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Abstract:

A small library of amphiphilic prodrugs has been synthetised by conjugation of gemcitabine
(Gem) (a hydrophilic nucleoside analogue) to a series of lipid moieties and investigated for
their capacity to spontaneously self-assemble into nanosized objects by simple
nanoprecipitation. Four of these conjugates formed stable nanoparticles (NPs) while with the
others immediate aggregation occurred, whatever the tested experimental conditions. Whether
such capacity could have been predicted based on the prodrug physico-chemical features was
a matter of question. Among various parameters, the hydrophilic-lipophilic balance HLB
value seemed to hold a predictive character. Indeed, we identified a threshold value which
well correlated with the tendency (or not) of the synthetised prodrugs to form stable
nanoparticles. Such hypothesis was further confirmed by broadening the analysis to
gemcitabine and other nucleoside prodrugs already described in the literature. We also
observed that in the case of gemcitabine prodrugs, the lipid moiety affected not only the
colloidal properties but also the in vitro anticancer efficacy of the resulting nanoparticles.
Overall, this study provides a useful demonstration of the predictive potential of the HLB
value for lipid prodrug NP formulation and highlights the need of their opportune in vitro

screening, as optimal drug loading does not always translate in an efficient biological activity.



Introduction

Clinical efficacy of even extremely promising pre-clinical drug candidates is often
compromised by non-favorable physicochemical properties such as limited aqueous
solubility, poor permeability, short half-life due to instability in biological media and/or rapid
elimination.® With the aim of overcoming these challenging issues, prodrug approaches have
been largely investigated and their relevance is well confirmed by the observation that
prodrugs represent up to 10 % of all the new drug molecules approved by the FDA over the
2008-2017 period.?

Prodrugs can be obtained by chemical modification of the parent molecule with small
moieties (e.g., ionizable groups which increase aqueous drug solubility),® * but derivatization
with lipids,*® peptides’ and polymers*®° has also been proposed. The latter enables to
protect the drug from the degradation and/or to achieve a controlled and sustained drug
release.’**® Whatever the modification, it induces a loss of the drug activity, which is then
recovered in vivo after enzymatic and/or chemical activation of the prodrug.'* '3

Among the different types of prodrugs, lipid-based ones, in which the drug is linked to fatty
acids, cholesterol derivatives, phospholipids are of particular interest.® Not only are these
lipids biocompatible, thus limiting insurgence of undesired toxicity, but they also could
facilitate the crossing of biological barriers such as the blood-brain-barrier** or the
gastrointestinal tract,'® therefore leading to an efficient delivery to the target cells or tissues.
To a certain extent the nature of the lipid moiety allows to modulate the fate of the prodrug
upon administration by exploiting specific lipid metabolism pathways within the body.*®*’
Thus, for instance, orally-administered drugs can be conjugated to triglycerides to either
facilitate selective absorption into the lymphatic circulation for lymphocytes and lymph nodes

targeting,® or to rejoin the systemic circulation while by-passing the first-pass hepatic

metabolism.*®



Steroid prodrugs hold potential for cancer cells targeting by taking advantage of the
accumulation of steroids, in particular cholesterol, in neoplastic tissues.’® % Likewise, fatty
acids-based prodrugs allow drug delivery to tumors, fatty acids being also key nutrients for
cancerous tissues.® ?"# Yet, opportune formulation may be needed to overcome the lack of
aqueous solubility of these lipid prodrugs and to allow their systemic administration in a
clinically acceptable solvent. In this context, combination with nanoscale carriers has been
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proposed and lipid prodrugs have been successfully loaded into liposomes, solid lipid
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nanoparticles, micelles® " or polymer nanoparticles (NPs).
On the contrary to the above-mentioned strategies, in which the prodrug was encapsulated
into other nanocarriers, we have taken advantage of the dynamically folded conformation of
squalene, a biocompatible triterpene, for drug conjugation and spontaneous supramolecular
assembly as nanoparticles.® In the latter the drug-squalene conjugate was the only component
of the formed nanoparticles, thus avoiding the use of additional materials (polymers, lipids
etc.) and excipients (surfactants, sugars etc.). This resulted in a considerable increase of the
drug loading and, thanks to a simplified composition, it could eventually facilitate scalability
and introduction on the market. Thus, the linkage of squalene to various drugs resulted in
nanoparticles of about 100 nm diameter and represented a versatile nanomedicine
platform.® %

