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Abstract

Currently, drug delivery strategies using nanocarriers (NCs) deal with encapsulation of cargo or its
covalently modified prodrug. Here, we propose a concept of reversible pH-controlled capture and
delivery of active cargo based on dynamic covalent chemistry inside lipid nano-droplets
(nanoemulsions), coined as “drug sponge”. We designed a highly lipophilic hydrazide (LipoHD)
capable to react with a free cargo-ketone (fluorescent dye and doxorubicin drug) directly inside lipid
NCs, yielding lipophilic hydrazone prodrug efficiently captured in the oil core. LipoHD-loaded NCs
spontaneously accumulated cargo-ketones, yielding formulations stable against cargo leakage at pH
7.4, and further released their dye/drug cargo at low pH range (5.0-6.8) in solution and live cells.
Doxorubicin-loaded drug-sponge NCs showed cytotoxicity in four cancer cell lines and capacity to
inhibit tumor growth in subcutaneous xenografts of mice. Finally, unprecedented extraction of
dye/drug cargos directly from cells and tissues (i.e. detoxification) was realized by the drug-sponge
NCs.



Introduction

In the last decades, nanoparticles (NPs) have been explored as nanocarriers (NCs) for the targeted
delivery and controlled release of drug molecules.lt! Current drug delivery systems based on NCs
exploit two common paradigms, based on encapsulation (supramolecular) and covalent chemistry.!?!
In the first approach, the drug is non-covalently encapsulated inside the nanocarrier.t®! The advantage
of this method is that the cargo is not chemically modified before and after the release, however,
noncovalent encapsulation is prone to burst release and poorly controlled leakage of the cargo.[! The
second approach is based on covalent linkage of the drug inside the nanocarrier in form of a prodrug
conjugate. % This method ensures high stability of the nanocarrier, while the use of cleavable bonds,
such as acetals, orthoesters, hydrazones, disulfide, etc, enables stimuli-responsive cargo release under
control of pH, reduction, enzymes, etc.l®! However, in this case, the drugs are modified chemically
through a synthetic protocol, thus raising the question of solvent residues, toxicity and bio-distribution
of corresponding prodrug. An ideal solution is to use NCs as a nano-reactor to form prodrug in situ,
which after reaching the target cells can be cleaved, thus releasing the drugs under control of
environment. In this case, the cargo enters and exits from the nanocarrier in its intact form, which
would simplify the preparation and maximize the safety of the drug delivery.

New possibilities appear with dynamic covalent chemistry (DCvC), which deals with dynamic bonds
that form and disrupt reversibly under environmental control.’! DCvC, which is at the interface of
covalent and supramolecular chemistry,® gave rise to new generation of materials with self-healing
and adaptive properties.’! Reversible and environment-sensitive nature of the dynamic covalent
bonds is particularly attractive for the field of drug delivery.!*®! The most popular dynamic covalent
bonds include hydrazone,*!I oxime,*? imine,*¥ disulfide,** boronate ester™! etc. On one hand,
transient formation of these bonds enables crossing of cell membrane barriers for delivery of cargos
inside the cells.*® On the other hand, these bonds can be used to build nanocarriers!*® 1% 171 and/or
conjugate the nanocarrier with drugs!*®l in order to ensure efficient transport and controlled release
of the cargo.[*¥ Hydrazone bonds, sensitive to pH, are particularly attractive in this respect,™** 2%l
because targeted tumor tissues are characterized by low pH.[** 21 Moreover, after endocytosis of
nanomedicinest?? the lysosomal compartments can further contribute to pH-controlled cleavage of
the hydrazones. However, these reports were focused on the covalent approach, where the drug
conjugates with the nanocarrier were synthesized before the formulation of the nanocarriers, whereas
in situ loading of cargo into nanocarrier through dynamic covalent bonds has not been reported to
date.

