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ABSTRACT: For drug delivery purposes, the ability to conveniently attach a targeting moiety that will deliver drugs to cells and
then enable controlled release of the active molecule after localization is desirable. Toward this end, we designed and synthesized
clickable and photocleavable lipid analogue 1 to maximize the efficiency of bioconjugation and triggered release. This compound
contains a dibenzocyclooctyne group for bioorthogonal derivatization linked via a photocleavable 2-nitrobenzyl moiety at the
headgroup of a synthetic lipid backbone for targeting to cell membranes. To assess delivery and release using this system, we
report fluorescence-based assays for liposomal modification and photocleavage in solution as well as through surface
immobilization to demonstrate successful liposome functionalization and photoinduced release. In addition, fluorophore delivery
to and release from live cells was confirmed and characterized using fluorescence microscopy and flow cytometry analysis in
which 1 was delivered to cells, derivatized, and photocleaved. Finally, drug delivery studies were performed using an azide-tagged
analogue of camptothecin, a potent anticancer drug that is challenging to deliver due to poor solubility. In this case, the ester
attachment of the azide tag acted as a caging group for release by intracellular esterases rather than through photocleavage. This
resulted in a dose-dependent response in the presence of liposomes containing delivery agent 1, confirming the ability of this
compound to stimulate delivery to the cytoplasm of cells.

■ INTRODUCTION

For the purposes of drug delivery, vehicles and targeting groups
including lipids and liposomes, polymers, microspheres, and
antibodies have received considerable attention with the goal of
enhancing therapeutic properties.1 Of these, lipids represent
effective agents for the delivery of drugs and imaging agents due
to their biocompatibility and their ability to target molecules to
cells through actions including insertion and fusion involving
cellular membranes.1−5 For this reason, the development of
facile methods for covalent conjugation of active molecules
onto lipids and liposomal surfaces has been of considerable
interest in recent years. For such bioconjugation approaches, it
is beneficial to invoke bioorthogonal methods to enable the
selective attachment of molecules within the complex environ-
ments of biological samples.6,7 Furthermore, if molecules are
covalently attached to lipids that anchor them to the

membrane, following delivery to cells, it is advantageous to
utilize a controllable means to trigger the release of the active
molecule from the membrane surface.
In the use of bioorthogonal derivatization for the attachment

of molecules to lipids and membranes, click chemistry reactions
have recently been pursued due to benefits including selectivity
and fast kinetics under ambient conditions.6−11 While initial
approaches focused on the copper-catalyzed azide−alkyne
cycloaddition,12−19 this reaction suffers from some disadvan-
tages, as the required copper catalyst can promote the
decomposition of lipid membranes20 and complicate delivery
in vivo. As a result, we and others have explored the application
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of copper-free click chemistry for lipid and membrane
derivatization.21−23 Examples of applications of this approach
have included the attachment of thrombomodulin proteins to
liposomes to enhance activity22 as well as the targeting of
liposomes bearing trans-cyclooctene moieties to cancer cells via
the pHLIP peptide for PET imaging studies.23

With regard to the triggered release of molecules, external
stimuli that have been used for this purpose include light,24−27

redox conditions,28 enzymes,29 temperature,30−33 and pH.34−37

However, most of these processes are limited by the restrictive
conditions required for stimuli-responsive release, as they rely
on differences in properties between cell types. Of these, light-
initiated release is favorable because it is a general approach
that can be controlled in a spatially resolved manner to
stimulate release at desired target sites, and the 2-nitrobenzyl
group is among the best studied for photoinitiated bond
cleavage.38 Prior work involving the incorporation of photo-
cleavable groups into lipids has focused on light-initiated release
of molecules from liposomes.39−45 In these cases, molecules
such as drugs have been noncovalently encapsulated in the
liposome, and release was stimulated by decomposition or
disruption of the membrane. However, noncovalent molecular
encapsulation can suffer from background leakage and thus it
may be preferable to covalently attach target molecules to lipids
prior to triggering the release through bond cleavage.

■ RESULTS AND DISCUSSION

In this work, we set out to develop a facile and effective system
that enables lipid conjugation for delivery purposes followed by
photocleavage for the release of active molecules after targeting.
To do so, we designed copper-free clickable and photocleavable

lipid analogue 1. Included at the headgroup of this lipid is an
azodibenzocyclooctyne group (termed ADIBO or DIBAC),
which benefits from fast kinetics in modification through the
copper-free azide−alkyne cycloaddition reaction with
azides.50−52 This group is linked to the lipid backbone via a
2-nitrobenzyl moiety to enable release of molecules attached via
click chemistry through photolysis.
The synthetic route to clickable and photocleavable lipid 1

entailed coupling of alkyne-bearing 2-nitrobenzene 2 to azido-
lipid scaffold 3 via click chemistry, followed by reaction with
ADIBO-carboxylic acid 4 (Scheme 1). Alkynyl 2-nitrobenzene
2 was synthesized from 4-aminomethylbenzoic acid (5) via
amine protection to 6, nitration to 7, and protecting group
exchange to 8 using previously reported procedures.41