This approach has been first applied to gemcitabine (Gem) with the aim to overcome the
major limitations of this anticancer nucleoside analogue (e.g., short half-life, poor diffusion
into cells and induction of drug resistance), which all restrict pharmacological efficacy.*® *°
Conjugation to squalene advantageously modified the Gem pharmacokinetics, leading to a
better therapeutic index compared to the free drug, in several experimental tumor models in

mice and rats.*1*



Despite these interesting results, whether the squalene was the only lipid able to combine both
spontaneous self-assembly of the gemcitabine prodrugs and biological activity was still a
matter of question. We already investigated the influence of the isoprene chain length,
revealing that at least four isoprene units were required to formulate prodrug nanoparticles
without additional excipients.*®

In the current study we extended the nature of the investigated lipid molecules and we
included in our pool (i) the cholesterol, (ii) the alpha tocopherol, a fat-soluble vitamin, (iii) a
few fatty acids and (iv) a diglyceride. We assessed the X-ray diffraction patterns of the
synthetised Gem prodrugs and we evaluated their capacity to self-assemble as nanoparticles in
pure water at the minimum concentration of 1 mg.mL™, necessary for further biological
studies. When they were obtained, the resulting nanoparticles underwent a detailed physico-
chemical characterization before being investigated for their in vitro cytotoxicity on the
MDA-MB-231 breast cancer cell line. The hydrophilic-lipophilic balance (HLB) of the
prodrug library was used to assess whether self-assembly failure of some prodrugs into
nanoparticles could have been predicted ahead of the time-consuming chemical synthesis and

physico-chemical evaluation.

Results and discussion

Synthesis of the lipid gemcitabine bioconjugates

Using as reference the squalene moiety (CsoHsg) characterized by 6 double bonds
symmetrically disposed around the C;,-Cy3 linkage, a series of lipids displaying different
chemical features was chosen to synthetize a library of gemcitabine prodrugs (Figure 1).
Thus, within the terpene family, the gemcitabine was conjugated to the perhydrogenated SQ
(RSQ) devoid of unsaturation, as well as, to the solanesol (Sol), a long-chain polyisoprenoid
alcohol incorporating nine isoprene units. Then, polycyclic structures were introduced by

conjugation to cholesterol (Chol) and alpha-tocopherol (VitE), which possess a sterol and a



chromanol carbon skeleton, respectively. Prodrugs derived from non-terpenoid lipids without
lateral methyl groups were synthetised by gemcitabine linkage to fatty acids, both saturated
(i.e., octacosanoic acid, C28) and unsaturated (i.e., oleic (OA), linoleic (LA),
eicosapentaeneoic (EPA) and docosahexaenoic acid (DHA)). Last, by derivatization with the
glyceryl 1,3-dipalmitate (Digly), a gemcitabine prodrug with two side chains was obtained.

As previously reported for the squalene-gemcitabine prodrug (SQGem, Table 1, #01),% the
different derivatives were synthetised by covalent conjugation of the lipid moieties onto the
4’-amino group of the cytosine nucleus of the drug as depicted in Figures 2-4. Conjugation on
this position allowed to prevent the rapid drug degradation into the inactive
difluorodeoxyuridine metabolite by action of the endogenous deaminases.”® For sake of
comparison, aiming to have conjugates in which the lipid is anchored to the drug via an amide
bond, the synthetic strategies have been opportunely adapted according to the functional
group available on the former. When necessary, a glutaryl spacer was introduced between the
lipid moiety and the amino group. Hence, lipids bearing a carboxylic acid function were first
activated into the mixed anhydride using ethyl chloroformate and then reacted with the
gemcitabine base (Figure 2) or its bis 3°,5’-tert-butyldimethyl silyl protected form (Figure 3).
The release of gemcitabine from these prodrugs is expected to occur in vivo after proteolytic
cleavage of the amide bond by the lysosomal cathepsins (B and D), as already demonstrated

47 including the squalene gemcitabine conjugate.®®

for a variety of amide-bearing prodrugs
Overexpression of these enzymes in several malignancies compared to healthy tissues*® would

favor selective and controlled drug release at the tumor site.
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Figure 1. Structure of the gemcitabine and of the lipids used for the synthesis of the prodrugs.
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Figure 2. Synthetic strategy implemented to obtain the lipid prodrugs when using lipid

moieties bearing a carboxylic group without protection of the gemcitabine moiety.
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Figure 3. Synthetic strategy applied to obtain the C28Gem lipid prodrug.



