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Abstract: Liposomes encapsulating chloroquine were synthesized and characterized. Cryogenic
transmission electron microscopy and dynamic light scattering confirmed a liposome size of ~100 nm
and uniform shape. Two independent analytical methods were used to quantify chloroquine encapsu-
lation: (i) HPLC, and (ii) UV-Vis spectrophotometry. Using RAW264.7 murine macrophages as model
immune cells, cell culture experiments revealed an improved acute cytotoxicity profile of chloroquine
encapsulating liposomes with >90% cell viability compared to free chloroquine (cell viability ~30%)
at equivalent drug doses. These results may potentially be relevant for liposome-based chloroquine
delivery for nanomedicine applications.
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1. Introduction

Chloroquine, widely used as a malaria drug, exhibits many therapeutic mechanisms
of action, including immunostimulatory effects, that may be beneficial in treating vari-
ous diseases [1]. For example, chloroquine can block endocytosis, interrupt autophagy,
and modulate antitumor immune responses [2–4]. However, some patients who receive
chloroquine (or its derivative hydroxychloroquine) exhibit adverse side effects, such as
cardiotoxicity and retinopathy [5].

To mitigate some of these side effects, nanomedicine may provide potential solutions
by using liposomes as drug carriers to take advantage of their associated pharmacokinetics
and pharmacodynamics [6]. Liposome formulations have been developed for various
applications, including vaccines, diagnostic imaging, and gene therapy [7–11]. Here, we
report on the fabrication and characterization of liposomes encapsulating chloroquine.

Previous reports demonstrated the feasibility of encapsulating chloroquine within
liposomes for malaria and cancer treatment. However, these reports rely on combinations
of involved procedures for liposome fabrication, such as transmembrane pH-gradients,
probe tip sonication, dialysis, and ultracentrifugation [12–14]. Furthermore, chloroquine
liposomes have been shown to act upon immune cells therapeutically, but the acute cyto-
toxicity in macrophages has not been fully assessed and systematically compared to free
chloroquine [15]. We report here a robust extrusion procedure for efficiently synthesizing
chloroquine encapsulating liposomes with diameters of ~100 nm and further evaluate drug
release kinetics and acute cytotoxicity in model macrophages.

2. Materials and Methods

Preparation of Chloroquine Encapsulating Liposomes. For liposome preparation,
DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids Inc., Birmingham,
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AL, USA), Cholesterol(Avanti Polar Lipids Inc., Birmingham, AL, USA), and Methoxy-
PEG2kDa-DSPE (Laysan Bio Inc., Arab, AL, USA) were mixed with chloroform at 10 mg/mL
at a molar ratio of 3.8:2.6:1.0 (DSPC):(Cholesterol):(Methoxy-PEG2kDa-DSPE) and then trans-
ferred into a 5-mL round-bottom flask. The chloroform was evaporated using a rotary
evaporator to form a thin film of dried lipid mixture. Next, 500 µL of 1x PBS containing
40 mg/mL of chloroquine phosphate (Sigma-Aldrich, St. Louis, MO, USA) and adjusted to
60 ◦C was added to the 5-mL round-bottom flask to cover the dried lipid film. The tip of the
5-mL round bottom flask was then immersed in a water bath at 60 ◦C and agitated by hand
via shaking in circular motions for 1 min. The tip of the flask was then immersed in a soni-
cating bath (Branson Ultrasonic Cleaner, Emerson, ST. Louis, MO, USA) for 1 min. The steps
were repeated two times to fully resuspend the dried lipid film in the PBS/chloroquine
mixture, forming polydisperse multilamellar lipid vesicles. This polydisperse mixture of
lipid vesicles was then extruded using the Avanti Polar Lipids Mini Extruder set (Avanti
Polar Lipids Inc., Birmingham, AL, USA. The extruder block was set on the hotplate (70 ◦C)
to warm up, while the Mini Extruder itself was assembled following the manufacturer’s
instructions with a polycarbonate membrane (100-nm, Avanti Polar Lipids Inc., Birming-
ham, AL, USA) prewetted in 1x PBS. The mixture of multilamellar lipid vesicles was then
transferred from the 5 mL round-bottom flask into a 1 mL gas-tight syringe. The syringe
was inserted into one end of the Mini Extruder, with an empty syringe (1 mL) in the other
end. The Mini Extruder was then placed into the pre-warmed heating block (70 ◦C) and
left for 10 min to equilibrate. The mixture of multilamellar lipid vesicles was then passed
through the extruder into the other syringe. The extrusion process was completed after
21 passages. After the extrusion process, the solution was noticeably clearer than at the
beginning due to the formation of monodisperse liposomes with an average diameter of
100 nm. The syringe containing the extruded liposome solution was then removed from
the extruder. The liposome solution was transferred into a 1.5 mL microcentrifuge tube.
The chemical structures of the lipids used for liposome synthesis, as well as the structure of
chloroquine, are shown in Figure S1.

