Subsequently, the Alpha MOS routine in Gauss-
View was employed to calculate the electron binding energies
of the HOMO and LUMO (lowest unoccupied molecular
orbital)[19] in DCPA (Figure 2b) and pyridine betaine (Fig-
ure 2c). As can be seen in Figure 2d, electron binding
energies in the LUMO of DCPA and pyridine betaine are
similar. HOMO electron binding energy of DCPA had
increased because conjugation of the pyridine ring through
amide groups with the carboxylate in DCPA increased the
electron cloud density of terminal oxygen in carboxylate.
Consequently, the energy gap between HOMO and LUMO
binding energies is larger in DCPA than in pyridine betaine.
Accordingly, DCPA possesses a larger ability to donate an
electron than pyridine betaine, that is, DCPA complexes more
easily with water through hydrogen bonding at the negative-
charged oxygen of the carboxylate and the nitrogen in
pyridine ring than pyridine betaine.

Scheme 1. a) Synthesis route of zwitterionic lipid 2-(4-((1,5-bis(octade-
cyloxy)-1,5-dioxopentan-2-yl) carbamoyl) pyridin-1-ium-1-yl) acetate,
(DCPA). Compound 1 (Boc-L-glutamic acid) was coupled with 1-
octadecanol to obtain compound 2. After removal of the Boc-protec-
tion from compound 2 using 50% trifluoroacetic acid (TFA) in
dichloromethane (DCM) at 0 88C, the terminal amino group of com-
pound 2 was exposed to yield compound 3. Then, the terminal amino
group of compound 3 was coupled with the carboxyl group of
isonicotinic acid to obtain compound 4. Finally, the nitrogen atom in
the pyridine ring of compound 4 was quaternized at elevated temper-
ature with bromoacetic acid to obtain DCPA. b) The resulting hydro-
philic, pyridine betaine head-group of DCPA can complex with water
(DCPA-H2O) to become positively charged (DCPA-H3O

+) in a low pH
environment.

Figure 1. Comparison of the quaternization reaction under microwave-
assisted heating and by conventional heating in an oil bath to obtain
DCPA. a) 1H NMR spectrum of DCPA after quaternization of the
nitrogen atom in the pyridine ring with bromoacetic acid under
microwave-assisted heating self-adjusting its power to maintain a tem-
perature of 65 88C. b) Same as panel (a), now carrying out the
quaternization reaction under heating by conventional heating in
a thermostatic oil bath (24 h at 81 88C). Note that full spectra for both
quaternization conditions and reaction times are compared in Fig-
ure S6. c) Normalized areas of the b peaks at 9.20 ppm representative
of quaternized nitrogen in amphiphilic, zwitterionic DCPA. Peaks were
normalized with respect to the peak area at 8.82 ppm representing its
source nitrogen. Data pertain to microwave-assisted and conventional,
high temperature quaternization conditions. The percentage yield is
calculated as Normalized peak area at 9:20 ppm

ðNormalized peak area at 9:20 ppmÞþ1 W 100%.

Angewandte
ChemieResearch Articles

17715Angew. Chem. Int. Ed. 2021, 60, 17714 – 17719 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


Next, DCPA-H2O liposomes were self-assembled and
their pH-adaptiveness was compared with the one of slightly
anionic, natural dipalmitoylphosphatidyl choline (DPPC) and
cationic 4-((1,5-bis(octadecyloxy)-1,5-dioxopentan-2-yl) car-
bamoyl)-1-methylpyridin-1-ium) (DCPM) lipids (see Fig-
ure 3a).

All liposomes had a diameter of around 100 nm albeit
with low polydispersity indices (Figure 3b), regardless of the
lipid used. Diameters and spherically shaped morphologies
were confirmed using cryogenic electron microscopy (Fig-
ure 3c). DCPA-H2O liposomes showed a variation in zeta

potential ranging from @0.2 mV at pH 7.4 to + 25.2 mV at
pH 5.0. Cationic DCPM liposomes were pH responsive but
remained to possess a positive zeta potential at physiological
pH,[7] while DPPC liposomes consisting of natural lipids were
negatively charged over the entire pH range from 7.4 to 5.0
(Figure 3d). Charge transition of DCPA-H2O liposomes upon
protonation of complexed water furthermore showed from
a comparison of 1H NMR spectra taken after exposure to