Carboxylic acid 8 was then coupled to propargylamine to
generate 2. While we have previously reported azide-tagged
lipid 3,47 a modified synthesis was developed to enhance yields
by avoiding volatile intermediates. For the current route, S-
glycerol acetonide (9) was converted to tosylate 10, as
previously reported, followed by acetonide deprotection to
diol 11, azide displacement to 12, and acylation with two stearic
acid moieties to produce 3. Compounds 2 and 3 were next
linked to form 13 via click chemistry, which was exploited due
to synthetic facility and functional group tolerance. Further-
more, prior evidence has suggested that the polarity of the
triazole headgroup may make this moiety an effective polar lipid
headgroup mimic that lacks the charge that makes phospho-
lipids difficult to purify and characterize.47,53 This medium-
polarity headgroup was seen as being beneficial for potentially
enabling the ability to flip across cell membranes. Finally, the
Boc protecting group of 13 was deprotected, and the resulting

Scheme 1. Synthetic Route to Clickable and Photocleavable Lipid Delivery Agent 1
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amine was coupled to ADIBO-carboxylic acid 4, synthesized as
previously described,49 to access 1.
The initial thought process for delivery to and release from

cells using compound 1 is depicted in Scheme 2, as evidenced
by fluorescence-based derivatization, which was initially

employed to characterize the system. First, compound 1 is
incubated with cells, leading to insertion into cell membranes
due to the hydrophobic lipid backbone of 1. Following this,
azide-tagged molecules can be targeted to cells through
bioorthogonal copper-free click reaction with the ADIBO unit

Scheme 2. Approach to the Analysis of Cell Membrane Delivery and Release Using Compound 1

Scheme 3. Liposome Immobilization Assay Using Reaction with 3-Azidocoumarin (18) To Characterize Membrane
Derivatization
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of 1. Alternatively, targeting groups could be clicked onto 1
prior to cell delivery, or conjugation could be performed using
liposomes containing 1 for subsequent delivery and fusion with
cell membranes. In the example depicted in Scheme 2,
derivatization with Azide-Fluor 488 (14) leading to triazole-
linked product 15 is exploited for fluorescence-based analysis.
Subsequently, irradiation with 350 nm light is performed to
achieve photocleavage and thus release of the clicked molecule
from cellular membranes, either into the cytoplasm or the
periphery of the outside of the cell. This occurs through the
traditional cleavage of the benzylic position to produce
aldehyde−lipid byproduct 16 as well as the released triazole-
linked conjugated molecules, in this case, 17.
To characterize the efficacy of compound 1 for membrane

delivery and release, we initiated studies using liposomes as
model membranes.54−57 This was initially performed in
solution through reaction of liposomes with 3-azidocoumarin
(18, Scheme 3), a fluorogenic click reagent.58 To do so,
unilamellar liposomes (∼200 nm) composed primarily of
phosphatidylcholine (96%) and doped with compound 1 (4%)
were generated using standard procedures including hydration
and extrusion as well as dynamic light scattering to characterize
liposome size. Next, derivatization of liposomes with 18 was
assessed in solution using a fluorimeter to track enhanced
fluorescence resulting from click chemistry.58 As can be seen in
Figure 1, addition of 18 led to increasing fluorescence that

plateaued after ∼40 min, indicating a successful click reaction.
Additionally, a control was run in which liposomes lacking 1
were incubated with 18, also depicted in Figure 1. In this case,
only a minor increase in fluorescence was observed, likely
attributable to a slight enhancement of the background
fluorescence properties of 18 caused by some insertion into
the hydrophobic membrane environment. This change in
fluorescence of 18 in the presence of membranes explains the
double curve character of the results seen from the study
sample.
While the solution liposome assay allows for detection as a

function of time, this study is complicated by the background
increase in fluorescence of 18 in the presence of membranes
lacking 1. Thus, for an alternative method for detecting
liposome conjugation via 1, we turned to a surface
immobilization assay that we have previously utilized (Scheme
3).47,59 In this assay, liposomes are immobilized onto

streptavidin-coated 96-well microplates through incorporation
of biotin−lipid analogue 19. Following incubation of liposomes
containing biotin anchor lipid 19 with azido-coumarin 18, the
immobilization step enables the removal of unreacted dye from
the surface-bound liposomes. Liposome derivatization was
assessed using a fluorescence microplate reader to detect the
enhanced fluorescence upon triazole formation with 1
incorporated into liposomes. As can be seen in Figure 2, this

experiment yielded a dose-dependent response, further
confirming successful liposome conjugation via copper-free
click chemistry with lipid 1. In addition, the removal of
unreacted dye yields a more traditional curve for product
formation compared to the results obtained from the prior
solution studies of liposome modification.
With successful results from liposome studies, we next set