Purification of Chloroquine Encapsulating Liposomes. For chloroquine liposome
purification, the previously extruded liposome dispersion volume was measured and trans-
ferred into a 100 kDa centrifugal filter-0.5 mL (Amicon Ultra, MilliporeSigma, Burlington,
MA, USA) and spun at 14,000× g for 20 min. The supernatant volume was measured and
placed in a 1.5 mL tube. The wash’s supernatant chloroquine concentration was measured
using UV-Vis analysis (absorption peak at 343 nm). The volume of supernatant removed
from the previous wash was added back to the liposome solution using 1x PBS, and then
the washing and measuring steps were repeated until the concentration of chloroquine in
the supernatant was around 2 mM (about six washes). Next, a size exclusion purification
column (Illustra NAP-5, GE Healthcare, Chicago, IL, USA) was set up on a support stand
and prepared following the manufacturer’s instructions. The previously filtered liposome
solution was passed through the size exclusion column and collected in a 50-mL tube. The
collected liposome solution volume was around 1.5 mL, which required the liposomes to
be isolated using another 100 kDa centrifugal filter-0.5 mL (Amicon Ultra, MilliporeSigma,
Burlington, MA, USA). The isolation process took three spins at 14,000× g for 20 min. A
final wash was completed by placing an amount of 1x PBS that returned the liposome
solution to its original volume and spinning it in the filter one more time. Lastly, 1x PBS
was added to the filtered liposome dispersion, bringing its volume to the initial volume of
~1.5 mL.

Dynamic Light Scattering and Cryogenic Transmission Electron Microscopy (Cryo
TEM). A Malvern ZetaSizer Nano ZS was used for dynamic light scattering and zeta
potential measurements (Figure S2). For DLS, standard 1.5-mL PMMA cuvettes were used
to measure liposomes hydrodynamic diameter in 1x PBS. For measuring zeta potential,
disposable folded Malvern capillary cells (DTS 1070, Malvern, Cambridge, MA, USA) were
used. To perform cryogenic transmission electron microscopy, C-Flat multihole copper
grids were glow discharged using the GloQube Plus to hydrophilize the carbon film. The
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Leica EM GP Plunge Freezer (Leica Microsystems, Deerfield, IL, USA) was prepared by
adding liquid nitrogen, liquid ethane, and water to the designated chambers until full. The
system is then left alone until the liquid nitrogen chamber has reached −180 ◦C and the
humidity has reached 99%. A grid is then attached to the plunge freezer using forceps,
and 3 µL of the sample is applied to form a thin convex droplet. The droplet is blotted
off by the Leica system once on the front and twice on the back for one second each: the
grid is blotted on the back to force the sample through the grid holes. Following the
plunging of the sample into the liquid ethane chamber, the grid is transferred into the grid
holder in preparation for imaging. The grid samples prepared using cryo plunge freezing
were imaged using a JEOL TEM 2010-F Field Emission Microscope (Peabody, MA, USA)
operated at 200 kV. The images were captured with a Direct Electron DE-12 camera (San
Diego, CA, USA). Liposome diameters and bilayer thicknesses were assessed using ImageJ
(v1.53q, National Institutes of Health, Bethesda, MD, USA).