Figure 2. Frontier molecular orbitals and their binding energies in
DCPA and pyridine betaine. a) HOMO charge distribution in DCPA,
calculated using GaussView 6.0.16 (Gaussian Inc, Carnegie Mellon
University, Pittsburg, USA), showing the molecular electrostatic poten-
tial in artificial colors (@1 = blue > green > yellow > orange >
red = + 1). Accordingly, chemical reactive sites indicated in blue are
electrophilic attack centers while sites indicated in red are possible
nucleophilic attack centers. b) HOMO and LUMO of the hydrophilic,
pyridine betaine head group of DCPA. c) HOMO and LUMO in
pyridine betaine. d) HOMO and LUMO binding energies in DCPA and
pyridine betaine (PB), showing a larger energy gap (HOMO minus
LUMO binding energy) in DCPA than in pyridine betaine due to a more
negative HOMO binding energy. The binding energy gap between
HOMO and LUMO were calculated using the Alpha MOS routine in
GaussView.

Figure 3. Comparison of the pH responsiveness of water-functional-
ized DCPA-H2O liposomes with the pH responsiveness of DCPM and
DPPC liposomes. a) Chemical structures of the pH-responsive groups
in DCPM and DPPC. b) Diameter distributions of the different lip-
osomes suspended in water obtained using dynamic light scattering
(DLS), together with their polydispersity indices (PDI). c) Cryogenic
electron micrographs of DCPM, DPPC and DCPA-H2O liposomes.
d) Zeta potentials of DCPM, DPPC and water-functionalized DCPA-
H2O liposomes as a function of pH in a phosphate buffer (5 mM
NaH2PO4 and 5 mM Na2HPO4). pH was adjusted with HCl or NaOH.
Zeta potentials were measured 2 min after exposure to a functional
pH. Error bars denote the standard deviations over triplicate measure-
ments with separately prepared liposome suspensions. e) 1H NMR
spectra of water-functionalized DCPA-H2O liposomes over the chem-
ical shift range 2.8 to 1.8 ppm (for full spectra see Figure S7) after
15 min exposure to deionized water with different pH between 6.5 and
7.4. After exposure, the liposome suspension was lyophilized and the
resulting lyophilized powder was dissolved in CDCl3. The peak shift
from a (2.10 ppm) to b (2.48 ppm) indicates protonation of the
complexed water in water-functionalized DCPA. f) 1H NMR spectra of
water-functionalized DCPA-H2O liposomes over the chemical shift
range 2.8 to 1.8 ppm (for full spectra see Figure S8) after different
exposure times to deionized water at pH 6.5.
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pH 7.4 and pH 6.5. 1H NMR spectra on the hydrogen in water
exposed to different pH values decreasing from pH 7.4 to
pH 6.5, demonstrated gradual broadening and disappearance
of the peak occurring at 2.10 ppm at pH 7.4 (peak a) and the
appearance of a broad new peak (peak b) at 2.48 ppm
(Figure 3e). Exposure to pH 6.5 as a function of time showed
full disappearance of peak a at 2.10 ppm due to protonation of
complexed water within 8 min (Figure 3 f).

After establishing stability of DCPA-H2O liposomes in
blood plasma (Figure S9) and their ability to become loaded
with a therapeutic cargo (Table S1) and release of an anti-
biotic or chemotherapeutic payload in an in vitro, acidic
environment (Figure S10c,d), merits of DCPA-H2O lipo-
somes were evaluated in murine models and compared with
those of DCPM and DPPC liposomes. In a first series of
experiments, possible adverse effects and blood circulation
times up to 48 h were determined after tail-vein injection of
rhodamine-loaded liposomes in rats. To this end, a rat model
was preferred because the blood circulation contains a larger
volume of blood than mice. Neither injection with phosphate
buffered saline (PBS) nor any of the three types of liposomes
had any adverse effect on the body weight of the rats and the
average body weight increased slightly over the course of the
study (Figure 4a). Similar to natural DPPC liposomes,
DCPA-H2O liposomes did not increase IgM levels in blood,
whereas cationic DCPM liposomes increased IgM levels to
almost 300 % of the PBS control (Figure 4b). Both natural
DPPC as well as cationic DCPM liposomes were cleared
more rapidly from the blood circulation than DCPA-H2O
liposomes (Figure 4c), possessing a significantly longer blood
circulation half-life time of around 39 h (Figure 4d). This is
significantly longer than reported for example, for stealth,
gold nanocarriers with a polyethylene glycol (PEG) coating
(t1/2 = 9 h),[13] stealth, PEG-modified micelles (t1/2 = 10 h)[20] or
hyaluronan-decorated nanoparticles (t1/2 = 8 h).[21] Blood
analysis at sacrifice demonstrated no significant differences
between rats injected with PBS or any of the three types of
liposomes (Table 1). Thus, DCPA-H2O liposomes can be
considered fully blood compatible with superior blood
circulation times, as compared with natural DPPC and
cationic DCPM liposomes and other self-targeting drug-
nanocarriers.

