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Unnatural lipids for simultaneous mRNA delivery
and metabolic cell labeling†

Yusheng Liu,a Jiadiao Zhou,a Yueji Wang,a Dhyanesh Baskarana and
Hua Wang *a,b,c,d,e,f,g

Lipids have demonstrated tremendous promise for mRNA delivery, as evidenced by the success of Covid-

19 mRNA vaccines. However, existing lipids are mostly used as delivery vehicles and lack the ability to

monitor and further modulate the target cells. Here, for the first time, we report a class of unnatural lipids

(azido-DOTAP) that can efficiently deliver mRNAs into cells and meanwhile metabolically label cells with

unique chemical tags (e.g., azido groups). The azido tags expressed on the cell membrane enable the

monitoring of transfected cells, and can mediate subsequent conjugation of cargos via efficient click

chemistry for further modulation of transfected cells. We further demonstrate that the dual-functional un-

natural lipid is applicable to different types of cells including dendritic cells, the prominent type of antigen

presenting cells, potentially opening a new avenue to developing enhanced mRNA vaccines.

Introduction

Nucleic acid-based therapies have demonstrated tremendous
promise for treating a variety of diseases, as evidenced by the
great success of mRNA vaccines in the era of COVID-19.1–3 The
development of delivery vehicles that can stably and efficiently
deliver nucleic acids into the target cells is essential for the
success of nucleic acid-based therapies.4 Among the various
types of delivery vehicles developed to date, lipids have stood
out for in vitro and in vivo delivery of nucleic acids.5,6 For
example, ionizable lipids and lipid nanoparticles were used as
the delivery vehicle for SARS-Cov-2 mRNAs for the develop-
ment of COVID-19 vaccines.7–10 Lipofectamines have also
become a gold standard for mRNA and plasmid delivery and
in vitro transfection of numerous types of cells.11,12 In these
applications, lipids purely function as the delivery vehicle and

require the incorporation of additional components to
monitor the cellular uptake and transfection efficiency of
cells.7–12 Also, methods to further modulate the transfected
cells, which could lead to enhanced efficacy for nucleic acid-
based therapies, are lacking. Here, we aim to develop a class of
unnatural lipids that can efficiently deliver nucleic acids into
cells and further enable targeted modulation of transfected
cells.

Lipids and sugars are two most abundant types of mole-
cules on the cell membrane. By leveraging the cellular glycan
synthesis machinery, the metabolic glycoengineering process
of unnatural monosaccharides has provided a facile yet power-
ful tool to introduce unique chemical tags (e.g., azido groups)
onto the cell membrane.13–17 The cell-surface azido groups
then enable targeted conjugation of dibenzocyclooctyne
(DBCO)-bearing cargos via efficient and bioorthogonal click
chemistry. This two-step approach has been widely used for
the imaging or targeted modulation of cancer cells, immune
cells, and bacteria.18–22 In contrast to the well-established
metabolic glycan labeling method, effective methods to intro-
duce unnatural lipids to the cell membrane via the metabolic
lipid pathways are still lacking. Choline derivatives were shown
to be metabolizable by cells and enable the chemical tagging
of cells but are limited by the low labeling efficiency.23–27

Primary alcohols bearing chemical tags can also convert phos-
phatidylcholine into phosphatidyl alcohols in the presence of
phospholipase D, but only at concentrations >20 mM, which
induce significant cytotoxic effects.28–33

Herein, we report a new class of unnatural lipids, 1,2-dio-
leoyl-3-azidoethyldimethylammoniumpropane (azido-DOTAP),
that can complex with mRNAs, facilitate intracellular delivery
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of mRNAs, and meanwhile metabolically label cells with azido
groups. This is built upon the phenomenon that cationic
DOTAP can complex with negatively charged mRNA and, upon
cellular internalization, can be hydrolyzed into 1,2-dihydroxyl-
3-trimethylammoniumpropane in the presence of intracellular
esterases.34–36 The generated alcohol can then be metabolized

via the lipid synthesis pathways and eventually become
expressed on the cell membrane.30–33 We hypothesize that the
functionalization of DOTAP with azido groups, via the replace-
ment of one methyl group with an azidoethyl group, could
conserve the metabolic labeling ability and enable the meta-
bolic tagging of cell membranes with azido groups (Fig. 1a).