out to assess delivery and release using live Saccharomyces
cerevisiae cells (Scheme 2). To do so, cells were grown in the
presence and absence of 1 in YPD medium. Following this,
cells were incubated with commercially available Azide-Fluor
488 (14) to assess delivery of the fluorophore to cells via
fluorescence microscopy, and the representative images are
shown in Figure 3. Here, cells grown in the presence of lipid 1
(Figure 3A) result in significant fluorescence compared to that
of control studies lacking 1 (Figure 3B), both of which were
incubated with Azide-Fluor 488 and washed with 25% DMSO/
water to remove unreacted dye. To assess release via
photocleavage, cells were photolyzed for different periods of
time, followed by washes to remove dye that is no longer
attached to the membrane and detection through fluorescence
microscopy. A representative image in Figure 3C taken after 1 h
of photocleavage demonstrates that fluorescence is significantly
decreased following photocleavage. Control studies in which
the labeling dye was subjected to irradiation conditions used for
photolysis indicated that photobleaching is not occurring, as no
decrease in fluorescence was observed (data not shown). In
addition, transmission images (Figures 3D−F) are included for
the three described images, respectively, showing the presence
of cells in each sample. Finally, released fluorophore 17 was
detected by mass spectrometry, with the spectrum included in
the Supporting Information.
To obtain a more quantitative understanding of delivery and

release in these studies, we next turned to flow cytometry-based

Figure 1. Change in fluorescence of azido-coumarin 18 in the
presence of liposomes containing and lacking cyclooctyne-lipid 1.

Figure 2. Change in fluorescence of azido-coumarin 18 in the
presence of microplate-immobilized liposomes following wash off of
unreacted dye.
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analysis, with results shown in Figure 4. Figure 4A consists of a
bar graph showing the fluorescence of control cells that were
not treated with 1 or 14 (unstained), cells after click and
washing (stained), and stained cells after photocleavage for 1, 2,
3, and 12 h followed by washing. Here, photocleavage yielded a
decrease to 70, 60, 57, and 42% of the original fluorescence of
the unstained sample after irradiation for 1, 2, 3, and 12 h,
respectively. In addition, representative plots of fluorescence

observed from flow cytometry analysis of the different
described samples are shown in Figure 4B.
Finally, we set out to evaluate compound 1 as a tool for

copper-free click-chemistry-based delivery and release of an
anticancer therapeutic using human cancer cells. For this
purpose, we selected camptothecin (CPT, 22), a potent
anticancer drug that is challenging to deliver due to its poor
solubility.60 Here, we were also interested in determining

Figure 3. Fluorescence images of (A) cells grown in the presence of 1, (B) cells grown in the absence of 1, and (C) cells grown in the presence of 1
and irradiated for 1 h, each of which was washed to remove unbound dye prior to imaging. (D−F) Transmission images showing cell population for
the three experiments, respectively.

Figure 4. Results from flow cytometry of labeled cells. (A) Bar graph depicting fluorescence detected for cells not treated with 1 (unstained), cells
treated with 1 (stained), and treated cells irradiated for 1, 2, 3, and 12 h, each of which was washed prior to fluorescence imaging. Error bars show
standard error from at least three replicate studies. (B) Flow cytometry results for cells that were unstained (red), after click with 14 (blue), and after
photocleavage for 3 h (green) and 12 h (orange).
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whether compound 1 would allow clicked cargo to be released
inside the cell, which is difficult to unambiguously determine
through fluorescence analysis. Therefore, in order to deliver
camptothecin via click chemistry, we switched to a release
mechanism that requires delivery into cells by designing
clickable analogue 20 containing an azido-hexanoyl chain
esterified to the free hydroxyl group of the drug (Scheme 4).
This compound was expected to undergo release upon cell
internalization without requiring photocleavage since the ester
linker can be hydrolyzed following cell entry by intracellular
esterases, thereby releasing camptothecin itself. Thus, successful
release would provide evidence of the ability of lipid 1 to
deliver cargo into cells and additionally validate release by
mechanisms other than photocleavage.
These studies were performed by incubating HeLa cells with

PC liposomes doped with 6% of lipid 1 in the presence and
absence of camptothecin-azide 20 (CPT-N3). This produced
liposome-immobilized conjugate 21, which was confirmed by
mass spectrometry (see Supporting Information). Camptothe-
cin itself was studied using a DMSO vehicle as a positive
control, and all cell viability studies were performed using a
standard MTS assay. In these studies, liposomes containing 1
alone did not influence cell viability, but those that were
preincubated with added 20 ranging from 10 to 50 μM led to a
dose-dependent decrease in living cells (Figure 5). Released
camptothecin was detected by mass spectrometry as the
dehydration product following extraction of cells under acidic
conditions (Supporting Information). A standard solution of
camptothecin was subjected to the same extraction conditions
and yielded the same peak, and both spectra are included in the
Supporting Information. Compound 20 alone was not viable
for studies since it is not soluble in aqueous solution. These
results demonstrate the delivery of camptothecin to cancer cells
using compound 1.
These studies provide insight into the question of whether