Next self-targeting of DCPA-H2O liposomes to an infec-
tious biofilm of green-fluorescent Staphylococcus aureus
ATCC12600GFP underneath an abdominal imaging window
was monitored in situ after tail-vein injection of red-fluores-
cent, rhodamine-loaded liposomes in mice (Figure 5a and
5b). Rapid self-targeting is clinically important as it avoids de-
activation of antimicrobials during blood circulation and
reduces the risk upon reticulo-endothelial rejection. Mice
were preferred above rats because they are more susceptible
to infection than rats. Real-time intra-vital imaging[22] in living
mice showed no accumulation of natural DPPC liposomes
(Supporting Movie 1) and very minor accumulation of
cationic DCPM liposomes (Supporting Movie 2) in an intra-
abdominal infection site. DCPA-H2O liposomes (Supporting
Movie 3) on the other hand, became clearly visible in the
infection site within a targeting time of 10 min after tail-vein
injection (see Figure 5c). Quantitative analysis of the red-

fluorescence as a function of time after tail-vein injection,
demonstrated significantly more rapid and extensive self-
targeting of DCPA-H2O liposomes into the infectious biofilm
than cationic DCPM or natural DPPC liposomes (Figure 5d).

The kinetics of self-targeting in vitro is greatly dependent
on the experimental design used and cannot be compared
with targeting times observed in vivo. In vivo indirect, gamma
scintigraphy demonstrated accumulation in subcutaneous

Figure 4. Evaluation of possible adverse effects and blood circulation
times of DCPA-H2O liposomes after tail-vein injection in rats (dose:
1.0 mg per kg body weight). a) Percentage body weight as a function
of time after tail-vein injection of liposomes at t = 0. Percentage body
weight was expressed relative to the body weight of rats at t = 0
(average body weight at t =0 equals 310:8 g over all groups).
b) Percentage IgM levels in blood at day 5 after tail-vein injection of
liposomes. IgM percentages were expressed with respect to IgM levels
after injection of PBS (0.42:0.04 mgmL@1). c) Percentage of red-
fluorescent rhodamine-loaded liposomes as a function of time after
tail-vein injection of liposomes, expressed as a percentage of the
injected dose (ID%). d) Blood circulation half-life times of liposomes,
calculated from the data in panel (c). All data are given as means :
SD over three different rats per group. Significance levels (Students’ t-
test) for the comparisons are indicated by asterisks: ** P<0.01; ***
P<0.001 and **** P<0.0001, ns indicates not significant.

Table 1: Hematology parameters of blood taken at sacrifice: day 7 after
tail-vein injection of different liposomes in rats.[a]

Injection of RBC
[W 1012 L@1]

HGB
[gL@1]

HCT
[%]

PLT
[W 109 L@1]

WBC
[W 109 L@1]

PBS 8.0:0.5 171:5 46:5 727:68 9:2
DCPM 7.8:0.1 166:3 47:9 739:32 10:2
DPPC 8.0:0.5 169:4 46:2 726:58 9:3
DCPA-H2O 7.9:0.1 167:4 47:4 732:37 9:3

[a] All data are given as means : SD over three different rats per group.
There are no significant differences in any of the hematology parameters,
regardless of whether injected with PBS or any of the three types of
liposomes (Students’ t-test, P>0.5). RBC= red blood cell count,
HGB =hemoglobin concentration, HCT= hematocrit percentage,
PLT = platelet, WBC=white blood cell count.
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Mycobacterium tuberculosis biofilms in the thigh of mice of
radio-actively labeled, molecular imaging agents within 4 h
after tail-vein injection of the imaging agents.[23] Direct
observation of pH-driven self-targeting of antimicrobial
nanoparticles to an infection site in vivo has, to the best of
our knowledge, only been made possible through the use of
intra-vital imaging,[24] as applied here. Using this technique,

we have recently shown that it takes pH-responsive zwitter-
ionic micelles composed of poly(ethylene glycol) and poly(e-
caprolactone) block co-polymers at least 20 min to reach an
intra-abdominal infection site after tail-vein injection.[25]

Collectively, and within the limitations of different infection
sites, infecting bacterial strains and probing molecules and
particles, these comparisons points to the superiority of water
as a pH-responsive functionality on nanocarriers for self-
targeting to an infection site.