Chloroquine Liposomal Encapsulation via HPLC. All chloroquine samples were run
on Alltima HP C18 Hi-Load analytical column 4.6 × 250 mm (Avantor, Radnor Township,
PA, USA) with an Agilent 1260 Infinity II HPLC system (Santa Clara, CA, USA). The mobile
phase consisted of HPLC-grade two phases: A) nanopure water with 0.01% triethylamine
adjusted to pH 3.0 with phosphoric acid and B) acetonitrile. The flow rate was 2 mL/min.
The detection wavelengths were set at 343 nm and 280 nm. The method that was used
proceeded for the first 5 min with a 100% aqueous phase. After 5 min, the device was
programmed to ramp up to 100% organic phase until 50 min had elapsed. Five minutes
later, the aqueous phase was reestablished and equilibrated for an additional 5 min. Before
HPLC analysis, chloroquine liposome dispersions were diluted 10-fold by taking an aliquot
of 100 µL of chloroquine liposomes and adding that into 900 µL of 10% Triton X-100 to lyse
the liposomes and release all chloroquine followed by brief sonication. Accounting for the
dilution factor, we calculated the encapsulated chloroquine within liposomes based on the
slope of a chloroquine standard curve in 10% Triton-X. At 13.6 min, a sharp peak eluted at
343 nm, which was determined to be chloroquine.

Chloroquine Liposomal Encapsulation via UV-Vis Spectrophotometry. Chloroquine
encapsulation of the prepared and sized liposomes was determined by a lysing process
using 10% Triton X-100 solution, similar to the method used for HPLC analysis. Prior
to UV-Vis spectrophotometry analysis, chloroquine liposome mixtures were diluted by
taking a 25 µL aliquot of the chloroquine liposome solution and adding that to 975 µL
of 10% Triton X-100 in a 1.5-mL microcentrifuge tube. The tube was then agitated for
5 min using sonication. From this diluted lysed mixture, a sample of 100 µL of the lysed
liposomes was then taken, and the chloroquine concentration encapsulated in the liposomes
was measured using UV-Vis spectrophotometry analysis in a semi-micro quartz cuvette
(absorbance peak of chloroquine at 343 nm, Figure S3) on an Agilent Cary 5000 UV-Vis-
NIR spectrophotometer (Santa Clara, CA, USA). A calibration curve based on various
chloroquine concentrations was generated to obtain the molar decadic extinction coefficient
of chloroquine, which was applied to determine the concentrations of chloroquine in lysed
liposomes accounting for the dilution factor and using Beer Lambert’s law. Additional
Methods & Materials are available in the Supporting Information.

3. Results and Discussion

Chloroquine encapsulating liposomes were synthesized via hydration of a dried lipid
film with chloroquine dissolved in 1x PBS. Based on previous reports, we used a lipid
composition consisting of DSPC: cholesterol: mPEG2kDa-DSPE with a 3.8:2.6:1.0 molar
(see Figure S1 for chemical structures) [11]. We used a robust extrusion process to obtain
uniform liposomes with diameters of ~100 nm. To remove unencapsulated chloroquine,
the liposomes were washed extensively using a multistep centrifugation filtering process
followed by size exclusion chromatography. As a control group, we prepared liposomes
without chloroquine to effectively encapsulate 1x PBS aqueous buffer.
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Dynamic light scattering (DLS) was used to measure liposomes’ hydrodynamic diam-
eter (HDD) with and without chloroquine. Liposomes without chloroquine had an average
HDD of 115 nm. In comparison, chloroquine-liposomes had an average HDD of 105 nm,
each with polydispersity indexes (PDI) below 0.1, indicating narrow liposome size distri-
bution and colloidal stability (Figure S2). The zeta potential of the methoxy-terminated
poly(ethylene glycol) PEG-modified liposomes was near neutral (Figure S2).

To corroborate the DLS findings, cryogenic transmission electron microscopy (Cryo-
EM) was employed (Figure 1). Cryo-plunging of aqueous liposome dispersions in liquid
ethane (melting point −188 ◦C) vitrifies the liposomes, which preserves morphology and
eliminates potential structural changes that may arise with methods that involve negative
staining, drying, or other procedures commonly used in conventional TEM. Cryo-EM
imaging confirmed that liposomes were unilamellar vesicles with narrow size distribution
(Figure 1). Using ImageJ, we determined that liposomes without chloroquine were, on
average, 115 nm in diameter (n = 113), while liposomes encapsulating chloroquine exhibited
an average diameter of 103 nm (n = 113). Our Cryo-EM results were in close agreement
with the observed HDD results obtained by DLS. From our Cryo-EM studies, we collected
additional quantitative information about the liposome structure. In liposomes without
chloroquine, the unilamellar lipid bilayer was measured to be 10 ± 2 nm in width, while
the lipid bilayer of chloroquine liposomes exhibited 10 ± 3 nm in width. These results
indicate that chloroquine encapsulation did not alter the thickness and structure of the
unilamellar lipid bilayer surrounding the vesicles (Figure 1).
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Figure 1. Cryogenic Transmission Electron Micrographs (Cryo-EM) of (A) liposomes without chloro-
quine, and (B) liposomes encapsulating chloroquine. Black dashed outlines and white arrows
highlighted some liposomes as a guide to the eye. Scale bars: 200 nm.