Lipids bearing an alcohol function were first esterified with glutaric anhydride to provide the
corresponding hemiglutaryl acid, which was then activated with ethyl chloroformate as

described above or directly coupled using pyBOP as activating agent (Figure 4).
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Figure 4. Synthetic strategy applied to obtain the lipid prodrugs while using lipid moieties

bearing a OH group.

Powder x-ray diffraction analysis
Crystallinity of the synthetised prodrugs has been investigated by powder X-ray diffraction

and d-spacing values are reported in Table S1. A similar pattern was observed for the SQGem



and RSQGem prodrugs. At low angles, both conjugates showed two sharp peaks (a main one
and one on the right), corresponding to first and second orders of the successive (00l) Bragg
reflections of a lamellar structure of d-spacing 44.5 A and 47.3 A for SQGem and RSQGem
respectively (Figure 5a, Table S1). The shoulder observed on the left (d-spacing 46.6 A and
50 A) revealed the coexistence of two lamellar phases in each prodrug, as previously
reported.* In addition, a minor peak, corresponding to a d-spacing of about 40 A , was found
on the right of each first order peaks (Figure 5a). Overall, these results indicated that these
two prodrugs could organise in a ternary mixture. At higher angles, both prodrugs revealed a
broad peak centred at 4.8 A (Figure 5b, Table S1).

Low angle XRD patterns of the other prodrugs revealed broad peaks, with variable intensity
(Figure 5c, Table S1). Whereas SolgluGem (magenta line) and C28Gem (green line)
exhibited (00I) Bragg lines up to order three and two respectively, for the other prodrugs only
a single broad peak (order 1), with d-spacing values comprised between 44.1 A and 51.5 A,
was observed. All these prodrugs showed a one-dimensional lamellar crystalline packing, and
the width of the peaks can be correlated with the inability of these compounds to achieve a
well-ordered long-range periodicity. SolgluGem (magenta line) and DiglygluGem
(aquamarine line) presented the highest lamellar d-spacing values (67 A or more),
characteristic of an interdigitated lamellar gel phase Lp.>° At higher angles (Figure 5d, Table
S1), apart from the C28Gem (green line), these prodrugs showed a very broad peak with d-
spacing comprised between 5 A and 4.5 A and a shoulder at around 4.3 A < d-spacing < 4.0
A. The existence of several other peaks indicated the presence of one or more crystalline
phases within the planes of the lamella, as also previously reported.*® > 2

It must be noted that at high angles, the whole library showed a broadening of the peaks

which reflected the mean spacing of chains devoid of long-range order in the plane of the

bilayer.
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Overall, a one-dimensional lamellar crystalline packing (Lc) was observed for all the
prodrugs. When compared to other structural studies of gemcitabine lipid prodrugs,® lower d-
spacing values were herein observed, likely due to the presence of not fully extended and
more disordered hydrocarbon chains.* At higher angles, this disorder correlated with a main
broad peak with a typical d-spacing = 4.6 A, as already described for lecithins® and stacks of
sphingomyelin-cholesterol bilayers.” The right asymmetry of these peaks can be modelled by

a broad peak centred around 4.2 A, corresponding to hexagonally packed hydrocarbon chains
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Figure 5. Powder X-ray pattern of gemcitabine prodrugs at (a,
¢) low angles (1.3 < 26¢, < 5°), and (b, d) high angles (3.5 < 26¢, < 50°).

Nanoparticle preparation and characterization
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Being the already described SQGem prodrug (Table 1, #01) capable to spontaneously self-
assemble as nanoparticles at a concentration of at least 1 mg.mL™ in water without addition of
any surface active agent, whether the other synthetised prodrugs would display the same
properties has been herein investigated. After having identified the best organic solvent for
each prodrug (i.e., ethanol (EtOH), acetone (Ac) or tetrahydrofuran (THF)), the corresponding
solution has been added dropwise into water under stirring. Among the 10 investigated
conjugates four assembled spontaneously into stable nanoparticles at the desired
concentration. On the contrary, despite tuning some experimental conditions (i.e., solvent
nature, organic/aqueous phase ratio) the other lipid prodrugs, including LAGem, immediately
precipitated upon the addition step or aggregated in the aqueous phase during/or rapidly after
solvent removal.