Similarly, self-targeting of DCPA-H2O liposomes into
a solid tumor was investigated after tail-vein injection of
rhodamine loaded liposomes in mice (Figure 5e, f). Neither
natural DPPC nor cationic DCPM liposomes demonstrated
targeting into the tumor site, while particularly natural DPPC
spread across the entire body of a mouse. DCPA-H2O
liposomes initially showed similar spreading across the entire
body of a mouse, but at the same time self-targeting to the
acidic tumor site became evident within 6 h after tail-vein
injection (Figure 5g). Quantitative analysis of the photon flux
arising from the tumor site revealed rapid self-targeting of
DCPA-H2O liposomes, demonstrating maximal accumulation
in the tumor after 12 h (Figure 5h). Accumulation in the
tumor was on average 11-fold higher than whole body
accumulation, as calculated from the photon fluxes over the
tumor site and the whole body of the mice (Figure 5g). Other
in vivo studies also report on kinetics of tumor targeting of
fluorescent liposomes within 5–8 h in similar models, but
these were done at 400 X higher liposome concentrations
yielding only 2-fold higher accumulation compared with
whole body accumulation.[11] Thus water as a pH-responsive
functionality is not only superior to other drug-nanocarriers
to self-target an infection site, but also for self-targeting
a tumor site. Superior self-targeting of DCPA-H2O liposomes
was accompanied by better therapeutic efficacy in a murine,
infected wound-healing model. Tail-vein injection of a sus-
pension of ciprofloxacin-loaded DCPA-H2O liposomes in
PBS yielded significantly better eradication of S. aureus from
infected wounds than tail-vein injection of clinically applied
ciprofloxacin in solution or suspensions of ciprofloxacin-
loaded DPPC or DCPM liposomes (Figure S11).

Interestingly, self-targeting of DCPA-H2O liposomes to
an infectious biofilm proceeded on a time-scale of minutes,
while self-targeting into a tumor site proceeded on a time-
scale of several hours. Whereas this may be due to size
differences in tumor and infection sites, we consider it likely
that different target-times are due to the higher acidity of
infectious biofilms, ranging from pH 6.5 to 4.5,[26] as compared
with tumor sites, ranging in pH between 6.9 and 6.5.[27] Thus
pH-adaptive carriers will be more conducive to charge
reversal when approaching an infectious biofilm than upon
approach of a tumor site.

Conclusion

We have successfully prepared a novel lipid, DCPA.
DCPA can be made in high yields using microwave-assisted
heating and can be complexed with water as a pH-responsive
functionality. DCPA-H2O can self-assemble into liposomes,

Figure 5. Self-targeting of DCPA-H2O liposomes to the acidic environ-
ment of an infectious biofilm or tumor site in mice. a) The intravital
imaging of self-targeting of tail-vein injected red-fluorescent rhod-
amine-loaded liposomes into a green-fluorescent S. aureus
ATCC12600GFP biofilm underneath an Abdominal Imaging Window
(AIW). b) Mouse with an AIW implanted in its flank. c) Snap-shots
from movies (Supporting Information, Movies 1–3) taken at different
times after tail-vein injection of liposomes, with red-fluorescence
representing liposomes self-targeting into the biofilms. d) Self-target-
ing of rhodamine-loaded liposomes into the biofilms as a function of
time after tail-vein injection of liposomes, expressed as a red-fluores-
cent intensity. e) Self-targeting of tail-vein injected red-fluorescent
rhodamine-loaded liposomes into a solid tumor using fluorescence
imaging. f) Mouse with a HepG2 tumor in the right chest. g) Fluores-
cence images taken at different times after tail-vein injection of
liposomes, with red-fluorescence representing liposomes self-targeting
into the tumor. Fluorescence intensity is expressed in total photons
per second per square centimeter (ps@1 cm@2/sr) on an artificial color
scale. h) Self-targeting of rhodamine-loaded liposomes into the tumors
as a function of time after tail-vein injection of liposomes, expressed
as total photons per second per square centimeter (ps cm@2/sr). For
comparison, fluorescence over the body of a mouse, excluding the
tumor area, is given as well. Error bars denote SD over three mice.
Asterisks indicate statistical significance at ** p<0.01 and ***
p<0.001 (Students’ t-test) between natural DPPC, cationic DCPM and
DCPA-H2O liposomes.
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providing exceptionally long blood circulation times, and
rapid self-targeting to the acidic environment of an infectious
biofilm or solid tumor. When ciprofloxacin-loaded, DCPA-
H2O liposomes had better therapeutic efficacy in mice than
ciprofloxacin or ciprofloxacin-loaded DPPC or DCPM lip-
osomes.
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