After confirming liposome size and structure, we determined how much chloroquine
was encapsulated in liposomes. First, liposomal lipid bilayer membranes were disrupted
with the non-ionic surfactant Triton X-100 followed by brief sonication. Upon addition of
Triton X-100 to the liposomes, nanoparticle light scattering peaks were undetectable on
DLS, indicating efficient liposome lysis and release of chloroquine content (data not shown).
The concentration of chloroquine in the diluted lysed liposome Triton X-100 mixture was
determined via analytical reverse-phase high-performance liquid chromatography (HPLC)
and compared to a chloroquine standard curve comprising different concentrations. Using
an organic-aqueous gradient, HPLC efficiently separated chloroquine, Triton X-100, and
the lipid components to quantify the chloroquine content. Based on the lipid molar ratios
and the liposome membrane thickness described above, we estimated that the total number
of liposomes was ~1.9 × 1014 per mL. We then calculated that each liposome encapsulated,
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on average, ~2.7 × 10−15 mol of chloroquine based on three independently prepared
liposome batches. These findings were corroborated by a second quantitative method.
Briefly, we first determined chloroquine’s molar decadic extinction coefficient at 343 nm to
be 16,514 M−1cm−1 (Figure S3). Then, we used UV-Vis spectrophotometry to determine the
chloroquine content in diluted lysed liposome samples and calculated the corresponding
chloroquine content based on the Beer-Lambert relationship. We determined that, on
average, ~2.4 × 10−15 mol of chloroquine were encapsulated on a per liposome basis,
which was in close agreement with the HPLC results.

After the liposome physicochemical properties and chloroquine content were charac-
terized, we evaluated the associated acute cytotoxicity in cell culture using model murine
macrophages (RAW 264.7, ATCC, Manassas, VA, USA). The results were then compared to
two control groups that used free unencapsulated chloroquine at equivalent drug concen-
trations and liposomes without chloroquine to determine the potential cytotoxicity of the
liposome lipid composition. As shown in Figure 2, free chloroquine showed a significant
(p < 0.0001) reduction in cell viability of ~70% at concentrations of 100 µM and 200 µM com-
pared to liposomal formulations at equivalent chloroquine concentrations. The intracellular
uptake of liposomes is demonstrated in Figure 3 using confocal laser scanning microscopy.

Micro 2023, 3, FOR PEER REVIEW 5 
 

 

independently prepared liposome batches. These findings were corroborated by a second 
quantitative method. Briefly, we first determined chloroquine’s molar decadic extinction 
coefficient at 343 nm to be 16,514 M−1cm−1 (Figure S3). Then, we used UV-Vis spectropho-
tometry to determine the chloroquine content in diluted lysed liposome samples and cal-
culated the corresponding chloroquine content based on the Beer-Lambert relationship. 
We determined that, on average, ~2.4 × 10−15 mol of chloroquine were encapsulated on a 
per liposome basis, which was in close agreement with the HPLC results.  

After the liposome physicochemical properties and chloroquine content were char-
acterized, we evaluated the associated acute cytotoxicity in cell culture using model mu-
rine macrophages (RAW 264.7, ATCC, Manassas, VA, USA). The results were then com-
pared to two control groups that used free unencapsulated chloroquine at equivalent drug 
concentrations and liposomes without chloroquine to determine the potential cytotoxicity 
of the liposome lipid composition. As shown in Figure 2, free chloroquine showed a sig-
nificant (p < 0.0001) reduction in cell viability of ~70% at concentrations of 100 µM and 200 
µM compared to liposomal formulations at equivalent chloroquine concentrations. The 
intracellular uptake of liposomes is demonstrated in Figure 3 using confocal laser scan-
ning microscopy. 

 
Figure 2. Cell viability of RAW 264.7 macrophages exposed to liposomes w/o chloroquine (CQ), 
liposomes w/chloroquine, and free chloroquine (n = 5) for 8 h. Data points represent mean +/− SD. 
Statistical differences were determined using a two-way ANOVA and Tukey’s multiple compari-
sons (**** p < 0.0001). 