lipid 1 is effective at entering cells prior to release. For release
via photocleavage, it is difficult to conclude whether this
compound enters cells since lipid 1 bearing cargo could insert
into the outer leaflet of cell membranes, and release could then
result in a high local concentration of the drug around the
periphery of the cell, leading to activity. Alternatively, the
derivatized lipid could initially insert into the outer leaflet of cell
membranes and flip across the membrane into the inner leaflet
prior to release. Finally, it could be engulfed into an endosome
to stimulate cell entry. The two latter modes of action would
result in the complex gaining access to the cytoplasm of the
cells. Cell entry would be ideal for delivery purposes, although

the likelihood of either cell penetration process would depend
upon the properties of the specific drug that is being delivered.
We envision that lipid 1 would be particularly effective for cell
penetration and/or flipping across the membrane since it does
not possess a particularly polar headgroup in the triazole. The
camptothecin esterase release results provide evidence to
support that lipid 1-mediated internalization does occur, since
the compound would need to be exposed to the cytoplasm in
order for the release by esterase hydrolysis to be activated.
In conclusion, we have designed, synthesized, and evaluated

compound 1 as a copper-free clickable lipid analogue that
enables delivery of molecular agents to cell membranes and
subsequent release through photocleavage of the 2-nitrobenzyl
linker connecting the introduced cargo to the membrane
anchor. Through fluorogenic liposome modification and
fluorescent liposome immobilization studies, we have con-
firmed the efficacy of lipid modification in a membrane
environment for delivery purposes. We performed validation
studies using two different types of live cells from different
organisms, first exploiting microscopy to demonstrate that
fluorescence was activated by delivery of fluorophores to S.

Scheme 4. Delivery of Camptothecin to Cancer Cellsa

aPC liposomes doped with 1 were reacted with azido-camptothecin 20 to produce 21 through click chemistry. The liposomes were then incubated
with cancer cells to deliver camptothecin (22) through ester hydrolysis within cells.

Figure 5. MTS assay in human cancer cell line indicates that CPT-N3
20 reduces cell proliferation in a dose-dependent manner. HeLa cells
were treated with vehicle (CT (−)-DMSO 0.01%), CPT (22, 50 μM),
liposomes control (Lip), and liposomes preincubated with CPT-N3 22
(Lip + CPT-N3) at different CPT-N3 concentrations (10, 25, and 50
μM) for 48 h. Cell proliferation was measured by MTS assay, and the
graph represents the percentage relative to the control CT(−). The
results represent the mean of three independent experiments. Statics t-
test: * p < 0.05 and ** p < 0.001 two population relative to CT (−).
The error bars shown correspond to the standard deviation.
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cerevisiae cell membranes and then deactivated by photo-
triggered release from the lipid backbone. Next, we probed the
efficacy of delivery to human cancer cells to evaluate the
prospects for future medicinal applications. In this case, an
alternate drug release mechanism hinging upon ester cleavage
by esterase enzymes using azido-camptothecin 20 was used in
part to determine if this would enable cell entry of the drug.
These studies yielded a dose-dependent response of cell
viability, validating drug delivery to cells, and also provided
evidence that lipid 1 can stimulate drug entry into cells for
release triggered by intracellular esterase enzymes. Therefore,
this work presents a promising strategy for convenient
bioconjugation and concentration of molecular cargo at cell
membranes with subsequent triggered release of active
molecules.

■ EXPERIMENTAL PROCEDURES
General Experimental. Reagents and solvents were

generally purchased from Acros, Aldrich, or Fisher Scientific
and used as received. PC (L-α-phosphatidylcholine from
chicken egg) was purchased from Avanti Polar Lipids, Inc.,
and 4(aminomethyl)benzoic acid was purchased from Chem
Impex International. Dry solvents were obtained from a Pure
solvent delivery system purchased from Innovative Technology,
Inc. Column chromatography was performed using 230−400
mesh silica gel purchased from Sorbent Technologies. NMR
spectra were obtained using Varian Mercury 500 and 600
spectrometers. Mass spectra were obtained with JEOL DART-
AccuTOF and ABI Voyager DE Pro MALDI mass
spectrometers with high-resolution capabilities. Optical rotation
values were obtained using a PerkinElmer 241 polarimeter.
Liposome extruder and polycarbonate membranes were
obtained from Avestin (Ottawa, Canada). Ultrapure water
was purified via a Millipore water system (≥18 MΩ·cm triple
water purification system). 4-(((tert-Butoxycarbonyl)amino)-
methyl)-3-nitrobenzoic acid (8),41 (R)-(2,2-dimethyl-1,3-diox-
olan-4-yl)methyl 4-methylbenzenesulfonate (10),46,47 Biotin-
lipid 19,47 6-azidohexanoic acid (23),48 and ADIBO-carboxylic
acid 449 were synthesized according to prior literature
procedures. Solution fluorescence studies were performed
using a PerkinElmer LS55 fluorimeter. For photocleavage,
samples were irradiated using a Rayonet Preparative Type RS
photoreactor. Disposable polystyrene cuvettes were purchased
from Fisher Scientific. Microplate-based fluorescence measure-
ments were performed using a BioTek synergy 2 multidetection
microplate reader. Black reacti-bind streptavidin high binding
capacity (HBC) coated 96-well microplates were purchased
from Pierce Biotechnology (Rockford, IL). Cell images were
captured using a Leica SP2 laser scanning confocal microscope.
Fluorescent cell counting was performed using a BD FACS
(fluorescence activated cell sorting) Calibur flow cytometer.
tert-Butyl-2-nitro-4-(prop-2-yn-1-ylcarbamoyl)-