Fig. 1 Azido-DOTAP can metabolically label cells with azido groups. (a) Schematic illustration for the metabolic lipid labeling process of azido-
DOTAP. Upon cellular internalization, azido-DOTAP can be hydrolyzed into azido-DDAP, which can undergo metabolic lipid engineering processes
and become expressed on the cell membrane in the form of phospholipids. The cell-surface azido groups can then be detected with DBCO-Cy5 via
efficient click chemistry. (b) CLSM images of 4T1 cells after 24 h incubation with azido-DOTAP (50 µM) or PBS and 20 min staining with DBCO-Cy5
(red). Nucleus was stained with DAPI (blue). Scale bar: 10 µm. (c) Mean Cy5 fluorescence intensity of 4T1 cells following the same treatment as in (b).
(d) CLSM images of 4T1 cells after 24 h incubation with azido-DDAP (5 mM) or PBS and 20 min staining with DBCO-Cy5. Nucleus was stained with
DAPI (blue). Scale bar: 10 µm. (e) Mean Cy5 fluorescence intensity of 4T1 cells following the same treatment as in (d). All the numerical data are pre-
sented as mean ± SD (0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
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Results and discussion
Azido-DOTAP mediated metabolic labeling of cells

Prior to the synthesis of azido-DOTAP, we first synthesized
1,2-dihydroxyl-3-azidoethyldimethylammoniumpropane (azido-
DDAP) via the complexation of 3-chloro-1,2-propanediol and
2-azido-N,N′-dimethylethanamine (Fig. 1a and Fig. S1†). Azido-
DDAP was further reacted with oleoyl chloride to yield azido-
DOTAP (Fig. 1a and Fig. S1†). The chemical structure of azido-
DDAP and azido-DOTAP was well characterized by 1H NMR
and 13C NMR spectrometry (Fig. S2 and 3†). We also per-
formed FTIR spectrometry of azido-DOTAP and DOTAP. The
presence of the 2106 cm–1 peak confirmed the presence of
azido groups in azido-DOTAP (Fig. S4†). To study whether
azido-DOTAP can metabolically label cells with azido groups
(Fig. 1a), 4T1 breast cancer cells were incubated with azido-
DOTAP for 24 h, followed by 20 min incubation with
DBCO-Cy5 to detect the cell-surface azido groups via efficient
click chemistry. Compared to control cells without azido-
DOTAP treatment, cells treated with azido-DOTAP exhibited a
much brighter Cy5 fluorescence signal on the cell membrane

(Fig. 1b), indicating the successful metabolic labeling of 4T1
cells with azido groups. Flow cytometry analysis confirmed the
concentration-dependent azido tagging of 4T1 cells by azido-
DOTAP (Fig. 1c). We also tested the metabolic labeling capa-
bility of azido-DDAP, a potential hydrolysis product of azido-
DOTAP. Compared to 4T1 cells pretreated with PBS, cells pre-
treated with azido-DDAP showed a higher Cy5 fluorescence
intensity (Fig. 1d and e), indicating the successful labeling of
cells with azido groups. However, compared to azido-DOTAP, a
much higher concentration of azido-DDAP was needed to
achieve a notable labeling effect (Fig. 1d and e), presumably
due to the lower cell uptake of azido-DDAP than azido-DOTAP.
This is consistent with previous reports indicating that
hydroxyl-exposed monosaccharides exhibit a lower cellular
uptake than acetylated monosaccharides.37,38 By incubating
4T1 cells with 25 or 50 µM azido-DOTAP, azido-DDAP, and
azido-choline for 24 h and staining cells with DBCO-Cy5, the
azido-DOTAP group showed a significantly higher Cy5 fluo-
rescence intensity than azido-DDAP and azido-choline groups,
demonstrating the superior metabolic labeling effect of azido-
DOTAP over azido-DDAP and azido-choline (Fig. S5†). The cyto-

Fig. 2 Azido-DOTAP can be hydrolyzed into azido-DDAP and become metabolically incorporated into membrane lipids. (a) Hydrolysis kinetics of
azido-DOTAP at pH 6.5 and 7.4, respectively. The concentration of azido-DOTAP was set at 1.0 or 0.1 mg mL−1. (b) HPLC profiles (fluorescence
mode) of membrane lipids that were extracted from 4T1 cells pretreated with azido-DOTAP (25 µM), azido-choline (2 mM), azido-DDAP (2 mM), and
PBS, respectively, for 24 h. The extracted lipids were incubated with DBCO-Cy5 prior to HPLC runs. (c) Mean Cy5 fluorescence intensity of 4T1 cells
after treating with 25 or 50 µM azido-DOTAP for different times and staining with DBCO-Cy5.
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toxicity of azido-DOTAP, DOTAP, azido-DDAP, and azido-
choline against 4T1 cells was analyzed via the MTT assay,
which showed IC50 values of 86.2 µM, 42.1 µM, 14.7 mM, and
5.1 mM, respectively (Fig. S6†). We also confirmed the pH-
dependent hydrolysis of azido-DOTAP into azido-DDAP. At pH
7.4 and 0.1 mg mL−1, ∼10% of azido-DOTAP was hydrolyzed
into azido-DDAP over 24 h (Fig. 2a). At pH 6.5 and 0.1 mg
mL−1, azido-DOTAP exhibited a much higher hydrolysis rate,
with >90% degradation over 24 h (Fig. 2a). Azido-DOTAP
showed a slower hydrolysis rate at a higher concentration
(1 mg mL−1), but the hydrolysis was still pH-dependent

(Fig. 2a). Considering the acidity of endosomes, we expect the
rapid degradation of azido-DOTAP into azido-DDAP upon cel-
lular internalization.