Figure 2. Cell viability of RAW 264.7 macrophages exposed to liposomes w/o chloroquine (CQ),
liposomes w/chloroquine, and free chloroquine (n = 5) for 8 h. Data points represent mean +/− SD.
Statistical differences were determined using a two-way ANOVA and Tukey’s multiple comparisons
(**** p < 0.0001).

Based on these cell viability data, we determined the half maximal inhibitory concen-
tration (IC50) for free unencapsulated chloroquine to be ~57 µM (Figure S4). In contrast,
chloroquine encapsulated in liposomes did not exhibit a significant reduction in cell viabil-
ity (>90% for all tested conditions). In addition, no statistically significant differences in
cell viability were observed between liposomes without and with chloroquine at any tested
concentration. These findings demonstrate that the acute cytotoxic potential of chloroquine
can be effectively mitigated upon liposomal encapsulation. Moreover, our results showed
that free unencapsulated chloroquine could reduce macrophage viability substantially
within 8 h at 100 µM (Figure 2). Macrophages are a critical component in innate immu-
nity and act as a first line of defense against pathogens and recruit other lymphocytes to
the site of infection [16–18]. As demonstrated in our study, liposomes prevented acute
cytotoxicity of chloroquine compared to our control group (free chloroquine). This result
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indicates that therapeutic chloroquine doses may be delivered more safely to macrophages
through liposomes.
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Figure 3. RAW 264.7 macrophages were incubated with DiO-liposomes (green) for 4 h before being
washed, fixed, permeabilized, and stained with DAPI (blue) for nuclei visualization and phalloidin
CF6333 (red) for F-actin visualization. There is a visible DiO signal inside cells that were treated with
DiO-liposomes, with an expected near-background signal in the untreated controls. The scale bars
indicate 20 µm.

Given the observed superior cell viability levels for macrophages during liposomal
chloroquine exposure, we wondered about the potential mechanism. We hypothesized
that chloroquine release from liposomes was slow, resulting in safer cellular drug deliv-
ery over time compared to free chloroquine, which may diffuse rapidly across cellular
membranes to cause cytotoxic effects. To test this hypothesis, we quantified the chloro-
quine release kinetics from liposomes based on a fluorescence spectroscopy in vitro assay
at 37 ◦C to mimic physiological conditions. Chloroquine encapsulating liposomes were
dispersed in two physiologically relevant aqueous buffers that are commonly used in cell
culture studies: (i) 1x PBS, and (ii) 1x PBS containing 10% FBS (fetal bovine serum). Free
chloroquine is a strongly fluorescent compound due to the quinine molecular structure
(ex. 320 nm/em. 400 nm; Figure S5) [19–21]. Our spectroscopic studies indicated that
chloroquine fluorescence was quenched upon liposome encapsulation. This finding is
likely due to self-quenching, given the high local chloroquine concentration within lipo-
somes. However, upon release of chloroquine from liposomes, we detected an increase in
fluorescence intensity, likely due to reduced fluorescence self-quenching. Based on these
photophysical observations, we tracked the chloroquine release kinetics from liposomes by
measuring chloroquine fluorescence intensity over time (Figure 4).
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As shown in Figure 4, chloroquine release from liposomes was fitted with a pseudo-
first-order release model (see SI). Accounting for the stable signal during the first 2 h,
the time constants (τ) were calculated to be 2.6 h and 3.8 h for chloroquine liposomes
in 10% FBS and 1x PBS, respectively. After 8 h, the fluorescence signals for both groups
(w/and w/o FBS) were nearly identical. The observed differences in curve shapes and
release time constants (τ) may indicate that protein adsorption onto liposome surfaces
and other liposome-protein interactions could play potential roles in chloroquine release.
Our kinetics results demonstrate that liposomes slowly released chloroquine over time
under physiologically relevant conditions. These slowed and controlled drug release
findings may explain the superior cell viability levels of liposomal chloroquine in RAW264.7
macrophages that we observed in Figure 2. The increase in fluorescence intensity over time
(as well as other reports of chloroquine encapsulated within nanoparticles) demonstrate
that chloroquine’s molecular structure was not compromised within liposomes, indicating
the biological activity (and likely the therapeutic potential) of chloroquine was retained
upon liposome encapsulation and release [22–24].

