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We report the synthesis and characterization of photo-triggerable polymeric nanoparticles (NPs)
for the intracellular delivery of small molecules and proteins to modulate cell activity. For that
purpose, several photo-cleavable linkers have been prepared providing diverse functional groups
as anchoring points for biomolecules.

The advent of precision and regenerative medicine requires the development of novel systems
for on-demand delivery of biomolecules into cells in order to modulate their activity/identity.'™ Such
triggerable systems should allow precise control of the timing and spatial release of the biomolecules.
Triggerable NPs may respond to endogenous stimuli such as pH,* enzymatic activity,” redox
environment® ’ but also exogenous factors such as magnetic,8 ultrasound,’ tempera‘[ure10 and light.ll
The remote activation of the NP may enable repeated and reproducible dosing of the drug, reducing
risks associated with toxicity while increasing efficacy. Light offers some advantages relatively to
other external triggers such as spatial control (delimited by the light beam) and release control of
multiple biomolecules using different wavelengthslz'M. A significant number of light-triggerable NPs

is constituted by compounds that respond to UV lightls’ 16

, since it is a high-energy radiation capable of
inducing conformational changes or break covalent bonds. UV light-triggerable NPs may have special
use skin and eye applications, but also in surgical procedures using laparoscopic techniques.'” '® A
variety of formulations for drug delivery have included photocleavage linkers (PCL) that can be
cleaved upon light irradiation and release the biomolecules.'” *° Among these photosensitive
compounds, the ortho-nitrobenzyl-based and their dimethoxy derivatives are by far the most studied.
However, very few NP formulations are (i) formed by components that can be eliminated by the
human body (and thus avoiding the use of inorganic materials such as gold and iron oxide which raise
problems regarding toxicity and clearance), (ii) have the ability to efficiently penetrate the cell

membrane and accumulate in the cell cytoplasm and (iii) have the ability to release the cargo only after

light activation (and thus without leaching) without damaging the cell. Indeed, it is difficult to combine
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all these features in the same system. This requires the development of NPs that are easily taken up by
cells and accumulate in the cytoplasm and the development of PCLs that can be photocleaved by light
in order to release the cargo only after light exposure (therefore preventing cargo delivery in a passive
way, i.e., by diffusion). Such a system would grant us the unprecedented ability to spatio-temporally
control the release of biomolecules within cells. Few examples of heterobifunctional PCLs are reported
in the literature.”*** In addition, most PCLs prepared by synthesis in solution are obtained either from
expensive starting materials, or after challenging and/or very low-yield synthesis.”*

Herein, we report a UV/blue-triggerable polymeric NP that may have potential application for

the intracellular delivery of small molecules and proteins. We have synthesized a set of PCLs that are

characterized by heterobifunctionality, orthogonality and diversity of functional groups (e.g. amine,
acid, andisothiocyanate) fo covalently' conjugate the biomolecules. After covalent ligation of the

bioactive compound to the PCL, the resulting conjugate was attached to the polymeric carrier by click
chemistry, under mild conditions. The core of the NP is formed by components that have the ability to

efficiently penetrate the cell membrane and accumulate in the cell cytoplasmzs’ 26

while the cargo is
covalently immobilized to the NP by a PCL.

To conjugate the different cargos (i.e. proteins and small molecules) to the NP we have
developed a set of PCLs from relatively non-expensive starting materials and in high yield (Scheme 1).
All the PCLs responded to UV light (365 nm, ~100 mW/cm?) after solubilisation in aqueous solutions

or dimethylsulfoxide (Fig. 1 and Figs. S1 and S2, ESIt), as monitored by spectrophotometry. The

photocleavage of PCLs was also confirmed by '"H-NMR in d°-DMSO (Fig. 1C and Fig. S3, ESIT). .

ACS Paragon Plus Environment



oNOYTULT D WN =

Bioconjugate Chemistry

(0:35 mM). Overall, our results highlight the importance of the PCL concentration in the photo-

dissociation process. The three PCLs had similar photocleavage constants (PCL-1: -0.0201 min™,
PCL-2: -0.0247 min™', PCL-3: -0.0147 min™") (Fig. S4, ESIT), which are in line with previous studies
showing that chemical modifications away from the aromatic ring have little effect in PCL photo-
cleavage kinetics.”” Importantly, a conventional blue laser (405 nm, 80 mW) can replace the UV light

to induce the photo-cleavage of the PCLs (Fig. S5, ESIT).

2
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Scheme 1 Synthesis of the different PC-linkers (PCL), ready for the conjugation with activated acids (PCL-1), amines or
other nucleophiles (PCL-2), or right after activation (i.e. EDC/NHS) also with amines or other nucleophiles (PCL-3).