DCvC has been largely used for designing responsive nanocarriers based on polymers.[t0 17 20dl
However, the polymer core is solid, and thus cannot serve as a nano-reactor for in situ conjugation of
a cargo with a nanocarrier. Lipid-based NCs constitute a promising alternative to polymeric NPs in
drug delivery applications. Traditionally, this field is dominated by liposomes, presenting lipid
membrane and aqueous core, which has already been approved in clinics as pharmaceutical
carriers.[?®l However, lipid membrane of liposomes is a good barrier for hydrophilic cargoes only,
while encapsulation of hydrophobic cargoes (such as doxorubicin) requires their precipitation inside
the liposome (as for Doxyl). Lipid nanoemulsions (NEs) present an oily core, which can serve as
nano-reactor for encapsulation of drugs through DCvC. NEs are highly promising biomimetic
nanocarriers for drug delivery because they are (1) inexpensive and easy to produce; (2) composed
of excipients generally recognized as safe (GRAS) and (3) biodegradable.l?*! Despite their liquid core,
they exhibit rather long circulation time, preserve integrity of their core in the blood circulation and
can accumulate in the tumor in nearly intact form.[?® They were also shown to maintain their integrity
after crossing a human intestinal epithelium barrier.[l However, a drug having medium lipophilicity

has a tendency to leak out rapidly from lipid NCs into biological media, as shown for a model dye
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Nile Red in serum,?1 whereas its modification with lipophilic chains can drastically inhibit the
leakage.? Moreover, recent studies showed that lipophilic prodrugs of doxorubicin bearing an alkyl
chain improved anti-tumor potency of the drug-loaded nanoemulsions.[?®! Therefore, we hypothesized
that lipid NCs (NEs) can be used as a nano-reactor to form lipophilic prodrugs in situ through DCvC.
In this case, a specially designed lipophilic “capture” molecule could form dynamic covalent bond
with a drug, i.e. forming prodrugs inside the nano-droplets, which would render the system stable
against cargo leakage, and allow the stimuli-responsive drug release. Moreover, this “drug-sponge”
system could capture in situ drug molecules from biological media and cells, which is an unexplored
field in nanomedicine. Currently, active drug removal (or detoxification from drugs) is known in
pharmacology and clinical practice, where excess of drug (e.g. an overdose) is removed by
hemodialysis, plasma exchange and peritoneal dialysis.[?®! In order to ensure in situ drug capture in
form of a prodrug, DCvC with a hydrazone bond can be considered. The latter has been frequently
used in prodrugs design because it can be cleaved at weakly acidic pH (~6) and readily applied to a
drug bearing ketone/aldehyde groups like doxorubicin,[7¢:20¢. 301

In the present study, we developed a concept of “drug-sponge”, wherein a lipid NCs, encapsulating a
lipophilic reactive capture molecule (LipoHD, Scheme 1), can spontaneously accumulate cargo by
forming dynamic covalent bonds inside the oil core. The drug-sponge concept was validated in
solution and live cells and further applied for drug release in tumor bearing mice and drug removal
from tissues.
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Scheme 1. Concept of drug-sponge nanocarrier (a) and chemical structures of cargoes (NRK and
Dox), lipidic capture molecule (LipoHD) and corresponding pro-drug conjugates (b). Calculated
LogP (cLogP) are presented.

Results and discussion

To ensure efficient capture of cargo inside oil core of lipid NCs, we designed a highly lipophilic
molecule (calculated LogP, cLogP = 16.4) bearing hydrazide group (LipoHD, Scheme 1). It is
expected to form dynamic covalent (hydrazone) bond with a cargo bearing aldehyde or ketone group.
LipoHD was obtained in three steps starting from dioctadecylamine (Scheme S1). Two cargo-ketones
were selected: Nile Red-ketone (NRK) as a model fluorescent cargo and doxorubicin (Dox) as an
anti-cancer drug. NRK was synthesized by reacting Nile Red phenol with chloroacetone (Scheme
S2). NRK and Dox, having medium lipophilicity (cLog P is 4.04 and 0.32, respectively), are expected
to react with LipoHD inside oil core of NCs to form highly lipophilic “pro-drugs” Lipo-NRK and
Lipo-Dox (cLog P is 22.8 and 18.8, respectively). This would ensure their retention inside NCs at
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neutral pH and cargo release at low pH after hydrazone bond hydrolysis. In addition, we also
synthesized Lipo-NRK (Scheme S2) and Lipo-DOX (Scheme S3) conjugates in organic solvent and
identified by NMR, Mass and FT-IR spectrometry.