4. Conclusions

A protocol for the efficient synthesis of chloroquine-encapsulating liposomes is pre-
sented. The liposomes exhibited a narrow size distribution, uniform unilamellar structure,
and near-neutral zeta potential. Our in vitro data obtained in cell culture using RAW264.7
macrophages as model cells demonstrated that chloroquine liposomes exhibit superior
cell viability levels compared to free chloroquine administered at equivalent drug concen-
trations. As a potential mechanism, we confirmed that liposomes release encapsulated
chloroquine slowly and controlled over time. Such slow and controlled delayed release
may be beneficial for safer in vivo applications of chloroquine in nanomedicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/micro3010005/s1, Figure S1: Molecular Structures of Chloroquine
Liposome Components: (A) Methoxy-PEG2kDa-DSPE; (B) DSPC; (C) Cholesterol; (D) Chloroquine
diphosphate; Figure S2: Dynamic light scattering characterization of liposomes with (A) and without
(B) chloroquine encapsulation. Zeta potential measurements of liposomes with (C) and without (D)
chloroquine encapsulation; Figure S3: UV-Vis spectrum of 50-µM chloroquine from 400-300 nm where

https://www.mdpi.com/article/10.3390/micro3010005/s1
https://www.mdpi.com/article/10.3390/micro3010005/s1
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λmax is 343 nm; Figure S4: Cell viability in RAW264.7 macrophages plotted against the log of free
chloroquine concentrations. The logIC50 was determined by GraphPad Prism to be ~ 1.756, yielding
an IC50 of ~57.0 µM for free chloroquine. Data points represent mean +/- SD (n = 5); Figure S5:
Fluorescence intensity signals from (A) free chloroquine incubated at 37 ◦C; red: in 10% FBS; blue: in
1xPBS; (B) liposomes without chloroquine incubated at 37 ◦C; red: in 10% FBS; blue as a function of
time. Data points represent mean +/- SD (n = 3).

Author Contributions: Conceptualization, N.D.D., E.AV. and S.W.; methodology, N.D.D., E.A.V. and
S.W.; investigation, N.D.D., E.A.V., V.S., E.R.F. and S.W.; resources, S.W.; writing—original draft
preparation, N.D.D., E.A.V. and S.W.; writing—review and editing, N.D.D., E.A.V., V.S., E.R.F. and
S.W.; supervision, S.W.; funding acquisition, S.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the corresponding author upon request.

Acknowledgments: The authors thank Preston Larson for assistance with transmission electron
microscopy, Priyabrata Mukherjee for fruitful discussions, Sykler Quine for assistance with liposome
zeta potential measurements, Bailey Covell for assistance with liposome synthesis, and Seren Hamsici
for assistance with HPLC. Additionally, the authors acknowledge the University of Oklahoma (OU)
Samuel Roberts Noble Microscopy Laboratory (SRNML), the OU Mass Spectrometry, Proteomics
& Metabolomics (MSPM) Core, and the Oklahoma Medical Research Foundation (OMRF) Imaging
Core Facility. The authors acknowledge funding from the IBEST-OUHSC Interdisciplinary Research
Seed Grant Fund.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marmor, M.F.; Kellner, U.; Lai, T.Y.; Melles, R.B.; Mieler, W.F.; Ophthalmology, A.A. Recommendations on Screening for

Chloroquine and Hydroxychloroquine Retinopathy (2016 Revision). Ophthalmology 2016, 123, 1386–1394. [CrossRef] [PubMed]
2. Wolfram, J.; Nizzero, S.; Liu, H.; Li, F.; Zhang, G.; Li, Z.; Shen, H.; Blanco, E.; Ferrari, M. A chloroquine-induced macrophage-

preconditioning strategy for improved nanodelivery. Sci. Rep. 2017, 7, 13738. [CrossRef] [PubMed]
3. Mauthe, M.; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.-J.; Coppes, R.P.; Engedal, N.; Mari, M.; Reggiori, F. Chloroquine

Inhibits Autophagic Flux by Decreasing Autophagosome-Lysosome Fusion. Autophagy 2018, 14, 1435–1455. [CrossRef] [PubMed]
4. Chen, D.; Xie, J.; Fiskesund, R.; Dong, W.; Liang, X.; Lv, J.; Jin, X.; Liu, J.; Mo, S.; Zhang, T.; et al. Chloroquine modulates antitumor

immune response by resetting tumor-associated macrophages toward M1 phenotype. Nat. Commun. 2018, 9, 873. [CrossRef]
[PubMed]