Recently, however, the nanoprecipitation of a DMSO solution of LAGem conjugates has been
reported as a strategy to formulate these conjugates into nanoparticles.>’ Nevertheless, no
details on the final concentration of the nanoassemblies have been provided. In addition, prior
to in vitro and in vivo administration, these nanoassemblies were modified by the
incorporation of PEGylated phospholipids, thus raising concerns about the stability of the
initial LAGem nanoformulation.

Although nanoprecipitation was the method of choice for a suitable comparison with the
SQGem prodrug, we also investigated other strategies such as the emulsion-evaporation®®
(with SolgluGem, EPAGem and DHAGem) or the thin film hydration technique®® (with
DiglygluGem and OAGem). However, the effort was vain and not any of these strategies
allowed to form stable nanoassemblies satisfying our requirements (that is, pure water as
aqueous phase and concentration of at least 1 mg.mL™).

These results clearly explained why previously described fatty-acid prodrugs of gemcitabine

-62
0160 6

were administered only as organic solution in DMS or mixtures with surface active

12



agents such as Pluronic,>® polyethylene glycol,>”® Cremophor EL (i.e., polyoxyethylene
castor 0il)®* or Tween 80.%% % In spite of their utilization also in clinically approved
formulations (e.g., Emend®, Taxotere®, PM101®, Taxol®)®”®° these vehicles are associated to
undesired toxicity, and could negatively affect the drug pharmacokinetics thus altering its
efficacy.”>™ In this context, a successful attempt to develop a prodrug formulation in aqueous

solvent would be extremely beneficial to face these drawbacks.

Formulated NPs displayed a mean diameter between 80 and 190 nm, a narrow size
distribution and a negative surface charge (Table 1). These NPs were stable in water over 72 h
at room temperature (Figure 6a, Figure S23) while a slight size growth was immediately
observed in complete cell culture medium likely due to the adsorption of the serum proteins at
the NP surface (Figure 6b). The most important augmentation was recorded for the RSQGem
NPs. Cryo-transmission electron microscopy (cryo-TEM) imaging of these NPs revealed that
the RSQGem conjugates assembled into a dispersion of linear fibers (Figure 7b), while
CholgluGem and VitEgluGem NPs (Figure 7d, e) formed elongated twisted filaments. As
previously reported, the conjugation to an isoprenoid chain resulted, on the contrary, in the

formation of spherical NPs (Figure 7a, c). 4%
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Table 1. Formulation conditions for the library of gemcitabine lipid conjugates and resulting nanoparticle characterization.

Conjugate oN%r;?]Fi)gi((:)iFvi ;ﬁiion g)li\?srr]]tllc\/vater CNOF;ICEI’]tI:'f.tiOI’] mr?r?)n diameter” (Ps(;)ll;j ispersity index” ggfcgntiala E);Lcji?ngb HLB®
ratio (mg.mL"™) (mV) (wt %)
#01 SQGem EtOH 1:2 1 898 0.09+0.03 -25+6 40.7 7.41
#02 RSQGem EtOH 1:2 1 121+3 0.03+0.02 -11+1 40.1 7.30
#03  SolgluGem THF 1:2 1 157+ 32 0.07 £0.02 -53+8 26.6 6.00
#04  CholgluGem Ac 1:2 1 112 +15 0.23+0.02 -31+6 35.2 7.95
#05 VitEgluGem THF 1:4 1 146 + 17 0.11+0.03 -36 £17 33.3 8.49
#06 DiglygluGem THF 1:2 1 Aggregation - - 28.4 8.89
EtOH 1:2 1 Aggregation - -
#07  OAGem Ac 1:2 1 Aggregation - - 49.9 9.07
THF 1:2 1 Aggregation - -
EtOH 1:2 1 Aggregation - -
#08  LAGem Ac 1:2 1 Aggregation - - 50.1 9.10
THF 1:2 1 Aggregation - -
EtOH 1:2 1 Aggregation - -
#09 EPAGem Ac 1:2 1 Aggregation - - 48.1 8.74
THF 1:2 1 Aggregation - -
EtOH 1:2 1 Aggregation - -
#10 DHAGem Ac 1:2 1 Aggregation - - 45.9 8.34
THF 1:2 1 Aggregation - -
#11 C28Gem THF 1:2 1 Aggregation - - 39.3 7.14

@ Measured by dynamic light scattering (Values = standard deviation, n > 3)
® Calculated as molecular weight (gemcitabine)/molecular weight (conjugate)

¢ Calculated according to the Griffin formula using the MarvinSketch Version 21.3 software
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Figure 6. Evolution of NP mean diameter and polydispersity index (Pdl) after incubation in
(a) water at room temperature and (b) L-15 cell culture medium supplemented with 10% FBS

at 37°C. Values represents mean = standard deviation (n=3).