To further validate the metabolic lipid labeling, we
extracted the lipid molecules from cells pretreated with azido-
DOTAP, azido-DDAP, azido-choline, or PBS for 24 h, then incu-
bated them with DBCO-Cy5 for 20 min, and ran the samples
on HPLC. As the negative control, lipids extracted from PBS-
treated cells showed minimal Cy5 signal (Fig. 2b). In compari-
son, cells pretreated with azido-choline, azido-DOTAP, or
azido-DDAP and then incubated with DBCO-Cy5 contained

Fig. 3 Azido-DOTAP/mRNA complexes can simultaneously transfect cells and metabolically label cells with azido groups. (a) Schematic illustration
of azido-DOTAP/eGFP mRNA mediated cell transfection and labeling. (b) Dynamic light scattering (DLS) profile, (c) size, and (d) zeta potential of
azido-DOTAP nanoparticles and azido-DOTAP/mRNA complexes. (e) CLSM images of HEK293T cells after incubation with azido-DOTAP/eGFP
mRNA complexes or lipofectamine/eGFP mRNA complexes for 48 h. The mass ratio of lipid to mRNA was fixed at 5 : 1. Scale bar: 100 µm. (f ) %
eGFP+ HEK293T cells after treatment with different groups for 48 h. The concentration of mRNAwas fixed at 1 µg mL−1. The concentration of azido-
DOTAP was 3.2 µM (2.5 µg mL−1), 6.5 µM, or 13 µM. 5 µg mL−1 LPF2000 was used. (g) Mean eGFP fluorescence intensity among eGFP+ HEK293T
cells after 48 h treatment with different groups. Also shown is the mean Cy5 fluorescence intensity (h) among all HEK293T cells or (i) among eGFP+

HEK293T cells after 48 h treatment with different groups and staining with DBCO-Cy5. ( j) Correlation of Cy5 MFI and eGFP MFI among eGFP+ cells.
All the numerical data are presented as mean ± SD (0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
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Cy5-tagged lipids, substantiating the successful azido labeling
of cells by azido-choline, azido-DOTAP, or azido-DDAP (Fig. 2b).
To better understand the metabolic labeling kinetics of azido-
DOTAP, we incubated 4T1 cells with azido-DOTAP for different
times and then detected cell-surface azido groups with
DBCO-Cy5. Cell-surface azido groups became detectable after
1–2 h, and the density gradually increased over the course of
24 h (Fig. 2c). By increasing the concentration of azido-DOTAP,
the metabolic labeling kinetics follows a similar trend, albeit
at a higher labeling efficiency (Fig. 2c). This accumulative
labeling kinetics matches with the kinetics of intracellular
metabolic lipid engineering processes instead of direct lipid
insertion into cell membranes, which often happens within
minutes after adding the lipids. These experiments demon-
strated that azido-DOTAP can be hydrolyzed into azido-DDAP
and, via incubation with 4T1 cells, can be metabolically incor-
porated into membrane lipids.

Azido-DOTAP mediated simultaneous mRNA delivery and cell
tagging

We next studied the capability of azido-DOTAP to condense
and stably deliver mRNAs into cells. In accordance with the
commonly used protocol for preparing lipofectamine/mRNA
complexes (Fig. S7a–c†), we formulated the nanoparticulate
azido-DOTAP via the extrusion method and then condensed it
with eGFP-encoding mRNA to form the complex (Fig. 3a).
Dynamic light scattering showed a diameter of ∼130 nm
(Fig. 3b and c) and a surface charge of ∼52 mV (Fig. 3d) for the
complexes formed at an azido-DOTAP :mRNA mass ratio of
5 : 1. The increase in the size and the decrease in the surface
charge of azido-DOTAP/mRNA complexes, in comparison with
azido-DOTAP nanoparticles, indicated the successful incorpor-
ation of mRNA (Fig. 3b–d). The agarose gel electrophoresis
results also confirmed the successful incorporation of mRNAs