5. Schrezenmeier, E.; Dörner, T. Mechanisms of action of hydroxychloroquine and chloroquine: Implications for rheumatology. Nat.
Rev. Rheumatol. 2020, 16, 155–166. [CrossRef]

6. Barenholz, Y. Doxil®—The first FDA-approved nano-drug: Lessons learned. J. Control. Release 2012, 160, 117–134. [CrossRef]
7. Tokatlian, T.; Read, B.J.; Jones, C.A.; Kulp, D.W.; Menis, S.; Chang, J.Y.H.; Steichen, J.M.; Kumari, S.; Allen, J.D.; Dane, E.L.; et al.

Innate immune recognition of glycans targets HIV nanoparticle immunogens to germinal centers. Science 2019, 363, 649–654.
[CrossRef]

8. Feng, L.; Gao, M.; Tao, D.; Chen, Q.; Wang, H.; Dong, Z.; Chen, M.; Liu, Z. Cisplatin-Prodrug-Constructed Liposomes as a
Versatile Theranostic Nanoplatform for Bimodal Imaging Guided Combination Cancer Therapy. Adv. Funct. Mater. 2016, 26,
2207–2217. [CrossRef]

9. Alton, E.W.F.W.; Armstrong, D.K.; Ashby, D.; Bayfield, K.J.; Bilton, D.; Bloomfield, E.V.; Boyd, A.C.; Brand, J.; Buchan, R.; Calcedo,
R.; et al. Repeated nebulisation of non-viral CFTR gene therapy in patients with cystic fibrosis: A randomised, double-blind,
placebo-controlled, phase 2b trial. Lancet Respir. Med. 2015, 3, 684–691. [CrossRef]

10. Hossen, N.; Wang, L.; Chinthalapally, H.R.; Robertson, J.D.; Fung, K.-M.; Wilhelm, S.; Bieniasz, M.; Bhattacharya, R.; Mukherjee, P.
Switching the intracellular pathway and enhancing the therapeutic efficacy of small interfering RNA by auroliposome. Sci. Adv.
2020, 6, eaba5379. [CrossRef]

11. Syed, A.M.; MacMillan, P.; Ngai, J.; Wilhelm, S.; Sindhwani, S.; Kingston, B.R.; Wu, J.L.Y.; Llano-Suárez, P.; Lin, Z.P.; Ouyang, B.;
et al. Liposome Imaging in Optically Cleared Tissues. Nano Lett. 2020, 20, 1362–1369. [CrossRef]

12. Ibrahim, S.; Tagami, T.; Ozeki, T. Effective-Loading of Platinum–Chloroquine into PEGylated Neutral and Cationic Liposomes as
a Drug Delivery System for Resistant Malaria Parasites. Biol. Pharm. Bull. 2017, 40, 815–823. [CrossRef]

http://doi.org/10.1016/j.ophtha.2016.01.058
http://www.ncbi.nlm.nih.gov/pubmed/26992838
http://doi.org/10.1038/s41598-017-14221-2
http://www.ncbi.nlm.nih.gov/pubmed/29062065
http://doi.org/10.1080/15548627.2018.1474314
http://www.ncbi.nlm.nih.gov/pubmed/29940786
http://doi.org/10.1038/s41467-018-03225-9
http://www.ncbi.nlm.nih.gov/pubmed/29491374
http://doi.org/10.1038/s41584-020-0372-x
http://doi.org/10.1016/j.jconrel.2012.03.020
http://doi.org/10.1126/science.aat9120
http://doi.org/10.1002/adfm.201504899
http://doi.org/10.1016/S2213-2600(15)00245-3
http://doi.org/10.1126/sciadv.aba5379
http://doi.org/10.1021/acs.nanolett.9b04853
http://doi.org/10.1248/bpb.b16-00914


Micro 2023, 3 59

13. Xie, F.; Zhang, S.; Liu, J.; Gong, Z.; Yang, K.; Zhang, H.; Lu, Y.; Zou, H.; Yu, Y.; Chen, Y.; et al. Codelivery of salinomycin and
chloroquine by liposomes enables synergistic antitumor activity in vitro. Nanomedicine 2016, 11, 1831–1846. [CrossRef]