We formulated NCs of around 80 nm size using nano-emulsification.[*! A solution of pre-
synthesized Lipo-NRK (10 mM) or control dye NRK (10 mM) in Labrafac oil was mixed with
Kolliphor ELP® surfactant and then formulated in milliQ water, yielding desired NCs. To study the
NRK cargo release, we co-encapsulated lipophilic blue dye F888[2"! that serves as energy donor for
NRK in the Forster Resonance Energy Transfer (FRET)[?> 2734 assay (Fig. 1a). NRK and Lipo-NRK
NCs showed similar absorbance values at the maximum ~530 nm (Fig. Sla), indicating that
encapsulation was successful in both cases. The FRET NCs excited at 405 nm (donor) showed both
donor and acceptor emission bands (Fig. S1b), confirming FRET inside NCs between F888 donor
and acceptor (NRK or Lipo-NRK).

Then, we mixed our FRET NCs with blank NCs, which are expected to work as a recipient medium
for the hydrophobic cargo. The presence of blank NCs led to nearly complete loss of FRET for
NRK/F888 NCs: the NRK fluorescence intensity dropped while emission of F888 increased (Fig.
S1c). This result suggested the release of NRK and its transfer to blank NCs (Fig. 1a). In sharp
contrast, fluorescence spectrum of FRET NCs with Lipo-NRK was only marginally affected,
suggesting that Lipo-NRK remains inside the NCs without significant release. It should be also noted
that after two weeks, the NRK formulation showed signs of dye precipitation, in line with our earlier
data for parent Nile Red,!?”) whereas the corresponding Lipo-NRK NCs were stable.

As the hydrazone bond is cleavable at low pH, we incubated Lipo-NRK/F888 NCs with 10-fold
excess of blank NCs at pH varied from pH 7.4 to pH 5 (Fig. 1 and S2). For pH 7.4, the emission
spectra remained stable over 8h, suggesting no dye release (Fig. 1b). By contrast, at pH 6.8, the donor
band gradually increased, while the acceptor band decreased over time (Fig. S2). This trend became
more pronounced at lower pH (Fig. 1c and S2). The plotted acceptor/donor ratio vs time (Fig. 1d)
showed a clear time-dependent release of NRK in pH range 5.0-6.8 and practically no release at
neutral pH.
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Fig. 1. (a) Schematic presentation of changes in FRET occurring during the cargo release. (b,c)
Fluorescence spectra of Lipo-NRK NCs for different incubation time at pH 7.4 (b) and pH 5 (c) after
dilution (1000-fold) in the presence of 20-fold excess of blank NCs. (d) Fluorescence intensity ratio
of acceptor (lsoo) to donor (lss0) over time at different pH. Excitation wavelength was 405 nm.