Reactive groups are shown in blue.
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Fig. 1 Time-course for the photocleavage of PCL-3 by UV radiation in aqueous solution. (A) Schematic representation of
the photocleavage of PCL-3. (B) Absorbance spectra of PCL-3 aqueous solution (350 uM in PBS) after exposure to a UV
lamp for different period of times. (C) Percentage of PCL-3 photocleavage as monitored by absorbance and 'H-NMR.
Absorbance monitored at 295 nm was normalised by the maximum absorbance at that peak (approximately 20 min after
UV radiation). In case of "H-NMR analyses, the photocleavage was calculated from the ratio of peak area at 5.5 ppm and

peak area at 0 ppm (see experimental section).

To demonstrate the value of the synthesized PCLs we have conjugated them to NPs followed
by their reaction with biomolecules. For proof of concept we have used lysozyme since it is relatively
easy to follow its enzymatic activity. The NPs were prepared by complex coacervation, i.e., through
the electrostatic interaction of polyethylenimine (PEI, polycation) and dextran sulfate (DS, polyanion)
using zinc sulfate as a physical crosslinker.”® The PEI-DS NPs 6 (Scheme 2, bottom part) had a
diameter of 192 £ 6.6 nm and positive net charge (21.2 £ 1.8 mV) and rapidly accumulate in the cell
cytoplasm.”® To conjugate the NP with the lysozyme, the enzyme was initially reacted with PCL-2

(Scheme 2, upper part) in phosphate buffer solution (PBS) pH 7.4, in a ratio of 1 lysozyme for 20
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molecules of PCL-2. The resulting conjugate (Lyso-PCL, 5, Scheme 2) was purified by dialysis, and
characterized by size-exclusion chromatography (Fig. 2A) and enzymatic activity (Fig. 2B), before and
after light activation. Our results indicate that the conjugation of PCL-2 to lysozyme as well as the UV
irradiation did not affect enzyme activity (Fig. 2B). PEI-DS NPs were then coated with activated
azido-PEG4-COOH (7, Scheme 2). The azide groups on the NPs were quantified by reaction with an
alkyne-fluorescein compound followed by dialysis and fluorescence measurement (see ESIT). PEI-DS
NPs showed an average of 1.5 nmol N3 per mg of NP. The Lyso-PCL conjugate (10 equiv.) was then
reacted with the azide groups of the polymeric NPs 7 by CuAAC click chemistry, under mild
conditions (Scheme 2). The reaction product 8 (Lyso-NPs) was purified by dialysis and characterized

by DLS. NPs with a diameter of 143.2 £ 35.3 nm, zeta potential of +19 £ 0.5 mV and 8.8 pg of protein

per mg of NPs were obtained. [[hé/decreasein NPs diameter after conjugation with Lyso-PCLis ikely
components of the NPs (PEI'and DS).|To demonstrate the photo-triggerable properties of Lyso-NP

formulation, the NPs were irradiated in intervals of 5 min (3 x 5 min), centrifuged, the supernatants
freeze-dried and the enzyme activity quantified (Fig. 2C, solid red line). Taking into account the initial
concentration of enzyme immobilized per mg of NP (formulation 8) we estimated that approximately

24% was released. This corresponded to 2.1 pg of lysozyme released per mg of Lyso-NP.
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Scheme 2 Lysozyme decorated PEI-DS NPs 8 obtained by bioconjugation of NPs 7 with Lyso-PCL (5). Lyso-PLC
18 conjugate results from the functionalization of Lysozyme using PCL-2, and PEI-DS NPs 7 are prepared from PEI and DS

20 and consequently decorated at the surface using Azido-PEG4-NHS.
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47 Fig. 2 Light-activatable NPs for the release of lysozyme. (A) HPLC chromatogram traces for native lysozyme (dotted
49 green line) and lysozyme conjugated to PCL-2 (Lyso-PCL) (dotted black line). (B) Activity for lysozyme and Lyso-PCL.
The enzymatic activity of lysozyme was determined using Micrococcus lysodeikticus bacterial cells as a substrate. The
degradation of the substrate was monitored at 450 nm. Plot displays the average of two replicates per each experimental

54 group. (C) Photorelease of lysozyme from decorated NPs. A suspension of NPs (5 mg/mL, in PBS) was centrifuged and the
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enzyme activity of the supernatant evaluated by an enzymatic assay. Then, the pellet of the NPs was resuspended in PBS
and irradiated by a UV lamp (see experimental section), centrifuged and the supernatant evaluated by an enzymatic assay.
To determine the concentration of active lysozyme released, a calibration with soluble enzyme was performed (plot

indicate the enzymatic activity of 200 nM of soluble lysozyme).

To show the versatility of our approach, we have extended the concept to small molecules
(Scheme 3). We have chosen all-trans retinoic acid (atRA) as a key cell modulator. atRA is used in the

8

clinic for the treatment of acute promyelocytic leukemia,*® severe acne and psoriasis®. In addition, it is

25,2 . 11
526 a5 well as leukemia cells'!. RA was not

an important differentiation agent of neural stem cells
immobilized in the surface of PEI:DS NPs (as lysozyme) but immobilized in PEI polymer to increase
the amount of immobilized RA and to yield directly NPs (PEI-atRA NPs) due to the hydrophobic
properties of RA. Initially, atRA was reacted with PCL-1 to yield conjugate atRA-PCL 9, which after
purification, was confirmed by "H-NMR (Fig. S6, ESIt). Our results show that the conjugate is
photocleaved by UV light (Fig. S7, ESIt). The atRA-PCL 9 conjugate was then reacted with PEI

previously conjugated with an azide-modified poly(ethyleneglycol) (Scheme 3, compound 10, ca. .