Fig. 4 Incorporation of DOPE increases the transfection efficiency of azido-DOTAP/mRNA complexes. (a) DLS profile, (b) size, and (c) zeta potential
of azido-DOTAP/DOPE nanoparticles and azido-DOTAP/DOPE/mRNA complexes. The molar ratio of azido-DOTAP to DOPE was 6 : 4. The mass
ratio of lipid to mRNA was set at 5 : 1. (d) CLSM images of HEK293T cells after 48 h incubation with azido-DOTAP/mRNA complexes or azido-
DOTAP/DOPE/mRNA complexes. Scale bar: 50 µm. (e) % eGFP+ HEK293T cells after 48 h treatment with different groups. The concentration of
mRNA was fixed at 1 µg mL−1. The molar ratio of azido-DOTAP to DOPE was 6 : 4. (f ) Mean eGFP fluorescence intensity of eGFP+ HEK293T cells
after 48 h treatment with different groups. All the numerical data are presented as mean ± SD (0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
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into the complexes (Fig. S8†). The formed azido-DOTAP/mRNA
complexes were stable under physiological conditions for over
48 h, as evidenced by the negligible changes in size and zeta
potential (Fig. S9a–c†). After incubating HEK293T cells with
the complexes for 48 h, strong eGFP fluorescence intensity was

observed in cells treated with azido-DOTAP/mRNA complexes
(Fig. 3e), indicating the successful expression of eGFP mRNA.
Flow cytometry analyses confirmed the concentration-depen-
dent transfection efficiency of azido-DOTAP/eGFP mRNA com-
plexes (Fig. 3f and g). We also incubated azido-DOTAP/mRNA

Fig. 5 Azido-DOTAP/DOPE/mRNA complexes enable simultaneous transfection, metabolic tagging, and activation of dendritic cells. (a)
Fluorescence images of BMDCs after 48 h treatment with azido-DOTAP/DOPE/mRNA complexes with varied azido-DOTAP : DOPE molar ratios.
Scale bar: 300 µm. The mass ratio of lipid to mRNA was fixed at 10 : 1 for all groups. (b) % eGFP+ BMDCs after 48 h treatment with different groups.
(c) Mean eGFP fluorescence intensity of BMDCs after 48 h treatment with different groups. (d) Mean Cy5 fluorescence intensity of BMDCs after 48 h
treatment with different groups and staining with DBCO-Cy5. (e) Mean CD86 fluorescence intensity of BMDCs after 48 h treatment with different
groups and staining with PE/Cy7-conjugated anti-CD86. All the numerical data are presented as mean ± SD (0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤
0.001).
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complexe-pretreated cells with DBCO-Cy5 for 20 min, in order
to detect the potentially expressed azido groups on the cell
membrane. As expected, cells treated with azido-DOTAP/mRNA
complexes showed a higher Cy5 fluorescence intensity than
control cells (Fig. 3h and i), demonstrating the successful
metabolic labeling of cells with azido groups. Further analysis
confirmed a good correlation between the eGFP signal and the
Cy5 signal (R2 = 0.7617, Fig. 3j). These experiments demon-
strated the ability of azido-DOTAP to function as an effective
delivery vehicle for mRNAs and meanwhile metabolically label
cells with azido groups.

Incorporation of DOPE enhances the transfection efficiency

We further studied whether the incorporation of additional
helper lipids such as dioleoylphosphatidylethanolamine
(DOPE) can tune the transfection efficiency while maintaining
the metabolic labeling ability. We mixed DOPE and azido-
DOTAP at a molar ratio of 6 : 4 and complexed them with eGFP
mRNA. The increase of size and the decrease of surface charge
(Fig. 4a–c), as well as the agarose gel electrophoresis result
(Fig. S8†), confirmed the successful incorporation of mRNA
into the complexes. HEK293T cells were then incubated with
the complexes with lipid : mRNA mass ratios of 2.5 : 1 (3.2 µM
lipid), 5 : 1 (6.5 µM lipid), and 10 : 1 (13 µM lipid), respectively,
for 48 h, followed by the detection of eGFP expression via fluo-
rescence microscopy and flow cytometry. Fluorescence images
showed the successful expression of eGFP in cells treated with
azido-DOTAP/mRNA or azido-DOTAP/DOPE/mRNA (Fig. 4d).
Compared to azido-DOTAP, the mixture of azido-DOTAP and
DOPE resulted in the improved transfection efficiency of eGFP
mRNA in HEK293T cells (Fig. 4e and f). These experiments
demonstrated the feasibility of enhancing the transfection
efficiency of azido-DOTAP/mRNA complexes.