Our next question was whether prodrug model Lipo-NRK can be generated in situ inside NCs
without synthesis of the “prodrug” in a flask (Fig. 2a). To this end, NCs containing LipoHD were
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first formulated and then incubated for 6 h (rt) with NRK in pH 4. The reaction mixture then was then
extracted by dichloromethane and studied by TLC. Lipo-NRK could be clearly identified as a new
spot with higher Rf, which corresponded to pre-synthesized conjugate Lipo-NRK (Fig. 2b). Mass
spectrometry of the dichloromethane extract confirmed the presence of Lipo-NRK (Fig. S3),
confirming that the hydrazone conjugate can form in situ. To monitor formation of the conjugate in
situ inside NCs, we prepared NCs encapsulating F888 as a FRET donor for NRK. NCs containing
LipoHD showed increase in the FRET signal (Fig. 2c) as a growth of NRK emission intensity (at 600
nm) and a decrease in F888 intensity (at 450 nm), whereas no change was observed for NCs without
LipoHD (Fig. 2d). These results suggested that Lipo-NRK conjugate was formed in the NCs
containing LipoHD. Monitoring acceptor/donor ratio vs time revealed relatively fast hydrazone
formation within first 30 min (Fig. 2e).
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Fig. 2. (a) Scheme of in situ reaction of NRK and LipoHD monitored by FRET using F888 as energy
donor. (b) TLC evidence of in situ formation of Lipo-NRK conjugate inside LipoHD NCs: (1)
extracted reaction mixture of LipoHD NCs with NRK in DCM phase; (2) the same extracted mixture
with pure Lipo-NRK; (3) pure Lipo-NRK. (c) Fluorescence spectra of the reaction mixture of
LipoHD/F888 NCs with NRK at different reaction times after dilution (1000-fold) with 20-fold
excess of blank NCs. Excitation wavelength is 405 nm. (d) The same experiments as (c) for NCs
without LipoHD. (e) Fluorescence intensity ratio at fixed wavelengths (600 to 450 nm) for
experiments (c) and (d). The in situ reaction was done at pH 4.

Next, we evaluated possibility to form in situ prodrug of doxorubicin (Lipo-Dox) inside NCs using
LipoHD. Dox is poorly soluble in oil (~0.001 wt % in Labrafac), making inefficient its encapsulation
into lipid NCs. By contrast, lipophilic hydrazone conjugate Lipo-Dox, pre-synthesized in organic
solvent, showed high solubility in Labrafac oil (>1 wt%). Blank and LipoHD-loaded NCs were
incubated with Dox for 24h at pH 4. After the dialysis, no absorbance of Dox was detected in control
NCs without LipoHD, whereas the absorbance of Dox was significant for LipoHD NCs (Fig. S4).
The result was also confirmed by visual observation of aqueous phase after dialysis (Fig. S4a). Dox
encapsulation with respect to the mass of Labrafac oil was 0.48 % based on extinction coefficient of
Dox (12,200 Mecm™).32 Thus, LipoHD makes Dox prone to accumulation inside of NCs. The
encapsulation efficiency of Dox into LipoHD-loaded NCs, calculated based on the absorbance of
DOX before and after dialysis (Fig. S4b) was 25.8%, whereas for control NCs without LipoHD it
was close to zero.



In order to monitor the in situ formation of Dox prodrug within NCs, a FRET system for Dox was
designed. As a FRET couple of F888 with Dox gave too weak FRET signal (Fig. S5), we selected a
far-red lipophilic Cy5 dye (DiD), already used as FRET acceptor for Dox.[*¥! NCs loaded with DiD
and LipoHD were incubated with Dox. The emission spectra of NCs excited at Dox absorption
wavelength (490 nm) revealed the gradual increase in the FRET acceptor emission over time with
kinetics (the acceptor/donor intensity ratio vs time) on the time scale of hours, whereas NCs without
LipoHD showed practically no ratio change (Fig. S6). According to Dox absorption spectra (Fig.
S7a), the encapsulation efficiency of Dox into LipoHD NCs was 28.6%, and resulted loading of Dox
was 0.52 % in oil (w/w), consistent with data for LipoHD NCs without DiD (Fig. S4b). Thus, our
results showed that a drug (or a dye) can be efficiently loaded inside lipid nanocarrier through in situ
dynamic covalent bond formation generating encapsulated prodrug. To the best of our knowledge,
such “drug-sponge” in situ drug loading has not been reported to date.

