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Significance

Transfection through cell membrane of a large number of functional proteins embedded into DNA nanogels is
investigated. The nanogels of multibiotinylated DNA were loaded with around 100 protein molecules through
streptavidin-biotin binding and rendered transfectable by electrostatic complexation with lipidic vectors. This
approach was successfully used for transfection of an enzyme, alkaline phosphatase, whose intracellular catalytic
activity was observed to strongly increase after transfection. Based on streptavidin-biotin interactions, this
biocompatible nanoplatform can be functionalized by both streptavidin- and biotin-tagged proteins, making it a near

universal modular system potentially functionalizable with a large number of biological and chemical entities.

Abstract

Using functional proteins for therapeutic purposes due to their high selectivity and/or catalytic properties can enable
the control of various cellular processes, however, the transport of active proteins inside living cells remains a major
challenge. In contrast, intracellular delivery of nucleic acids has become a routine method for a number of
applications in gene therapy, genome-editing or immunization. Here we report a functionalizable platform
constituting of DNA-protein nanogel carriers crosslinked through streptavidin-biotin interactions and demonstrate
its applicability for intracellular delivery of active proteins. We demonstrate that the nanogels can be loaded with
proteins bearing either biotin or streptavidin tags, and can be transfected into living cells after complexation with
cationic lipid vectors. In particular we use this approach for transfection of alkaline phosphatase enzyme which is
shown to keep its catalytic activity after internalization by mouse melanoma B16 cells, as demonstrated by DDAO-
phosphate assay. The resulting functionalized nanogels have dimensions of the order of 100 nm, contain around
100 enzyme molecules and are shown to be transfectable at low lipid concentrations (charge ratio R+/- =0.75). Low
lipid concentrations requested for transfection of the 3-dimensional DNA nanogels ensure low toxicity of our
system, which in combination with high local enzyme concentration (~ 100 pM) underlines potential interest of this

nanoplatform for biomedical applications.
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Introduction

Due to their highly specific biological activities and intrinsic biocompatibility, delivery of active proteins into cells
represents great interest not only for fundamental research (1) and intracellular sensing (2), but also for numerous
therapeutic applications. (3—5) However, despite their high potential, proteins suffer from chemical and thermal
degradation, kidney clearance, and difficulty to penetrate through biological membranes. (6) In particular, enzymes
present a major limitation to be sensitive to both medium and the temperature, leading to the loss of their catalytic
activity in inappropriate conditions thus limiting their applicability in both enzyme replacement therapy (7, 8) and
enzyme prodrug therapy (9, 10). Another aspect requiring consideration is the localization of proteins. Indeed, while
most therapeutic proteins currently on the market have an extracellular localization, the intracellular transport of
active proteins aiming cytosolic targets could strongly expand their exploitation for biomedical purposes. (11, 12)
Yet the transport to the cytosol is still a major challenge, mainly due to physical impediment of the cell membrane

and possible protein inactivation due to endocytosis. (13—15)

Various vectorization systems have thus been proposed for protein protection and transfection, such as PEGylation,
conjugation with cell-penetrating (CPP) or specifically engineered peptides, and formulations with liposomes or
polymeric nanoparticles. (5, 16-18) DNA represents another promising protein carrier in nanomedicine (19, 20),
due to its intrinsic biocompatibility, programmability and transfectability. In fact, nucleic acids can be readily
transfected into cells by using various non-viral cationic transfection agents, among which, cationic lipids represent
the most involved vectors in clinical studies. (21) In this view, recently DNA has been bound to B-galactosidase and
glucose oxidase in order to both protect and deliver them into the cells by using lipofectamine as transfection agent.
(2, 22) In this case individual enzyme molecules were covalently conjugated to several single-stranded DNA
oligonucleotides. In another example, three luciferase molecules inside tubular DNA origami nanostructures were
delivered into the cells via polyethylenimine transfection vector. (23) A modular protein delivery system was
recently proposed by Ryu et al., where 3 different proteins could be bound to 3 extremities of Y-shape DNA
nanostructure via DNA-binding zinc-finger protein tags. (24) This system was successfully applied for cytosolic

delivery of therapeutic endogenous tumor suppressor PTEN (phosphatase and tension homolog).