Figure 7. Representative cryoTEM images of (a) SQGem, (b) RSQGem, (c) SolgluGem, (d)

CholgluGem and (e) VitEgluGem nanoparticles. Scale bar = 100 nm.
X-ray diffraction pattern of the various prodrugs (Figure 5, Table S1) did not highlight a
correlation with their capacity (or not) to self-assemble into stable nanoparticles. Thus, we

investigated whether another physico-chemical parameter, namely their hydrophilic-lipophilic
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balance (HLB), could play a key role. The HLB values, calculated according to the Griffin
method,”® ranged from 6.00 for the SolgluGem to 9.10 for the LAGem (Table 1) and a trend
has emerged that, for values above 8.34, the lipid conjugates were not able to spontaneously
self-assemble as nanoparticles (Figure 8a). Nevertheless, due to the limited number of
prodrugs included in this first analysis, it was hard to extrapolate a general behavior.
Accordingly, to better understand whether the HLB value could be an indicator of the ability
of a conjugate to self-assemble into NPs, we introduced in this study several prodrugs already
synthetised in our group over the past 15 years. We first focused on the gemcitabine prodrugs
only (Figure 8b) and then we also included the whole library of available nucleoside analogue
derivatives, which successfully self-organized into nanoparticles by nanoprecipitation in pure
water, at the minimum concentration of 1 mg.mL™ (Figure 8c).* ™ In both cases, we
observed a significant difference between the HLB values median. In the last group, which
included the larger number of prodrugs, these medians were of 7.45 and 9.07 for the prodrugs

which self-assembled or not, respectively (Figure 8c).
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Figure 8. Comparison of HLB values between prodrugs able (Yes) or not (No) to self-
assemble in form of nanoparticles in pure water using the nanoprecipitation technique.
(Scatter plot, median; ns: non-significant, ** p < 0.0021, **** p < 0.0001 Mann-Whitney’s
test). (a) lipid prodrugs synthetised by coupling the Gem to the lipid moieties in Figure 1. (b)
pool of all the gemcitabine lipid prodrugs previously synthetised by us (including (a)); (c)
pool of all nucleoside lipid prodrugs previously synthetised by us (including (b)). Structures

and HLB of each prodrug used in this figure are reported in Table S2.

Overall, these results confirmed that an HLB below 8.34 (that is, the lowest value in the
group that does not form nanoparticles) could be a good indicator of the category to which the
prodrug belongs. In agreement with this hypothesis is the observation that other gemcitabine
prodrugs described in literature (i.e., research groups other than ours) and reported as unable
to form stable NPs, had an HLB above this critical value (Table $3).%* %

The identification of few exceptions (i.e., C28Gem (#11) and the VitEgluGem (#05)) suggests
that the HLB value although predictive is, however, not sufficient alone to determine whether
a conjugate is able or not to form nanoassemblies. Indeed, multiple other parameters such as
n-stacking and hydrogen bonding could affect the self-organization process, as previously
observed with various nucleolipids.®®

A close regard to the lipid chain of the prodrugs that successfully assembled as nanoparticles

revealed a shared isoprene-like structural unit showing branched methyl groups on the main

17



carbon backbone. The latter are likely to hinder the establishment of too strong hydrophobic
interactions between the prodrug molecules, which could spatially organize thus leading to
the observed NPs. On the contrary, during the nanoprecipitation a close packing of the other

prodrugs probably occurred with the formation of solid insoluble aggregates.