14. Owais, M.; Varshney, G.C.; Choudhury, A.; Chandra, S.; Gupta, C.M. Chloroquine encapsulated in malaria-infected erythrocyte-
specific antibody-bearing liposomes effectively controls chloroquine-resistant Plasmodium berghei infections in mice. Antimicrob.
Agents Chemother. 1995, 39, 180–184. [CrossRef]

15. Taneja, N.; Tyagi, J.S. Resazurin reduction assays for screening of anti-tubercular compounds against dormant and actively
growing Mycobacterium tuberculosis, Mycobacterium bovis BCG and Mycobacterium smegmatis. J. Antimicrob. Chemother. 2007,
60, 288–293. [CrossRef]

16. Schneider, C.; Nobs, S.P.; Heer, A.K.; Kurrer, M.; Klinke, G.; Van Rooijen, N.; Vogel, J.; Kopf, M. Alveolar Macrophages Are
Essential for Protection from Respiratory Failure and Associated Morbidity following Influenza Virus Infection. PLoS Pathog.
2014, 10, e1004053. [CrossRef]

17. Tate, M.D.; Pickett, D.L.; van Rooijen, N.; Brooks, A.; Reading, P.C. Critical Role of Airway Macrophages in Modulating Disease
Severity during Influenza Virus Infection of Mice. J. Virol. 2010, 84, 7569–7580. [CrossRef]

18. Pribul, P.K.; Harker, J.; Wang, B.; Wang, H.; Tregoning, J.S.; Schwarze, J.; Openshaw, P.J.M. Alveolar Macrophages Are a Major
Determinant of Early Responses to Viral Lung Infection but Do Not Influence Subsequent Disease Development. J. Virol. 2008, 82,
4441–4448. [CrossRef]

19. Kaur, S.; Prasad, N.; Srivastava, A.; Kumari, M.; Singh, S.; Kumar, D.; Bhattacharyya, R.; Banerjee, D. Fluorescence spectra of
chloroquine suspension: A probable tool for quality assessment of the most common antimalarial in a user-friendly manner.
Indian J. Pharmacol. 2019, 51, 416–417. [CrossRef]

20. Samanidou, V.F.; Evaggelopoulou, E.N.; Papadoyannis, I.N. Simultaneous determination of quinine and chloroquine anti-malarial
agents in pharmaceuticals and biological fluids by HPLC and fluorescence detection. J. Pharm. Biomed. Anal. 2005, 38, 21–28.
[CrossRef]

21. Jan, M.R.; Shah, J.; Javed, M.A.; Yousaf, N. Micelle Based Spectrofluorimetric Determination of Chloroquine Phosphate in
Commercial Formulation and Human Plasma. Tenside Surfactants Deterg. 2014, 51, 491–496. [CrossRef]

22. Fotoran, W.L.; Müntefering, T.; Kleiber, N.; Miranda, B.N.; Liebau, E.; Irvine, D.J.; Wunderlich, G. A multilamellar nanoliposome
stabilized by interlayer hydrogen bonds increases antimalarial drug efficacy. Nanomed. Nanotechnol. Biol. Med. 2019, 22, 102099.
[CrossRef] [PubMed]

23. Bajpai, A.K.; Choubey, J. Design of gelatin nanoparticles as swelling controlled delivery system for chloroquine phosphate. J.
Mater. Sci. Mater. Med. 2006, 17, 345–358. [CrossRef] [PubMed]

24. Qiu, L.; Jing, N.; Jin, Y. Preparation and in vitro evaluation of liposomal chloroquine diphosphate loaded by a transmembrane
pH-gradient method. Int. J. Pharm. 2008, 361, 56–63. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.2217/nnm-2016-0125
http://doi.org/10.1128/AAC.39.1.180
http://doi.org/10.1093/jac/dkm207
http://doi.org/10.1371/journal.ppat.1004053
http://doi.org/10.1128/JVI.00291-10
http://doi.org/10.1128/JVI.02541-07
http://doi.org/10.4103/ijp.IJP_423_19
http://doi.org/10.1016/j.jpba.2004.12.005
http://doi.org/10.3139/113.110333
http://doi.org/10.1016/j.nano.2019.102099
http://www.ncbi.nlm.nih.gov/pubmed/31648039
http://doi.org/10.1007/s10856-006-8235-9
http://www.ncbi.nlm.nih.gov/pubmed/16617413
http://doi.org/10.1016/j.ijpharm.2008.05.010

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