We further exploited the dynamic nature of the hydrazone bond to trigger pH-controlled release
of Dox from NCs (Fig. 3, S8), similarly to experiments with NRK. At pH 7.4, minimal changes of
the FRET spectra (Fig. 3a) and the acceptor/donor ratio (Fig. 3f) were observed over 8 h, suggesting
relatively slow release of Dox at pH 7.4. By contrast, at pH 6.8, gradual loss of FRET was observed
and this trend was stronger with gradual decrease of pH (Fig. 3b-f). We also found that the Lipo-Dox
NCs were stable in physiological buffer PBS (pH 7.4) and in 10 % serum (Fig. S8). Thus, with help
of LipoHD, Dox release can be triggered by weakly acidic pH (5.0-6.8), which is important for
delivery of drugs to acidic microenvironment of cancer tissues.!*® 2%
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Fig. 3. Drug (Dox) release from NCs under pH control, studied by FRET from Dox to Cy5 dye (DiD).
(a-e) Fluorescence spectra of Lipo-Dox FRET NCs (1000-fold dilution) in the presence of 20-fold
excess of blank NCs at pH 7.4 (a), pH 6.8 (b), pH 6.2 (¢), pH 5.6 (d) and pH 5 (e) over time. Excitation
wavelength was 520 nm. (f) Fluorescence intensity ratio of acceptor to donor (670 to 600 nm) at
different pH over time.

We compared sizes and polydispersity of different formulations used in this study. The size of
LipoHD NCs were close to blank NCs (78 and 85 nm respectively), which implies that it does not
influence directly the NCs formulation (Table S1). NRK formulations without LipoHD showed
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unexpectedly large size (112 nm). By contrast, NRK conjugate with LipoHD favored small and
uniform NCs (71 nm). In case of Dox formulations, the samples after dialysis showed systematically
lower size (70-85 nm) and polydispersity compared to those before dialysis (105-144 nm).
Importantly, the Dox-LipoHD NCs size was close to that of blank NCs, which means that drug
loading did not affect much the particles.

To study the pH-dependent release of cargo in cells, NCs loaded with dye Lipo-NRK or prod-drug
Lipo-Dox were incubated with HelLa cells at pH 7.4 and 5 of PBS followed by washing. At pH 7.4,
Lipo-NRK NCs and Lipo-Dox NCs showed poor fluorescence inside the cells for both 1 and 30 min
incubation (Fig. 4). By contrast, at pH 5 the release of both NRK and Dox was observed after 30 min.
Thus, at neutral pH the Lipo-NRK NCs and Lipo-Dox NCs are relatively stable in the presence of
cells, but undergo release of NRK and Dox, respectively, at low pH because of hydrazone hydrolysis.
However, the release of Dox was somewhat faster compared to NRK, which can be explained by
lower lipophilicity of Lipo-Dox compared to Lipo-NRK (cLogP is 18.8 vs 22.8) that favors higher
access to water of encapsulated Lipo-Dox and thus faster hydrazone hydrolysis, in line with our FRET
studies. Control experiments with free NRK and Dox at both pH 7.4 and pH 5 showed some signal
already after 1 min and strong emission after 30 min incubation (Fig. 4), suggesting rapid
accumulation of the free cargos in cells independently of pH.
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Fig. 4. pH-controlled release of cargos from NCs into cells, studied by fluorescence microscopy. (a)
Fluorescence images of HeLa cells incubated for different time with Lipo-NRK NCs or free NRK at
pH 5 and 7.4 (PBS). Excitation wavelength was 550 nm and the emission filter was 600 nm. (b) Mean
fluorescence intensity measured in 13 cells from (a) excluding the nucleus area. (c) Fluorescence
images of HelLa cells incubated for different time with Lipo-Dox NCs or free Dox at pH 5 and 7.4
(PBS). Excitation wavelength was 470 nm and the emission filter was 530 nm. Scale bars (a,c): 40
pm. (d) Mean fluorescence intensity measured in 13 cells from (c) excluding the nucleus area.
Statistical analysis (vs. data at pH 7.4, 1 min): p < 0.5 (*), p<0.1 (**), p < 0.01 (***).