In vitro studies

The cytotoxicity of the formulated NPs was investigated on the MDA-MB-23 cells, a well-
known model of aggressive breast cancer characterized by a high lipoprotein receptor activity.
As also previously observed, the SQGem NPs showed a higher cytotoxicity comparatively to
the free drug (IC50 of 1.3 pM vs 2.7 uM).” 34 On the contrary, the other NP formulations
displayed only mild cytotoxicity even in the micromolar range (Figure 9). The slower
gemcitabine release from the SolgluGem NPs, herein selected as an example of a
nanoformulation with a low activity comparatively to the SQGem NPs, is probably
responsible for the limited biological efficacy (Figure S24). These results showed that, in
spite of the capacity of these prodrugs to assemble as nanoparticles, the replacement of the
squalene chain with other lipid moieties seemed to be, at least in vitro, therapeutically
irrelevant.

Yet, in vivo, these nanoparticles might show a different behavior. It is well known that
lipophilic drugs can bind to lipoproteins, so it is possible to speculate that the HLB value of
the prodrugs would affect their distribution profile among different plasma components
(lipoproteins, proteins) and consequently their therapeutic activity.®

However, as previously observed with various molecular species,®® ®

a prediction of the fate
of gemcitabine prodrugs based on hydrophobicity only could be rather reductive. In addition

to the HLB, other parameters such as binding constants, relative abundance of plasma
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components, as well as the colloidal stability of the nanocarriers into the blood circulation,

should be studied in depth in order to extrapolate a broad structure-activity relationship.
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Figure 9. Cell viability of MDA-MB-231 cells after incubation with increasing
concentrations of free Gem, SQGem, RSQGem, SolgluGem, CholgluGem and VitEgluGem

nanoparticles. Values represent mean + standard deviation (n > 3).

Conclusions

By using a small library of amphiphilic lipid prodrugs of gemcitabine, we investigated how
the nature of the lipid moieties could affect the capacity (or not) to self-assemble as
nanoparticles in pure water without the addition of any surfactant. The HLB value was
retained as a valuable predictive parameter. Indeed, although with some exceptions,
conjugates having an HLB over 8.34 could not be formulated as stable nanoparticles. The
presence of lateral methyl on the hydrophobic chain could also be a key parameter in the
ability of the bioconjugates to self-assemble. However, the nanoparticulate form was not the
guaranty, at least in vitro, of a relevant biological activity since the NPs other than SQGem
displayed only moderated cytotoxicity comparatively to the free drug and to the SQGem NPs,

which once again confirmed their efficacy. Overall, these findings might help the design of

19



optimal conjugates which, thanks to their self-assembling ability, could be formulated as
nanoparticles without the need of using potentially toxic vehicles.

Experimental Procedures

Materials

Regular analytical grade and deuterated solvents were supplied by Carlo Erba (France) and
Eurisotop  (France), respectively. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone ketyl. Toluene, pyridine, dimethylformamide (DMF), and
dichloromethane (DCM) were distilled from calcium hydride, under a nitrogen atmosphere.
All reactions involving air- or water-sensitive compounds were routinely conducted in
glassware which was flame-dried under a positive pressure of nitrogen. Gemcitabine (Gem)
hydrochloride, gemcitabine base, solanesol (Sol), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and 4-dimethylaminopyridine (DMAP) were purchased from
Carbosynth Ltd (UK). Squalene (SQ), cholesterol (Chol), vitamin E (VitE), oleic acid (OA),
linoleic acid (LA), octacosanoic acid (C28), glutaric anhydride, benzotriazole-1-yl-oxy-tris-
pyrrolidino-phosphonium  hexafluorophosphate  (pyBOP), ethyl chloroformate, N,N-
diisopropylethylamine (diPEA), triethylamine, tert-butyldimethylsilyl chloride, imidazole and
tetra-n-butylammonium fluoride (TBAF) were purchased from Sigma-Aldrich (France).

Chemicals obtained from commercial suppliers were used without further purification.

Analytical techniques

Infrared (IR) spectra were obtained as solid or neat liquid on a Fourier Transform Bruker
Vector 22 spectrometer. Only significant absorptions are listed. Optical rotations were
measured on a PerkinElmer 241 Polarimeter at 589 nm. The *H and *C NMR spectra were
recorded on Bruker Avance 300 (300 MHz and 75 MHz for *H and 3C, respectively) or

Bruker Avance 400 (400 MHz and 100 MHz for *H and *3C, respectively) spectrometers.
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Recognition of methyl, methylene, methine, and quaternary carbon nuclei in **C NMR spectra
rests on the J-modulated spin-echo sequence. Mass spectra (MS) and high-resolution mass
spectra (HRMS) were recorded using electrospray ionization (ESI) on an LTQ-Velos Pro
mass spectrometer (ThermoScientific, Germany). Analytical thin-layer chromatography was
performed on Merck silica gel 60F,s, glass precoated plates (0.25 mm layer). Column

chromatography was performed on Merck silica gel 60 (230-400 mesh ASTM).

