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We report here a straightforward nanoprecipitation-based process
to prepare functionalized polylactide (PLA) nanoparticles (NPs). It
relies on an organic phase containing a PLA-based amphiphilic
copolymer bearing N-succinimidyl esters that can spontaneously
react with a peptide/protein located in the aqueous phase. The
relevancy of this strategy is supported by an improved antigenicity
of immobilized HIV-1 Gag p24 protein.

Nanoprecipitation is considered as one of the most popular
techniques to achieve biodegradable and biocompatible polylactide
(PLA) based nanoparticles (NPs) for drug/vaccine delivery.l‘z Its
advantages relies on the simplicity of the process (i.e, adding a
water-miscible organic solution of the PLA/drug in water non-
solvent, followed by removal of the organic solvent), which can be
performed either with or without surfactants, as well as on the
absence of emulsification phase, which is energy- and time-
consuming.2 Surface functionalization of these NPs with appropriate
biomolecules is known to be a key issue regarding carrier efficiency.
In drug delivery, coupling of cell targeting ligands (peptides, sugars)
on NPs surface has shown to greatly enhance the selective delivery
of the carrier in desired tissues or cells while preserving the safe
ones.> As for vaccine delivery, coupling of protein antigens and/or
immunostimulatory molecules (such as ligands of antigen
presenting cells) on NPs are found to induce enhanced adjuvant
effect and immune responses.s’7 Generally, the biomolecules are
introduced at the chain-end of PLA-b-poly(ethylene glycol) (PEG) or
other PEG-based (Pluronic) amphiphilic block copolymers used as a
surfactant in the PLA nanoprecipitation process, through two
possible strategies: (i) the most used relies on biomolecule coupling

after formation of the NPs through reaction of appropriately end-
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functionalized PEG chain of the amphiphilic compound present at
the NP surface (post—functionalization)“’g'11 or (ii) the amphiphilic
PEG-based compound is first functionalized with the biomolecule
and the obtained conjugate is involved in the nanoprecipitation
process, leading to the functionalized NPs (pre—functionaIization),lz'
* The limitations of these approaches are, in the first case, a poor
coupling yield due to reactions occurring in a heterogeneous phase
and, in the second one, a possible unsuitable presentation of the
biomolecule at the surface of the NPs. Moreover, whatever the
above-mentioned approach, functionalization of PEGylated PLA NPs
with biomolecules is tedious, generally requiring several steps for
chemical derivatization of PEG chain end of the surfactants and
further reaction with biomolecules. The search for more efficient
and straightforward approaches to achieve functionalized NPs is
thus becoming an urgent necessity to make the NP-based targeted
drug/vaccine delivery strategy really attractive in the future.

In recent studies, we reported an amphiphilic diblock copolymer
composed of a PLA hydrophobic block, and a hydrophilic block
bearing N-vinylpyrrolidone (NVP) and N-acryloxysuccinimide (NAS)
units, through simple combination of ring-opening and nitroxide-
mediated polymerizations.ls’16 While NVP units impart stealthy
character, similar to PEG," the pendant activated N-succinimidyl
(NS) ester functions of the NAS units can be easily involved in
coupling reactions with amino-bearing peptides and proteins
without the need for any coupling agent.18 We took profit from this
versatile NS ester based ampbhiphilic copolymer (i.e. PLA-b-P(NAS-
co-NVP), referred as PLA-NS) to envision, for the first time, a one-
step process, termed “reactive nanoprecipitation”, that allows
simultaneously the formation of NPs and biomolecule coupling. Our
strategy relies on the use of this copolymer as a surfactant with the
PLA homopolymer and the drug in the water-miscible organic
phase, while biomolecules (peptide, protein) are dissolved in the
external aqueous phase buffered at a suitable pH (Figure 1). Upon
addition of the polymer organic solvent in the non-solvent aqueous
phase and formation of the NPs (as a result of diffusion of the
organic solvent in water), the copolymer surfactant spontaneously
anchors at the NP interface. As such, the pendant NS ester
functions of the hydrophilic block become available for coupling of
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the amino-bearing molecules, allowing functionalization of the NPs
during the nanoprecipitation process.
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Fig. 1 Schematic view of “reactive nanoprecipitation” process
leading to functionalized PLA NPs in one-step.

As a proof of concept, our strategy was first applied to a peptide,
namely the KKKVQGEESNDK sequence derived from Interleukin 13
(referred as ILP). The peptide was
concentrations (0 to 0.48 mg.mL'l) in a 20 mM phosphate buffer at