It remained unclear whether NRK and Dox cargos are liberated from NCs inside the cells or in the
extracellular medium. The absence of signal for Lipo-NRK NCs in cells after 30 min (Fig. 4a) implies

7



that NCs did not rapidly internalize inside the cells. This stealth property, also observed earlier for
lipid NCs loaded with lipophilic dye NR688,12" 31 is probably linked to their PEG shell. To further
verify accumulation of NCs inside the cells, we co-encapsulated our cargos with corresponding
lipophilic dye: F888 with NRK and DiD with Dox. After 30 min incubation, neither NRK nor Dox
formulations showed signal of corresponding F888 and DiD markers (Fig. S9), suggesting absence
of NCs inside the cells. By contrast, NRK and Dox channels showed strong signal of the
corresponding cargo for LipoHD-based NCs at pH 5 and for control NCs at pH 7.4 (Fig. S9), in line
with the data above. We can conclude that at low pH Lipo-NRK NCs and Lipo-Dox NCs release their
cargo into extracellular medium followed by cargo internalization inside cells.

Since our Lipo-Dox NCs can slowly release Dox in vitro, we studied cytotoxicity of Lipo-Dox
NCs with that of free Dox in Hela cells after 12, 24 and 48h incubation in culture medium (DMEM).
For both formulations, clear cytotoxicity was observed for concentration >5 pug/mL and it increased
with the incubation time (Fig. S10). Generally, Lipo-Dox NCs showed a slightly lower cytotoxicity
than free Dox, especially for shorter incubation times. This difference in cytotoxicity is probably
related to the delayed release of Dox from Lipo-Dox NCs. Nevertheless, after 48h Lipo-Dox NCs
showed high toxicity, similarly to free Dox, suggesting that this incubation is sufficiently long to
release free Dox from NCs. Furthermore, we studied cytotoxicity of the two formulations in three
mammary carcinoma cell lines: 4T1, D2A1 from mouse and MDA-MB-231 from human after
incubation for 48 hours. Both free Dox and Lipo-Dox NCs were found toxic, with cell viability <50%
for concentration >5 pg/mL (Fig. S11), although some small differences were observed dependent on
a cell line.

Then, the in vivo therapeutic potential of Lipo-Dox NCs was investigated on mice with xenograft
tumors (D2A1 and MDA-MB-231, Fig. S12). We observed reduced tumor growth profiles in mice
that were administered with Lipo-Dox NCs, when compared to control administered with only NCs,
which is especially pronounced for D2A1 (Fig. S12b). Moreover, in case of D2A1 cells, Lipo-Dox
NCs showed more effective suppression of tumor growth, compared to free Dox, which can be
explained two factors. First, Dox is poorly soluble in water and thus can aggregate, in contrast to
Lipo-Dox formulation. Moreover, we previously showed that lipid NCs of ~100 nm diameter exhibit
strong EPR in D2A1 xenografted tumors,?° which can favor accumulation of Lipo-Dox NCs in tumor
areas. A dedicated in vivo study will be needed to explore full therapeutic potential of Lipo-Dox
system.