Hydrophilic Lipophilic Balance calculations

The hydrophilic-lipophilic balance (HLB) values of the lipid prodrugs were determined using
MarvinSketch Version 21.3 software (ChemAxon, 2021). The HLB was calculated with the
HLB Predictor plug-in using the Griffin empirical formula: HLB = 20 (1-S/A), where S and A

correspond to the saponification and the acid numbers of the molecule, respectively.”

DRX analysis

X-Ray diffraction (XRD) experiments were carried out on a high-resolution 6-6 powder
diffractometer (D8 Advance, Bruker AXS, Germany) equipped with the LynxEye XE-T
detector (1D mode), dynamic beam optimization module (DBO, combining the use of
variable slits, automatic anti-scatter screen position and controlled detector opening) and a Cu
radiation (Ko = 1.5406 A and K, = 1.5445 A). The former drastically reduced the diffusion
signal at very low angles (26¢c, < 10°) and combined with a careful control of the sample
height, it allowed to obtain reproducible qualitative information on samples exhibiting d-
spacing up to about 68 A. All prodrugs were dissolved into an optimal organic solvent (that
is, DCM (SQGem, SolgluGem VitEgluGem, DiglygluGem, LAGem, EPAGem DHAGem);
EtOH (RSQGem and OAGem) or THF (CholgluGem and C28Gem)) at a concentration of

either 12.5 mg.mL™ or 25 mg.mL™ depending on their solubility. 2.5 mg were deposited onto
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zero background silicon wafers (24 mm diameter, Siltronix, France). Solvent was evaporated
at room temperature prior to analysis, resulting in a thin film of the lipid prodrugs onto the
wafer surface. Samples were analyzed at room temperature with a 10-rpm rotation, 2.5°
Sollers slits and a sample illumination surface fixed at 10 mm (variable slits mode). XRD
patterns were acquired at two different theta ranges: (i) from 1.3 - 5° (26 range) with a step
size of 0.03° and 5 s per step (n = 3 per prodrug), an anti-scatter screen fixed at 0.5 mm from
the surface of the film, a limited detector opening (PSD = 1°) and (ii) from 3.5 - 50° (20
range) with an anti-scatter screen position automatically optimized by the software, a full

detector opening, with a step size of 0.03° and 4 s per step (n=1 per prodrug).

NP formulation and characterization

Lipid prodrug nanoparticles were prepared according to the nanoprecipitation methodology
(Table 1).%% %8 Briefly, prodrugs were dissolved at 2 mg.mL™ in a water-miscible organic
solvent (EtOH for SQGem, RSQGem, DiglygluGem, OAGem, LAGem, EPAGem; acetone
for CholgluGem, OAGem, LAGem, EPAGem, DHAGem; THF for SolgluGem, VitEgluGem,
DiglygluGem, OAGem, LAGem, EPAGem, DHAGem, C28Gem) (Table 1). 500 uL of the
resulting solution were then added dropwise to a stirred solution of MilliQ water at solvent to
water ratio of 1:2 v/v (SQGem, RSQGem, SolgluGem, CholgluGem, DiglygluGem, OAGem,
LAGem, EPAGem, DHAGem and C28Gem) or 1:4 v/v (VitEgluGem). After removal of the
organic solvent under reduced pressure, an aqueous dispersion of NPs at a final concentration
of 1 mg.mL™ was (or not) obtained. In order to reach this value, VitEgluGem NPs were
concentrated under vacuum by removal of 1 mL of water.

When NPs were obtained, mean diameter and size distribution were measured by dynamic
light scattering with a Nano ZS from Malvern (173° scattering angle) at 25 °C. The

measurements were performed after NP dilution at 0.1 mg.mL™ in Milli-Q water. The NP
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surface charge was investigated by (-potential measurement at 25 °C after dilution at 0.05
mg.mL™ in 1 mM NaCl solution applying the Smoluchowski equation and using the same
apparatus. Measurements were carried out at least in triplicate. Colloidal stability has been
assessed by measuring NP mean diameter and size distribution over a period of 72 h. NPs
have been diluted to 0.1 mg.mL™ in Milli-Q water or in complete cell culture medium (L-15
Leibovitz supplemented with 10% of fetal bovine serum) and incubated at 4 °C and room

temperature or at 37 °C, respectively.