benzylcarbamate (2). To 4-(((Tert-butoxycarbonyl)amino)-
methyl)-3-nitrobenzoic acid (8, 0.718 g, 2.40 mmol) dissolved
in 200 mL of dichloromethane in a 500 mL round-bottomed
flask were added dicyclohexylcarbodiimide (DCC, 0.743, 3.60
mmol) and N,N-dimethylaminopyridine (DMAP, 0.147 g, 1.20
mmol). After 30 min, propargylamine (185 μL, 2.88 mmol) was
added. The reaction was then allowed to stir overnight, after
which it was washed with water, and the aqueous portion was
extracted with dichloromethane (3 × 25 mL). The organic
layers were then combined and dried with magnesium sulfate,
filtered, and concentrated by rotary evaporation. Column

chromatography using gradient elution with 30−50% ethyl
acetate−hexanes gave 2 as a yellow solid (638 mg, 79% yield).
1H NMR (500 MHz, CD3OD): δ 8.45 (s, 1H), 8.06 (d, J = 3.3
Hz, 1H), 7.63 (d, J = 3.6 Hz, 1H), 4.55 (s, 2H), 4.13 (d, J = 2.5
Hz, 2H), 2.58 (t, J = 2.5 Hz, 1H), 1.41 (s, 9H)). 13C NMR
(126 MHz, CD3OD): δ 165.46, 156.59, 147.87, 138.06, 134.03,
132.15, 130.23, 124.01, 79.98, 79.05, 71.18, 33.57, 29.29, 28.02,
25.48, 24.79. HRMS-DART: [M − H]− calcd for C16H19N3O5,
332.1246; found, 332.1243.

(R)-2,3-Dihydroxypropyl-4-methylbenzenesulfonate
(11). To (R)-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl 4-methyl-
benzenesulfonate (10, 1.00 g, 3.49 mmol)46,47 dissolved in 50
mL of methanol in a 500 mL round-bottomed flask was added
125 mL of 0.50 N hydrochloric acid, and the reaction mixture
was allowed to stir for 12 h. The excess HCl was neutralized by
adding solid sodium bicarbonate until carbon dioxide gas
release was complete. Next, the crude mixture was passed
through Celite and filtered off, and the methanol was removed
by rotary evaporation. Compound 11 was then eluted with
100% ethyl acetate using normal phase silica gel column
chromatography and obtained as a colorless oil (816 mg, 95%
yield). 1H NMR (500 MHz, CDCl3): δ 7.77 (d, J = 7.8 Hz,
2H), 7.33 (d, J = 7.8 Hz, 2H), 4.03 (s, 2H), 3.92 (s, 1H), 3.57
(m, 2H), 2.42 (s, 3H). 13C NMR (151 MHz, CDCl3): δ 145.22,
132.21, 130.02, 127.95, 70.94, 69.68, 62.77, 21.62. HRMS-
DART: [M + H]+ calcd for C10H14O5S, 247.0640; found,
247.0644.

(S)-3-Azidopropane-1,2-diol (12). In a 250 mL round-
bottom flask, diol 11 (0.50 g, 2.03 mmol) and sodium azide
(0.39 g, 6.09 mmol) were dissolved in N,N-dimethylformamide,
and the reaction was refluxed for 24 h. Next, ice water was
added to the reaction mixture, the resulting mixture was
extracted with dichloromethane (2 × 50 mL) and dried over
magnesium sulfate, and the solvent was removed by rotary
evaporation, yielding 12 as a white solid (0.17 g, 70% yield).
NMR and mass spectra data matched with literature values for
compound 12.47

(S)-3-(4-((4-(((tert-Butoxycarbonyl)amino)methyl)-3-
nitrobenzamido)methyl)-1H-1,2,3-triazol-1-yl)propane-
1,2-diyl distearate (13). To alkyne 2 (0.400 g, 1.20 mmol)
dissolved in 125 mL tetrahydrofuran/water (1:1) in a 250 mL
round-bottomed flask was added azide 3 (0.780 g, 1.20 mmol).
Next, copper sulfate pentahydrate (0.390 g, 1.56 mmol) and
last sodium ascorbate (0.475 g, 2.40 mmol) were added. After
overnight stirring, the solution was then concentrated and dried
under high vacuum. Column chromatography with 5%
methanol/dichloromethane gave product 13 as a light yellow
solid (575 mg, 50% yield). 1H NMR (500 MHz, 85% CDCl3−
CD3OD): δ 9.06 (s, NH), 8.54 (s, 1H), 8.13 (d, J = 8.5 Hz,
1H), 7.85 (s, 1H), 7.70 (m, 1H), 6.54 (s, NH), 5.49−5.37 (m,
1H), 4.71−4.58 (m, 4H), 4.38 (dd, J = 12.0, 3.8 Hz, 2H), 4.10
(dd, J = 7.1, 4.8 Hz, 2H), 2.41−2.24 (m, 4H), 1.69−1.53 (m,
4H), 1.45 (s, 9H), 1.27 (s, 56H), 0.89 (t, J = 6.5 Hz, 6H). 13C
NMR (126 MHz, 85% CDCl3−CD3OD): δ 173.85, 173.20,
165.83, 156.71, 154.58, 148.24, 145.05, 138.24, 134.53, 132.39,
131.00, 124.46, 77.82, 69.68, 62.41, 50.48, 35.15, 34.23, 33.94,
32.62, 32.16, 31.07, 29.92, 29.72, 29.59, 29.35, 29.25, 28.43,
26.25, 25.84, 25.07, 24.96, 22.90, 14.19. HRMS-DART: [M +
H]+ calcd for C55H94N6O9, 983.72; found, 983.73. [α]D