Inspired by a capacity of LipoHD NCs to capture molecules in situ through dynamic covalent
bond formation, we wondered whether these NCs can extract ketones, like NRK and Dox, from cells.
The cells were treated with NRK or Dox and then incubated in LipoHD NCs, blank NCs and control
PBS for 1 and 60 min. In PBS, the changes in the fluorescence were negligible for both NRK and
Dox, indicating that they remained inside the cells (Fig. 5). In case of blank NCs some decrease in
the fluorescence intensity was observed, which could be explained by partial extraction of these
apolar molecules into the hydrophobic reservoirs of NCs. In case of Dox, this non-specific extraction
was much less efficient, probably because Dox is less lipophilic than NRK (corresponding cLogP is
0.32 vs 4.04). Strikingly, LipoHD NCs drastically decreased the fluorescence intensity of both NRK
and Dox after 60 min incubation, which was much stronger compared to blank NCs (Fig. 5). Then,
we characterized by fluorescence spectroscopy the extraction media (LipoHD NCs, blank NCs and
PBS) incubated with HeLa cells for different time. Fluorescence intensity increased over the studied
period of 1h for all three media, whereas LipoHD NCs showed the strongest intensity increase (Fig.
S13). Using a calibration curve of the peak fluorescence intensity vs NRK concentration (Fig. S13),
we found that the amount of extracted NRK after 1h was 0.41, 0.29 and 0.14 pmol for LipoHD NCs,
blank NCs and PBS, respectively. Given that that the estimated total amount of NRK uptaken by cells
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(see details in SI) was 0.5 pmol, the three media extracted respectively 82, 58 and 28% of NRK form
cells. This result confirmed our microscopy data showing that LipoHD NCs are significantly more
effective extraction agent than the control media. Importantly, TLC and mass spectrometry of the
LipoHD NCs extract from cells revealed the presence of LipoHD-NRK conjugate (Fig. S14). Thus,
we can conclude that this much higher efficiency of extraction with LipoHD NCs is connected with
the formation of the dynamic covalent bonds of ketone molecules (NRK and Dox) with the “drug
sponge” NCs. As mentioned above, within this short time period NCs cannot enter the cells, so that
they extract the internalized ketones being outside the cells. Lipophilic NRK and Dox molecules
probably diffuse freely within the lipophilic compartments of the cells, and therefore can reversibly
reach the plasma membranes, where they can be transferred to LipoHD NCs. This extraction process
IS reverse to a classical accumulation of lipophilic molecules in cells by passive diffusion and it is
energetically favorable here because of formation of dynamic covalent bonds between the lipophilic
ketones and Lipo-HD inside NCs. The obtained result provides the first proof of concept for the use
of DCvC for removing drug molecules from cells.
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Fig. 5. In situ extraction of ketone drugs by LipoHD NCs from HelLa cells. (a) In situ extraction of
NRK: cells were pre-incubated with 1 pM of NRK for 30 min, washed and then treated for 1 or 60
min with 100-times diluted LipoHD NCs, blank NCs and PBS and then washed with PBS before
imaging. Excitation wavelength was 550 nm and the emission filter was 600 nm. (b) Mean
fluorescence intensity measured in 15 cells from (a) excluding the nucleus area. (c) In situ extraction
of Dox: cells were pre-incubated with 15 uM of Dox for 30 min, washed, treated or 1 or 60 min with
100-times diluted LipoHD NCs, blank NCs and PBS and then washed with PBS before imaging.
Excitation wavelength was 470 nm and the emission filter was 530 nm. Scale bars (a,c): 40 um. (d)
Mean fluorescence intensity measured in 15 cells from (c) excluding the nucleus area. Statistical
analysis (vs. data in PBS, 1 min): p< 0.5 (*), p<0.1 (**), p <0.01 (***).
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We further explored the capacity of LipoHD NCs to extract ketones from tissues. To this end we
selected chicken skin presenting lipid-rich adipose tissue,% which is expected to uptake lipophilic
molecules/drugs such as NRK and Dox. Transmission image of the skin showed characteristic
morphological features of adipose tissue with individual cells (Fig. 6). However, only faint auto-
fluorescence was observed in chicken skin (Fig. S15). Incubation of the skin with NRK or Dox in
PBS resulted in a strong fluorescence signal from the tissue (Fig. 6 and S16), suggesting their
accumulation in the tissue. Right after addition of blank NCs or LipoHD NCs to the stained chicken
skin, the fluorescence signal remained close to that in PBS (Fig. 6 and S16) treated samples. However,
after incubation for 30 min, the fluorescence intensity for LipoHD NCs dropped significantly for both
NRK and Dox (p<0.01), whereas blank NEs showed much smaller (p<0.5) decrease and PBS did not
show any change for NRK and Dox (Fig. 6 and S16). Thus, LipoHD NCs are able to extract ketones,
including Dox drug, highlighting the potential of our drug-sponge NCs as a detoxification platform.
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Fig. 6. In situ extraction of ketone drug Dox by LipoHD NCs from chicken skin adipose tissue. (a)
Transmission and fluorescence images of in situ extraction of Dox: the skin tissue was pre-incubated
with 45 uM of Dox for 10 min and treated for 1 or 30 min with 100-fold diluted LipoHD NCs, blank
NCs or PBS. Excitation wavelength was 550 nm and the emission filter was 600 nm. Scale bar: 120
pm. (b) Mean fluorescence intensity measured in the center area (3 images analyzed per condition).
Statistical analysis (vs. data in PBS, 1 min): p < 0.5 (*), p <0.01 (***).