. of the PEI monomeric units have been modified with poly(ethyleneglycol)) using a CuAAC reaction

in phosphate buffer saline: DMSO (3:1) solution (Scheme 3) (Fig. S8, ESIt). The modified polymer

The resulting conjugate is sensitive to UV light (Fig. 3B).
During dialysis, we obtained PEI-atRA NPs. These NPs were formed likely due to the interaction of
RA hydrophobic moieties, among other physico-chemical forces. The PEI-atRA NPs presented an

average size of 142.1 + 34.9 nm (Fig. S9, ESIT), zeta potential of -11.8 £ 2.7 mV (Fig. S9, ESIt) and

137 pg of RA per mg of NPs. [naddition. the PEI-atRA'NPS Showed relatively'good stabilify after
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Scheme 3 (a) Preparation of the conjugate atRA-PCL from PCL-1 and all-trans retinoic acid (atRA). (b) Pegylated PEI

synthesis using a pre-activated Azido-PEG4-NHS. (c) Preparation of the final functionalized polymer PEI-atRA.

Next, we evaluated the atRA release properties of PEI-atRA NPs after light activation. For that
purpose, a suspension of PEI-atRA NPs was exposed to UV light, centrifuged, and the supernatant
added to a NB4-RARE reporter cell line (the atRA induces the expression of RARE element driving
the transcription of the firefly luciferase gene) for 4 h (Fig. 3A). The cells were then washed, cultured
for additional 20 h and luciferase levels quantified. Our results show that higher levels of luminescence
were observed in cells treated with the supernatant of PEI-atRA NPs after light activation for 1 or 3

min (Fig. 3C), thus indicating high intracellular levels of RA. Then we asked whether the release of

RA could be UV light-triggered in cells that internalized PEI-atRA NPs. [0 confirm that PEIFatRA
Indeed, fluorescently Tabelled NPs could be observed i the cell eytoplasmi Next, we transfected NB4-

RARE cells with PEI-atRA NPs (10 pg/mL) or soluble RA (10 uM) for 4 h (Fig. 3A). After a washing
step, the cells were either activated or not by a UV light for 1 min, cultured for additional 20 h and
finally the luciferase levels quantified (Fig. 3D). Although the non-irradiated PEI-atRA NPs were able
to induce RA signalling (to the levels of soluble RA), the light activated PEI-atRA NPs were more
effective. The induction of RA signalling by PEI-atRA NPs not activated by light indicates that RA

molecules immobilized in the surface of the NP, or in PEI molecules disassembled from the NPs
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during intracellular trafficking, may trigger RA signalling. This is an issue that deserves further

Investigation.
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Fig. 3 Light-activatable NP for the release of atRA. (A) Schematic representation of the protocol used to evaluate the
release of RA using a RARE luciferase cell line. (B) Absorbance spectra of PEI-atRA solution (2 pM, 100 pg/mL in
DMSO) after exposure to a UV lamp (365 nm, 100 mW/cm2, 5 cm distance) for different period of times (indicated in the
graph). Absorbance at 268 nm is related to PCL-1 while at 354 nm is related to atRA. (C) Release of RA from PEI-atRA
was evaluated with a NB4-RARE luciferase cell line. NB4-RARE cells were cultured for 4 h with 10 pg/mL of soluble
polymer (PEI-atRA) either or not irradiated prior to addition on cells. The cells were then cultured for 24 h before
luciferase luminescence reading. Results are normalized to the mass of protein in each condition. (D) NB4-RARE cells
were cultured for 4 h with either 10 ug/ml of PEI-atRA NPs or 10 uM soluble RA and washed before being irradiated or
not with 1 min of UV. The cells were then cultured for 20 h before luciferase luminescence reading. Results are normalized

to the mass of protein in each condition. In C and D results are average £ SEM, n=3.

In conclusion, we describe a photo-triggerable polymeric NP for on demand delivery of

proteins and small molecules. The NP is formed by polymeric components that facilitate cell

10
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internalization and endo-lysosomal escape® %°

and a PCL to conjugate a biomolecule. The PCLs have
in one end an amine, acid, or isothiocyanate group for the coupling reaction with biomolecules and in
the other end a terminal alkyne group to react with the NP by click chemistry. These PCLs compare
favourably to other PCLs described in the literature because of their chemical diversity, mild
conditions for reaction, high yield (between 70 and 87%), and low cost. The conjugation of the
biomolecules to the NPs is performed in aqueous solution and the light activation of the NP has no

significant impact in their activity. The application of the photo-triggerable polymeric NP was

demonstrated in the intracellular delivery of RA using a leukemic reporter cell line.
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