24.0

−3.33° (c 1, CHCl3).
ADIBO−Nitrophenyl−Lipid (1). In a 50 mL round-

bottom flask, compound 13 (42.6 mg, 0.113 mmol) was
dissolved in 10 mL dichloromethane/trifluoroacetic acid (1:1)
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and stirred for 5 h. Excess acid was removed by rotary
evaporation with dichloromethane. The free amine was re-
dissolved in 15 mL dichloromethane. To this solution were
added hydroxybenzotriazole (HOBt, 15.3 mg, 0.113 mmol) and
O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa-
fluorophosphate (HBTU, 42.8 mg, 0.113 mmol). After 30
min, a mixture containing ADIBO 449 dissolved in 10 mL of
dichloromethane with diisopropylethylamine (92.6 μL, 0.566
mmol) was added to the reaction mixture, which was then
allowed to stir at rt under a nitrogen atmosphere overnight.
The next day, the crude mixture was passed through Celite and
then washed with 50 mL of water. The collected aqueous phase
was next washed with dichloromethane (3 × 20 mL). The
organic layers were then combined and dried with magnesium
sulfate. After filtration and concentration, column chromatog-
raphy was carried out through gradient elution with 7−10%
methanol/dichloromethane, which provided lipid 1 as a yellow-
white solid (53.4 mg, 38% yield). 1H NMR (500 MHz, 85%
CDCl3−CD3OD): δ 8.79 (t, J = 5.7 Hz, 1H), 8.54 (d, J = 1.9
Hz, 1H), 8.05 (d, J = 12.7 Hz, 1H), 7.79 (s, 1H), 7.67 (d, J =
7.6 Hz, 1H), 7.61 (d, J = 8.1 Hz, 1H), 7.42−7.37 (m, 3H),
7.34−7.26 (m, 3H), 6.89−6.85 (m, 1H), 5.43−5.37 (m, 1H),
5.16−5.11 (m, 1H), 4.73−4.68 (m, 2H), 4.65−4.57 (m, 4H),
4.33 (dd, J = 12.2, 4.2 Hz, 1H), 4.08 (dd, J = 12.2, 5.4 Hz, 1H),
3.37 (dq, J = 4.2, 1.4, 0.9 Hz, 1H), 3.26−3.21 (m, 1H), 3.15 (m,
2H), 2.36−2.28 (m, 2H), 2.05−1.98 (m, 4H), 1.58 (m, 4H),
1.41 (dd, J = 10.1, 3.7 Hz, 4H), 1.26 (s, 56H), 0.88 (t, J = 6.8
Hz, 6H). 13C NMR (151 MHz, 85% CDCl3−CD3OD): δ
173.64, 173.28, 172.97, 172.60, 172.25, 171.95, 165.55, 151.05,
148.17, 147.95, 144.92, 137.24, 134.35, 132.25, 132.13, 130.82,
129.15, 128.84, 128.67, 128.40, 128.06, 127.33, 125.74, 124.33,
124.25, 123.03, 122.59, 114.87, 107.80, 69.51, 62.24, 60.77,
55.74, 54.87, 50.35, 35.55, 35.08, 34.52, 34.12, 32.05, 31.71,
31.25, 29.83, 29.62, 24.91, 22.80, 14.16. MALDI-MS: [M +
Na]+ calcd for C72H104N8O10, 1263.78; found, 1263.77. [α]D