dissolved at various
a pH of 8. The copolymer and homo-PLA (typically, 4 mg copolymer
and 40 mg PLA) were dissolved in acetonitrile (4.4 mL, i.e. a total
polymer concentration of 10 mg/mL). After formation of the NPs
through the addition of this polymer organic phase in the peptide
aqueous phase (1 vol. to 1 vol.), the non-coupled peptide and N-
hydroxysuccinimide (NHS) produced upon coupling reaction were
quantified in the supernatant by HPLC, as previously described.’® As
shown in Figure 2a, the immobilized amount of peptide on NPs
reached a plateau value close to 25 mg/g of NP. NHS peak area
increased with increasing peptide amounts, indicating the covalent
character of the immobilization (Figure 2a). An increase in zeta
potential of the NPs was also observed with increasing peptide
amounts, indicating the influence of the lysine amine cationic
groups of the peptide at the NP surface (Figure 2b). The mean
diameter of the NPs, determined by dynamic light scattering (DLS),
was 320 nm, with a polydispersity index (Pl) of 0.13 indicating a
homogeneous size distribution. As a comparison, the NPs produced
in the same conditions but in the absence of the peptide showed a
mean diameter of 195 nm with a Pl of 0.11. This increase in size
showed the impact of the presence of the peptide in the aqueous
phase during the nanoprecipitation process. This increase was
particularly attributed to the more pronounced deployment of the
NVP-NS based block corona during the process, favored by the
coupling of the peptide, as result of increased hydrophilicity. SEM
observation of the NPs in the presence or absence of the peptide
supported the difference in size measured by DLS (Figures 3a and
3b, respectively). Finally, encapsulation of hydrophobic Nile Red
probe as a model drug was performed during the one-step process,
by dissolving the molecule in the acetonitrile organic phase along
with the copolymer and the homo-PLA. The encapsulated Nile Red
had no impact on the peptide coupling amounts and NP size and
zeta potential (Table S1 and Figure S1, Supporting information
section).
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Fig. 2 (a) Immobilized ILP peptide amounts on NPs with

corresponding NHS peak area in HPLC in the supernatant and (b)
zeta potential of the NPs, as a function of introduced peptide
amounts.

Fig. 3 SEM images of (a) peptide-functionalized and (b) non-
functionalized NPs.
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The “reactive nanoprecipitation” process was further evaluated for
the preparation of protein antigen-functionalized NPs, using the
HIV-1 Gag p24 model antigen, in a vaccine delivery perspective. To
minimize protein denaturation that is known to possibly occur in
the presence of organic solvents,lg‘20 an organic phase/aqueous
phase volume ratio of 1/19 was used. The p24 protein was
dissolved at 0.316 mg.mL'1 in PBS at a pH of 7.4, and the copolymer
PLA-NS at 52.7 mg.mL'1 in DMSO (homo-PLA was not used here).
Upon addition of the organic phase in the PBS phase in the above-
mentioned ratio (i.e. final p24 and PLA-NS concentrations of 0.3 and
2.635 mg.mL'l, respectively), micellar NPs of 180 nm in mean
diameter (Pl = 0.25) were formed. The immobilization of the p24 on
the NPs was attested by SDS-polyacrylamide gel electrophoresis
(PAGE) analysis, and was found to be nearly quantitative, since
almost no free p24 was detected (lane 3, Figure S2, Supporting
information section, vs. lane 2 for free p24 at the same
concentration). The p24 functionalized NPs could be observed close
to the start (lane 3, Figure S2), as a result of their incapacity, due to
their size, to diffuse through the gel, as previously reported.21 The
covalent character of the coupling was further confirmed by the
fluorescamine assay, revealing 85% decrease in p24 amine groups,
as a result of amide formation following coupling. The NPs exhibited
a zeta potential of -31 mV; this still negative value being attributed
to the slightly negatively charged p24 (pl=5.9) close to neutral pH.
The antigenicity of the so immobilized p24 was finally assessed
through enzyme-linked (ELISA),
compared to free p24 in the same conditions (Figure 4). The
detection system relied on the use of a biotinylated rabbit anti-p24

immunosorbent assay and

polyclonal antibody (Ab), followed by addition of horseradish
peroxidase (HRP) conjugated streptavidin, and HRP-catalyzed
reaction with 3,3’,5,5'-tetramethybenzidine (TMB) substrate with
further quenching with sulfuric acid,
measurement at 450 nm (see Supporting Information for details).
The immobilized p24 induced an improved affinity for anti-p24

for final absorbance

antibodies as compared to the free analog, whatever the antibody
dilution and p24 concentration used for coating (10 or 1 ug.mL’l), as
shown in Figures 4a and 4b. Interestingly, these results thus not
only indicated that the integrity of the p24 immobilized on NPs was
preserved, but particularly that
immobilization of p24 antigen on the NPs made the antigen more

also disclosed surface
highly accessible for antibody recognition (Figure 4c).

In conclusion we developed here a straightforward and efficient
process based on the nanoprecipitation technique, allowing
simultaneously the formation and surface functionalization of NPs.
The relevancy of our approach was supported by an efficient
biological activity of surface coupled protein antigen, granting
access to further use of such functionalized NPs in vaccine/drug

delivery applications.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Enzyme-linked immunosorbent assay (ELISA) of free (white)
or immobilized (black) p24 (control NPs without p24 in grey).
Coating of p24 (free or immobilized) was performed at 10 |.1g.mL'1
(a) or 1 |.1g.mL'1 (b). Signal to noise (S/N) ratio was the ratio of
absorbance (450 nm) in the presence of Ab (at given dilution) to
absorbance in absence of Ab; (c) schematic view of the improved
Ab recognition through p24 immobilization on NPs, as evidenced by
ELISA.
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