Simultaneous transfection and metabolic labeling of dendritic
cells

To extend the applicability of azido-DOTAP to different types
of cells, we next studied whether azido-DOTAP/DOPE/mRNA
complexes can simultaneously transfect and metabolically
label bone marrow-derived dendritic cells (BMDCs), the promi-
nent type of antigen presenting cells in the body. We mixed
different molar ratios of azido-DOTAP and DOPE (9 : 1, 7 : 3,
5 : 5, 3 : 7, and 1 : 9, respectively) and then incubated them
with eGFP mRNA with a lipid : mRNA mass ratio of 10 : 1 to
form the complexes. The mRNA complexes were incubated
with murine BMDCs for 48 h, followed by fluorescence
imaging and flow cytometry. Compared to cells treated with
free mRNA, BMDCs treated with the complexes with a azido-
DOTAP/DOPE molar ratio of 9 : 1, 7 : 3, 5 : 5, or 3 : 7 showed a
much higher eGFP fluorescence intensity (Fig. 5a). DOTAP/
DOPE/mRNA complexes with a 9 : 1 DOTAP/DOPE molar ratio
also resulted in a higher transfection efficiency than the lipo-
fectamine complex (Fig. 5a). Flow cytometry analyses also con-
firmed the much higher transfection efficiency of DOTAP/
DOPE/mRNA complexes than that of free mRNAs and the cor-
relation of transfection efficiency to DOTAP/DOPE molar ratios

(Fig. 5b and c). We also analyzed the cell-surface azido groups
as a result of the metabolic lipid labeling of azido-DOTAP.
Azido-DOTAP/DOPE/mRNA complexes with a DOTAP/DOPE
molar ratio of 9 : 1, 7 : 3, or 5 : 5 managed to label BMDCs with
a detectable level of azido groups (Fig. 5d), which is consistent
with the concentration dependent labeling effect of azido-
DOTAP. We also compared azido-DOTAP and DOTAP for intra-
cellular transfection of eGFP mRNA in BMDCs. At a concen-
tration of 3.2 or 6.5 µM, azido-DOTAP/mRNA and DOTAP/
mRNA showed a similar eGFP transfection efficiency in
BMDCs (Fig. S10a†). At a concentration of 13 or 26 µM, azido-
DOTAP/mRNA exhibited a slightly higher eGFP transfection
efficiency than DOTAP/mRNA (Fig. S10a†), which is likely
attributed to the difference in the chemical structure of azido-
DOTAP and DOTAP. The same trend also applies to azido-
DOTAP/DOPE/mRNA versus DOTAP/DOPE/mRNA (Fig. S10b†).
Interestingly, azido-DOTAP/DOPE/mRNA complexes also upre-
gulated the surface expression of CD86, a well-known acti-
vation marker of DCs, by BMDCs (Fig. 5e), likely due to the
interactions between lipids and the DC membrane. The CD86
level was indeed well correlated to the azido labeling efficiency
and transfection efficiency of DOTAP/DOPE/mRNA complexes
(Fig. 5e). We also synthesized SIINFEKL antigen-encoding
mRNA and complexed it with azido-DOTAP, azido-DOTAP/
DOPE, or LPF2000. These complexes successfully transfected
BMDCs with the SIINFEKL antigen and resulted in the presen-
tation of MHCI-SIINFEKL on BMDCs (Fig. S11a and b†). The
SIINFEKL antigen presentation efficiency increased with the
concentration of azido-DOTAP (Fig. S11a and b†). To further
confirm the role of azido-DOTAP in CD86 upregulation of DCs,
BMDCs were treated with DOTAP/mRNA (encode for
SIINFEKL), azido-DOTAP/mRNA, azido-DOTAP/DOPE/mRNA,
DOTAP/mRNA, and DOPE mRNA, respectively. At 13 µM azido-
DOTAP or DOTAP, compared to DOPE/mRNA, azido-DOTAP/
mRNA, DOTAP/mRNA, azido-DOTAP/DOPE/mRNA, and
DOTAP/DOPE/mRNA all resulted in a higher expression level
of CD86 on DCs (Fig. S12†), substantiating the DC-activating
effect of azido-DOTAP and DOTAP. Interestingly, compared to
DOTAP/mRNA, azido-DOTAP/mRNA also induced higher CD86
expression on DCs (Fig. S12†).

Conclusion

In summary, we report a class of unnatural lipids that can con-
dense and stably deliver mRNA into cells and meanwhile meta-
bolically label cells with clickable chemical tags. We demon-
strated the ability of azido-DOTAP to induce the efficient trans-
fection of mRNAs in various types of cells including 4T1 breast
cancer cells, HEK293T kidney cells, and BMDCs, while instal-
ling azido groups on the cell membrane. We further demon-
strated that additional lipids can be incorporated to improve
the overall transfection efficiency while maintaining the meta-
bolic labeling capability. The cell-surface azido groups enable
targeted conjugation of molecules or materials via efficient
click chemistry to further modulate the function of transfected
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cells. For the first time, we show that cationic lipids not only
can deliver nucleic acids but also function as a labeling
reagent for the monitoring and manipulation of target cells.