24.0

+1.2° (c 1, CHCl3).
(S)-4-Ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-

pyrano[3′,4′:6,7]indolizino[1,2-b]quinolin-4-yl 6-azido-
hexanoate) (20). To 6-azidohexanoic acid (23) (1.13 g,
7.20 mmol) dissolved in 30 mL of dry dichloromethane in a
500 mL round-bottomed flask were added dimethylaminopyr-
idine (0.88 g, 7.20 mmol), N,N′-diisopropylcarbodiimide (1.13
mL, 7.20 mmol), and Scandium(III) triflate (0.71 g, 1.44
mmol). The reaction mixture was cooled to −8 °C. Lastly, (S)-
(+)-camptothecin (22) (0.83 g, 2.38 mmol) was added, and the
resulting mixture was allowed to stir for 18 h. The reaction
mixture was washed with 0.1 N HCl and 1% (v/v) sodium
bicarbonate solution. Residual water was dried over magnesium
sulfate and then was passed through Celite and filtered off.
Compound 20 was then eluted with 100% ethyl acetate using
normal phase silica gel column chromatography and obtained
as a white solid (712 mg, 61% yield). 1H NMR (500 MHz,
CDCl3): δ 8.40 (s, 1H), 8.22 (dd, J = 8.5, 0.8 Hz, 1H), 7.96−
7.93 (m, 1H), 7.86−7.83 (m, 1H), 7.68 (m, 1H), 7.21 (s, 1H),
5.68 (d, J = 17.2 Hz, 1H), 5.41 (d, J = 17.2 Hz, 1H), 5.29 (dd, J
= 3.5, 1.2 Hz, 2H), 3.22 (dt, J = 6.9, 2.7 Hz, 2H), 2.52 (m, 2H),
2.29−2.13 (m, 2H), 1.72−1.67 (m, 2H), 1.60 (m, 2H), 1.46−
1.40 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H). 13C NMR (151 MHz,
CDCl3) δ 172.39, 167.52, 157.33, 152.34, 148.84, 146.21,
131.21, 129.52, 128.45, 128.22, 128.17, 128.04, 120.28, 95.89,
75.82, 67.10, 51.12, 49.91, 33.57, 31.84, 28.49, 26.03, 24.17.
HRMS-DART: [M + H]+ calcd for C26H25N5O5, 488.1933;
found, 488.1935.

Liposome Preparation. Stock solutions were made of
synthetic lipid 1, PC, and biotin lipid 19 for microplate studies.
Examples of each stock solution used are as follows: 8.0 mg of
lipid 1, 17.2 mg of PC, and 3.90 mg of 19 were each weighed
into separate vials and dissolved in 500 μL of chloroform to
form stock solutions of 1.29 mM lipid 1, 1.67 mM biotin-lipid
19, and 44.7 mM PC. Using these stock solutions, 55.9 μL of
lipid 1 stock (2%), 5.40 μL of 19 stock (1%), and 78.2 μL of
PC stock (97%) were combined in a glass vial. For solution
phase fluorimeter studies, a representative sample included 31.0
μL of lipid 1 stock (4%) and 21.5 μL of PC stock (96%),
whereas a control sample contained 22.4 μL of PC stock
(100%). In each case, the chloroform solvent was removed
under a stream of nitrogen, and the resulting mixture was
placed under vacuum overnight. The dried lipids were then
hydrated by adding 500 μL of HEPES buffer (20 mM HEPES,
150 mM NaCl, pH 7.4) and rotated on a rotary evaporator for
60 min at 40 °C. The liposomes were then subjected to 10
freeze−thaw cycles and extruded at rt (21 times) to obtain
uniform size and lamellarity using an extruder containing a 200
nm polycarbonate filter.

Solution Phase Fluorescence Detection of Liposome
Derivatization. A 2.40 mM solution of azido-coumarin 18 in
dimethyl sulfoxide was prepared. 4.00 μL of this solution was
then diluted with 1.88 mL of HEPES buffer (20 mM HEPES,
150 mM NaCl, pH 7.4), placed into a cuvette, and sealed with
parafilm to minimize atmospheric exposure. After an initial
fluorescence scan (λex = 350 nm; λem = 461 nm), 120 μL of
control liposomal solution (2 mM, 100% PC) was added, and
fluorescence readings were recorded for 45 min. The same
procedure was followed for the study sample, except 120 μL of
liposomal solution (2 mM, 96% PC, and 4% lipid 1) was added,
followed by fluorescence scanning over time.

Microplate Fluorescence Liposome Derivatization
Studies. A 400 μM solution of azido-coumarin 18 in dimethyl
sulfoxide was prepared. In a 96-well streptavidin-coated
microplate, 200 μL of wash buffer (0.5× PBS, pH 7.4, 0.56
mM phosphates) was added to each row to be used. The plate
was then shaken for 30 min, after which the wash buffer was
removed. Next, 0, 1, 2.5, 5.00, 7.50, 10.0, 15.0, 20.0, and 25.0
μL of liposome solution (2 mM, 97% PC, 2% lipid 1, and 1%
19) and 187.5, 198.5, 169.3, 192.3, 188.8, 177.5, 170, 162.5 μL
of HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.4)
were added to the appropriate wells to produce final liposome
concentrations of 0, 10, 25, 50, 75, 100, 150, 200, and 250 μM
in separate wells. In addition, 12.5 (control), 0.50, 1.25, 2.50,
3.75, 5.00, 7.50, 10.0, 12.5 μL of azido-coumarin 18 solution (5
equiv, 400 μM solution) were added to each well to a total
volume of 200 μL. These solutions were incubated, with
shaking, for 3 h at rt. Following incubation, the solutions were
removed, and each well was washed with 3 × 200 μL wash
buffer, and 200 μL of HEPES buffer (20 mM HEPES, 150 mM
NaCl, pH 7.4) was then added. Lastly, fluorescence was
measured using a microplate reader with a 360 nm (±40 nm)
excitation filter and 460 nm (±40 nm) emission filter.