Conclusions

In this work, we propose a concept of reversible pH-controlled delivery of active cargo (drug or
contrast agent) to the cells based on DCvC inside lipid nano-droplets, so-called “drug sponge”. As
most of drugs cannot be kept inside oil core of the lipid nano-droplets because of their moderate
lipophilicity, they need to be modified with a highly lipophilic moiety to obtain a lipophilic prodrug
conjugate. Here, we changed the prodrug strategy and propose to generate the conjugate directly
inside the oil core of a nanocarrier by a dynamic covalent bond between a lipophilic molecule and
the cargo. We designed a highly lipophilic hydrazide (LipoHD) capable of forming a hydrazone bond
with a cargo (fluorescent dye and doxorubicin drug) bearing ketone group. Lipid nanoemulsions
loaded with LipoHD were able to spontaneously accumulate cargo-ketones with a kinetics on the
time scale of hours. In contrast to simple formulations of nanocarriers with cargos, nanocarriers
loaded using dynamic covalent chemistry were stable at pH 7.4 against cargo leakage. At low pH (5-
6.8), relevant to endosomes and cancer tissues, the cargos were successfully released, because of pH-
dependent hydrolysis of the hydrazone. This drug-sponge system was validated in a cancer cell line,
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where it showed efficient pH-controlled release of dye/drug cargos into the cells. LipoHD NCs loaded
with doxorubicin showed cytotoxicity in four cell lines after 48h incubation, similarly to free
doxorubicin. The therapeutic potential of drug-sponge NCs loaded with doxorubicin was
demonstrated for xenografted tumors (D2A1 and MDA cells) on mice. Remarkably, the capacity of
our drug sponge to capture cargo molecules in situ was successfully applied to extract fluorescent
ketone and doxorubicin directly from cancer cells as well as from chicken skin adipose tissue. Thus,
in addition to conventional pH controlled release, our drug sponge can extract the drug from cells and
lipid-rich tissues (e.g. chicken skin), which is an unprecedented result for nanoparticles. The unique
features of our drug-sponge NCs rely on liquid nature of the oil core, which allows in situ reactions,
and the use of dynamic covalent bonds. In contrast to conventional covalent approach where prodrug
is pre-synthesized,** 5 DCvC ensures that chemically stable capture molecule (LipoHD) can react in
situ with cargo forming a prodrug directly inside the nanocarrier and, then, at low pH and high
dilution, the reaction is reversed towards the cargo release. Remarkably, in this cargo loading-release
cycle, prodrug is expected to remain inside the oil core, so that originally loaded cargo is released to
biological subject in its intact form. In this way, the approach is different from conventional prodrug
approach, where pre-synthesized prodrug is brought directly in contact with cells and tissues. We
expect that the developed drug-sponge concept can be applied to any drug/contrast agent bearing
ketone or aldehyde group. Moreover, the concept could be extended to other dynamic covalent bonds,
which can enlarge the scope of cargos. Finally, the capacity of the drug sponge nanocarriers to extract
drugs from the cells and adipose tissue of chicken skin opens new possibilities in detoxification from
toxins and excess of used drugs.
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