Methods
Materials and instrumentation

All chemicals used for the synthesis of lipids, including
3-chloro-1,2-propanediol, 2-azido-N,N-dimethylethanamine,
and oleoyl chloride, were purchased from Sigma-Aldrich
(St Louis, MO, USA) unless otherwise noted. Fetal Bovine
Serum (FBS) was purchased from Thermo Fisher (Waltham,
MA, USA). GM-CSF was purchased from PeproTech (Cranbury,
NJ, USA). Primary antibodies used in this study, including
FITC-conjugated anti-CD11c (Invitrogen) and PE/Cy7-conju-
gated anti-CD86 (Invitrogen), were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Fixable viability dye
efluor780 was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). All antibodies were diluted according to
the manufacturer’s recommendations. Small molecule com-
pounds were run on the Agilent 1290/6140 ultra-high perform-
ance liquid chromatography/mass spectrometer or the
Shimadzu high performance liquid chromatography system.
Proton and carbon nuclear magnetic resonance spectra were
collected on the Varian U500 or VXR500 (500 MHz) spectro-
meter. Fluorescence images were taken using an EVOS micro-
scope (Thermo Fisher, Waltham, MA, USA). The confocal
image was obtained using LSM 900 (ZEISS, USA). FACS data
were collected using Attune NxT flow cytometers and analyzed
with Flowjo™ 10. Statistical testing was performed using
GraphPad Prism v8.

Cell lines

The 4T1 and HEK293T cell lines were purchased from
American Type Culture Collection (Manassas, VA, USA). Cells
were cultured in DMEM containing 10% FBS and 100 units per
mL penicillin/streptomycin at 37 °C in 5% CO2 humidified air.

Synthesis of azido-DDAP

3-Chloro-1,2-propanediol (1.1 g, 0.01 mol, 1.0 eq.) was dis-
solved in 5 mL of DI water, followed by the addition of 2-azido-
N,N-dimethylethanamine (1.25 g, 0.011 mol, 1.1 eq.). The reac-
tion mixture was heated to 60 °C and stirred for 12 hours until
the complete consumption of 3-chloro-1,2-propanediol as
monitored by HPLC. The solvent and residual 2-azido-N,N-di-
methylethanamine were removed by rotary evaporation and
lyophilization. 1H NMR (500 MHz, D2O): δ 4.32 (dtd, J = 8.4,
5.4, 2.9 Hz, 1H), 3.99 (t, J = 5.6 Hz, 2H), 3.73 (tt, J = 5.8, 3.5 Hz,
2H), 3.62 (d, J = 5.4 Hz, 2H), 3.58–3.50 (m, 2H), 3.28 (d, J =
6.7 Hz, 6H). 13C NMR (500 MHz, D2O) δ 66.95, 66.34, 63.85,
63.53, 52.61, 44.80.

Synthesis of azido-DOTAP

Azido-DDAP (0.5 g, 2.2 mmol) was dissolved in anhydrous di-
methylformaldehyde (DMF), followed by the dropwise addition

of oleoyl chloride (1.45 g, 4.8 mmol, 1.1 eq.) and triethylamine
(0.5 g, 4.8 mmol, 1.1 eq.) in dimethylformaldehyde. The reac-
tion mixture was stirred at 40 °C overnight. Then, DMF was
removed using a rotavapor, and the residue was dissolved in
dichloromethane. The crude product was purified by silica
column chromatography with hexane and ethyl acetate as the
eluent. Azido-DOTAP was obtained as a slight yellow solid. 1H
NMR (500 MHz, CDCl3): δ 5.66–5.59 (m, 1H), 5.41–5.27 (m,
4H), 4.59–4.46 (m, 2H), 4.17–4.02 (m, 5H), 3.88 (dd, J = 14.4,
8.7 Hz, 1H), 3.51 (d, J = 6.8 Hz, 6H), 2.37–2.28 (m, 4H), 2.00 (t,
J = 6.1 Hz, 8H), 1.63–1.54 (m, 4H), 1.28 (dp, J = 22.1, 7.0 Hz,
40H), 0.91–0.84 (m, 6H). 13C NMR (126 MHz, CDCl3): δ 173.34,
172.94, 130.14, 130.11, 129.76, 129.72, 65.92, 63.76, 63.45,
45.41, 34.31, 34.01, 32.00, 29.86, 29.63, 29.42, 29.36, 29.33,
29.28, 29.22, 29.18, 27.32, 27.29, 24.85, 24.76, 22.78, 14.22.