Saccharomyces cerevisiae cells. A YPD (yeast extract
peptone dextrose) agar plate was inoculated with wild type S.
cerevisiae strain S288 W CT and incubated at 30 °C for 24 h.
Next, 5 mL of YPD media was inoculated with a single colony
obtained from the agar plate and incubated on a shaker at 300
rpm at 30 °C with good aeration for 15 h. Next, 500 μL
aliquots from this culture were transferred into two detergent-
free 250 mL Erlenmeyer flasks containing 25 mL of fresh YPD
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medium with (study) and without (control) lipid analogue 1
(100 μM in dimethyl sulfoxide, 300 μL), both of which were
incubated on a shaker at 300 rpm at 30 °C for 16 to 17 h. For
good aeration, the medium constituted of no more than one-
fifth of the total flask volume. Thereafter, the cell concentration
was adjusted spectrophotometrically to approximately 106

CFU/mL. Finally, 1 mL of the cell solution was transferred
into Eppendorf tube, centrifuged at 9000 rpm for 4 min, and
then stored at −80 °C.
Fluorescence Imaging and Flow Cytometry Analysis

of Fluorescence Labeling and Photocleavage Using
Saccharomyces cerevisiae Cells. Two 1 mL samples of S.
cerevisiae cells, one grown with compound 1 (study) and one
untreated (control), were incubated with 100 μM Azide-Fluor
488 (14) in 300 μL of dimethyl sulfoxide (DMSO) solution
overnight at rt. Next, the cell samples were centrifuged for 3
min at 2500 rpm, the dye solutions were removed, and the cells
were washed once with 5% DMSO in water and twice with 20%
DMSO in water, with vortexing and centrifugation at 2500 rpm
for 3 min performed in between each washing step. Next, 1 mL
of ice-cold methanol was added to each tube, and after
incubating for 10 min at 0 °C, the sample was centrifuged.
Next, 1 mL of phosphate buffered saline solution (PBS, pH 7.4,
1.19 mM phosphates) was used to wash the fixed cell samples,
which were then centrifuged at 2500 rpm for 3 min. Cells were
then subjected to fluorescence microscopy. To assess photo-
cleavage, 200 μL of clicked cell sample was added into a
disposable cuvette, and 800 μL HEPES buffer (20 mM HEPES,
150 mM NaCl, pH 7.4) was added. For photocleavage, cells
were irradiated with 350 nm light while suspended in a Pyrex
beaker between four 350 nm bulbs in a Rayonet preparative
type RS photoreactor. This was done for different time periods
(1, 2, 3, and 12 h) to assess photocleavage over time. After
photoirradiation, the cell samples in buffer were transferred into
Eppendorf tubes, centrifuged at 2500 rpm for 3 min, and then
washed seven times with 1 mL of 20% DMSO/water. Each
time, they were vortexed and centrifuged at 9000 rpm for 4
min. Lastly, the cells were washed with 1 mL of 1× PBS buffer
(pH 7.4, 1.19 mM phosphate buffer), and fluorescence
microscope images after photocleavage were then obtained.
For flow cytometry analysis, cell samples were analyzed using a
BD FACS (fluorescence activated cell sorting) Calibur flow
cytometer (Becton, Dickinson and Company) equipped with
two lasers (488 and 635 nm). Green fluorescence (FL-1) was
measured for all cell samples. Populations of the yeast cells
were identified and gated according to the fluorescent intensity.
Data acquisition was performed and analyzed using FlowJo
software. For each sample analyzed in the flow cytometer, at
least 100,000 events were acquired.
Cell Proliferation Assay (MTS). HeLa cells were cultured

in a humidified incubator under 5% CO2 in DMEM
(Invitrogen) supplemented with 10% of fetal bovine serum
(Invitrogen). Cell viability was measured using CellTiter 96
Aqueous One Solution (Promega) according to the manu-
facturer’s protocol. Briefly, cells were seeded (104 cells per well)
2 days prior to the experiments to a 96 well plate, exposed to
vehicle (DMSO and liposomes), CPT, CPT-N3, or CPT-N3 +
liposomes mix at different concentrations of CPT, CPT-N3 (10,
25, and 50 μM), and incubated for 48 h. The liposomal solution
consisted of 50 μM lipid analogue 1 formed as 8.5 mM
liposomes (94% PC, 6% lipid analogue 1). The MTS assay was
performed in 100 μL of DMEM phenol red-free medium
(Invitrogen) in each well, and 20 μL of the CellTiter solution

was added to the samples, after which the plate was placed in a
37 °C incubator with 5% CO2 until it reached the desired color.
The absorbance at 490 nm was measured in a plate reader
(Synergy 2, Biotek). The results are representative of three
independent experiments, performed in quadruplicate. The
inhibition of cell proliferation was expressed as the percentage
of vehicle control (0.01% DMSO in the culture medium for
CPT).
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