Cryo-transmission electron microscopy

NP morphology has been examined by cryo-transmission electron microscopy (cryoTEM).
Briefly, 5 puL of NP dispersion at a concentration of 1 mg.mL™ for SQGem, RSQGem,
SolgluGem and VitEgluGem NPs and of 0.5 mg.mL™ for CholgluGem NPs, were deposited
onto a 200-mesh holey carbon copper grid (TedPella Inc.) and flash-frozen in liquid ethane
cooled down at liquid nitrogen temperature. Cryo-TEM images were acquired on a
JEOL 2200FS energy-filtered (20 eV) field emission gun electron microscope operating at

200 kV using a Gatan ssCCD 2048 x 2048 pixels.

Gemcitabine release

The release of gemcitabine from SQGem and SolgluGem NPs was investigated in the
presence of serum according to a previously described procedure with slight
modifications.®® *® Practically, nanoparticles (200 uL) were incubated with 800 pL of human
serum (Sigma Aldrich, France) supplemented with 570 mg.mL™ tetrahydrouridine (THU) at
37°C with gentle shaking. At predetermined time points (t = 0, 1, 2, 4, 8 and 24 h), aliquots
(100 pL) were withdrawn and spiked with 10 pL of the internal standard solution

(theophylline, 10 pM in mQ water) before addition of 1 mL of a mixture of
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acetonitrile:methanol (90:10, v/v) and ultracentrifuged (20 min, 4 °C, 150009). The
supernatant was then evaporated to dryness at 30 °C under a nitrogen flow. The released drug
was quantified by reverse-phase HPLC. The chromatographic system consisted of a Waters
1525 Binary LC pump, a Waters 2707 Autosampler, a Waters 2998 programmable
photodiode-array detector (Waters, Milford, MA 01757, USA) and a C18 Uptisphere column
(3 um, 150 x 4.6 mm; Interchim). The HPLC column was maintained at 30 °C. Detection was
monitored at 270 nm. The HPLC mobile phase consisted of a mixture of methanol/water with
0.05 M sodium acetate (pH 5; solvent A: 5/95, v/v; solvent B 97/3, v/v). The residues were
dissolved in solvent A (100 pL). Elution was performed at a flow rate of 0.8 mL/min
isocratically for 11 min with solvent A followed by a linear gradient (1 minute) to 75%
solvent A. After a 6-min hold, a 100% solvent B was achieved by a linear gradient (1 minute)
and kept for 10 minutes. After a linear gradient (1 min) to 100 % solvent A, the system was

held for 5 min for equilibration back to initial status.

Cell culture

Human breast cancer cells MDA-MB-231 were obtained from the American Type Culture
Collection and cultured as recommended. Briefly, cells were maintained in Leibovitz’s L15
medium supplemented with 15% fetal bovine serum, 2 mg.mL™ sodium bicarbonate, 50
U.mL™ penicillin, 50 ug.mL™ streptomycin, and 2 mM glutamine. Cells were maintained in a

humid atmosphere at 37 °C with 5% CO..

Cytotoxicity evaluation
MDA-MB-231 were seeded in 96-wells plates (5000 cells per well in 100 pL of complete
culture medium) 24 h prior to exposure of a series of concentration of NPs or free Gem for

72 h. Cell viability was determined based on the mitochondrial dehydrogenase activity using
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the 3-[4, 5-dimethylthiazol-2-yl]-3,5-diphenyl tetrazolium bromide (MTT) test. At the end of
the incubation period, 20 pL of a MTT solution (5 mg.mL™ in PBS) were added to each well
and plates were incubated for 2 h at 37 °C. Subsequently, the medium was gently removed,
and the formazan crystals were dissolved in dimethylsulfoxide (200 pL per well). Absorbance
of the dye solution was measured at 570 nm using a microplate reader (LAB System Original
Multiscan MS). The percentage of viable cells in each well was calculated as the absorbance
ratio between treated and non-treated control cells. All experiments were set up at least in

triplicate to determine means and standard deviation (SD).

Associated content
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The Supporting Information is available free of charge on the ACS Publications website at
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