Confocal imaging of azido-DOTAP labeled cells

105 4T1 or HEK293T cells (1 mL of medium) were seeded onto
the coverslips placed in a 6-well plate and allowed to attach to
the coverslips for 12 h. Azido-DOTAP was then added to the
cells. After 24 hours, the medium was removed, and cells were
washed three times with PBS, and then DBCO-Cy5 (5 µg mL−1)
in FACS buffer (2% FBS in PBS) was added and incubated with
cells for 20 min. Cells were then washed, stained with DAPI,
and fixed with 4% PFA. Then the coverslips bearing the cells
were transferred to microscope slides with the addition of
ProLong™ Gold and stored at 4 °C prior to imaging.

Flow cytometry analysis of azido-DOTAP labeled cells

4T1 cells were treated with azido-DOTAP, azido-DDAP, azido-
choline, or PBS for 24 h. Cells were then detached by treatment
with 0.25% trypsin and washed three times with cold PBS.
Cells were resuspended in FACS buffer with 5 µg mL−1

DBCO-Cy5 and eFluor™ 780 Fixable Viability Dye for 20 min.
After washing, cells were suspended in FACS buffer containing
0.4% PFA and stored at 4 °C prior to flow cytometry analysis.

MTT assay

4T1 cells were seeded into 96-well plates and allowed to attach
overnight. After washing, azido-DOTAP, DOTAP, azido-DDAP,
and azido-choline at different final concentrations were then
added. After 72 h, cells were washed three times with PBS, and
MTT solution was added to each well and incubated with cells
for 4 h. Dimethyl sulfoxide was then added and the plates were
shaken for 10 minutes, prior to the absorbance measurement
using a plate reader.

Extraction of lipids from cells for HPLC analysis

106 4T1 cells were seeded into a Petri dish in 10 mL medium
and allowed to attach and proliferate. At ∼60% confluency,
25 μM azido-DOTAP was added. After 24 hours, cells were
detached by treatment with 0.25% trypsin and washed with
PBS to remove non-specifically bound lipids. Cells were resus-
pended in cold FACS buffer containing 5 µg mL−1 DBCO-Cy5
for an hour at 4 °C. After washing three times with cold FACS
buffer and twice with cold PBS, cells were re-suspended in

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2024 Biomater. Sci., 2024, 12, 4170–4180 | 4177

Pu
bl

is
he

d 
on

 2
6 

Ju
ni

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2.

06
.2

6 
18

:2
1:

04
. 

View Article Online

https://doi.org/10.1039/d4bm00625a


100 µL of water in a tube, followed by the addition of 150 µL of
methanol/chloroform (2 : 1 volume ratio). The mixture was
sonicated on ice for 10 minutes and then centrifuged at
12 000g for 5 minutes at 4 °C. The lower organic phase was
carefully collected for HPLC analysis.

Release kinetic study of azido-DOTAP

Azido-DOTAP was dissolved in 200 µL of citric acid buffer
(pH = 6.5) or PBS (pH = 7.4) with a final concentration of
0.1 mg mL−1 and 1.0 mg mL−1, respectively. Then, the vials
were placed at 37 °C, and 5 µL aliquots were taken at selected
time points for HPLC analysis.

In vitro labeling kinetic study of azido-DOTAP

104 4T1 cells were seeded into 96-well plates in 0.1 mL
medium and allowed to attach overnight. Azido-DOTAP (25 or
50 µM) was added at different times prior to flow cytometry
analysis. Cells were washed three times with PBS, followed by
the addition of DBCO-Cy5 (5 µg mL−1) in FACS buffer. After
washing three times with PBS, cells were lifted with trypsin,
further washed twice with PBS, and resuspended in FACS
buffer containing 0.4% PFA for flow cytometry analysis.

Azido-DOTAP mediated in vitro mRNA transfection

Azido-DOTAP (1 mg) was dissolved in chloroform. Chloroform
was then removed using a rotavapor to form a thin lipid film,
followed by lyophilization for 2 hours to completely remove
chloroform. Biological grade water (1 mL) was then added, fol-
lowed by sonication on ice. The mixture was extruded using
the Avanti Extruder (100 nm membrane) to yield the lipid
nanoparticles. Azido-DOTAP/DOPE nanoparticulates were pre-
pared following a similar protocol, except for the replacement
of azido-DOTAP with the mixture of azido-DOTAP and DOPE in
the beginning. Azido-DOTAP or azido-DOTAP/DOPE was then
complexed with eGFP-encoding mRNA at a lipid : mass ratio of
2.5 : 1, 5 : 1, or 10 : 1. For cell transfection, HEK293T cells were
seeded in 96-well plates with 10 000 cells each well. Azido-
DOTAP/mRNA complexes, azido-DOTAP/DOPE/mRNA com-
plexes, or lipofectamine 2000/mRNA complexes were added to
the wells. 100 ng of eGFP mRNA was added per well. Note that
the lipofectamine/mRNA was purchased from a commercial
vendor. According to the concentration information and the
protocol provided by the vendor, we used a lipofectamine
2000 : mRNA mass ratio of 5 : 1 for the transfection studies.
After 48 hours, cells were imaged under a fluorescence micro-
scope. For flow cytometry analysis, cells were also stained with
DBCO-Cy5 in FACS buffer, detached with trypsin, washed, and
resuspended in FACS buffer.

BMDC transfection and labeling

BMDCs were differentiated from bone marrow cells following a
previously reported protocol. Briefly, bone marrow cell suspen-
sions were cultured in the presence of 20 ng mL−1 GM-CSF for
7 days and then cultured in the presence of 10 ng mL−1

GM-CSF. For the transfection experiments, BMDCs were
seeded into 96-well plates at a density of 10k per well (100 µL

medium). The complexes of eGFP mRNA and lipids (azido-
DOTAP, the mixture of azido-DOTAP and DOPE, or lipofecta-
mine 2000) were added to the cells (100 ng eGFP mRNA per
well). The mass ratio of lipid : mRNA was fixed at 10 : 1 for the
DC transfection studies. After 48 hours, cells were imaged
under a fluorescence microscope. For flow cytometry analysis,
cells were also stained with DBCO-Cy5 in FACS buffer first,
washed, and resuspended in FACS buffer. Then FITC-conju-
gated anti-CD11c, PE/Cy7-conjugated anti-CD86 and fixable
viability dye efluor780 were added to cells. After staining for
30 minutes, cells were washed and resuspended in FACS buffer
containing 0.4% PFA for flow cytometry analysis.

Comparison of azido-DOTAP and DOTAP for mRNA
transfection

Day-7 BMDCs were seeded into 96-well plates at a density of
10k per well (100 µL medium). The complexes of eGFP-
encoded mRNA and lipids (azido-DOTAP, DOTAP, the mixture
of azido-DOTAP and DOPE, or the mixture of DOTAP and
DOPE) were added to the cells. The mass ratio of lipid : mRNA
was fixed at 10 : 1 for the DC transfection studies. The molar
ratio of azido-DOTAP (or DOTAP) to DOPE was set at 9 : 1. After
48 h, cells were harvested for flow cytometry analysis.

Synthesis of SIINFEKL mRNA

The mRNA encoding SIINFEKL peptide was generated using
the HiScribe T7 polymerase in vitro transcription system from
NEB (Cat: E2040) following the manufacturer’s protocol. The
template DNAs used in the transcription process were
obtained from a commercial vendor. Briefly, the template
design includes the coding sequence of the peptides, a T7
polymerase recognition sequence, a start codon, a stop codon,
and various UTR sequences. Following in vitro transcription,
the mRNA molecules were purified using a Monarch RNA
clean up kit from NEB (Cat: T2050) following the manufac-
turer’s protocol.

SIINFEKL antigen presentation by BMDC

Day-7 BMDCs were seeded into 96-well plates at a density of
10k per well (100 µL medium). The complexes of SIINFEKL-
encoded mRNA and lipids (azido-DOTAP, DOTAP, DOPE, the
mixture of azido-DOTAP and DOPE, the mixture of DOTAP and
DOPE, or lipofectamine 2000) were added to the cells (100 ng
of SIINFEKL mRNA per well). The mass ratio of lipid : mRNA
was fixed at 10 : 1 for the DC transfection studies. The molar
ratio of azido-DOTAP (or DOTAP) to DOPE was set at 9 : 1. After
48 h, cells were stained with FITC-conjugated anti-CD11c, APC-
conjugated anti-MHCI-SIINFEKL, PE/Cy7-conjugated anti-
CD86, and fixable viability dye efluor780. Cells were then
washed and resuspended in FACS buffer containing 0.4% PFA
for flow cytometry analysis.

Statistical analyses

Statistical analysis was performed using GraphPad Prism v6
and v8. Sample variance was tested using the F test. For
samples with equal variance, the significance between the
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groups was analyzed by a two-tailed Student’s t-test. For
samples with unequal variance, a two-tailed Welch’s t-test was
performed. For multiple comparisons, a one-way analysis of
variance (ANOVA) with post hoc Fisher’s LSD test was used. The
results were deemed significant at 0.01 < *P ≤ 0.05, highly sig-
nificant at 0.001 < **P ≤ 0.01, and extremely significant at ***P
≤ 0.001.
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at the Illinois Data Bank upon the acceptance of the
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