In order to expand DNA-based protein delivery to strong local concentrations of transfected protein, here we
propose to incorporate a large number of active protein molecules into three-dimensional DNA nanogel network.
We have recently reported a new type of DNA nanogels where the intramolecular crosslinking was achieved not by
hybridization or covalent DNA crosslinking, but by noncovalent specific interactions between a multibiotinylated
DNA (bt-DNA) and streptavidin. (25, 26) Here, we show two different strategies for functionalization of these
nanogels with two model cargo proteins: green fluorescent protein GFP, and alkaline phosphatase (ALP) - enzyme
which has been proposed for replacement therapy against this hypophosphatasia disorder (27). And we investigate
the possibility of transfection of the resulting functionalized nanogels, containing up to 100 uM local protein

concentration, through cell membrane by using lipidic DNA transfection agents.
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Results

Formation of complexes between DNA-protein nanogels and cationic vesicles - lipoproplexes

Experimental procedure for preparation, vectorization and transfection of DNA-streptavidin nanogels (NGs) is
schematically shown in Figure 1A. The scaffold of the NGs constituted of multibiotinylated 3480 bp DNA (bt-
DNA) was prepared by PCR as previously described. (26) Crosslinking of the resulting bt-DNA was performed by
adding streptavidin labeled with AlexaFluor633 fluorophore to give fluorescent NGs (NG-633) enabling their
tracking and analysis by fluorescence microscopy. The resulting NGs had 114 + 36 nm apparent diameter, as
measured by Atomic Force Microscopy (Figure S1B). For vectorization of the NGs, cationic liposomes constituted
of equimolar amounts of zwitterionic lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and the
cationic lipid DMAPAP (2-3-[bis-(3-amino-propyl)-amino]-propylamino-N-ditetradecyl carbamoyl methyl-
acetamide) were used. (28) In analogy with the formation of DNA-lipid complexes (lipoplexes), in our case the
complexation of DNA-protein nanogel with lipids will give complexes which we named lipoproplexes (LPX). We
thus investigated the interaction between NG-633 and DMAPAP/DOPE liposomes containing 5% of fluorescent
DOPE labeled with fluorescein (FITC). First the colloidal stability was assessed for the LPX-633 obtained at
different charge ratios (R+/-) by fluorescence microscopy (Figure S2). We considered the charge of the nanogels to
be dependent only on the DNA component, as streptavidin was shown not to affect the zeta-potential of bt-DNA
upon its folding into nanogels, (26) and the charge concentration of the liposomes was calculated by considering
the DMAPAP to have 3 positive groups at physiological pH. It was found that aggregation of the LPX occurred at
R-+/- higher than 1.5. We thus fixed the ratio R+/- = 1.5 and analyzed the resulting LPX by flow cytometry, a method
which enables co-detection of different fluorophores within individual particles of nanometric size (29). The
resulting dot-plots for NGs-633 only, FITC-labeled liposomes only and LPX-633 are given in the Figure 1B. For
NGs and liposomes the dot plots demonstrate only AlexaFluor633 and FITC signals respectively. However, when
NGs and liposomes were mixed together, a large population of particles containing both fluorophores was detected.
The observation that the mean FITC fluorescence in the complexes decreased can be explained by FRET energy
transfer between the fluorophores, which further confirms electrostatic binding between DNA-protein nanogels and

cationic lipids leading to the formation of the lipoproplexes.
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Figure 1. Preparation and characterization of lipoproplexes. A) Scheme of lipoproplex preparation by electrostatic binding of
DNA-protein nanogels with cationic liposomes, and their consequent transfection into B16 cells. B) Flow cytometry analysis of DNA
nanogels labeled with AlexaFluor633 (NG-633, left), liposomes labeled with FITC (middle) and the resulting lipoproplex complex of
the fluorescent nanogels with fluorescent liposomes (FITC-LPX-633, right). The dot-plots represents the fluorescence intensity of the
liposomes (FITC: Ag, = 488 nm; Ag, = 525/30 nm) versus the fluorescence intensity of the NGs (AlexaFluor633, Ag, = 640 nm; Agy, =
661/19 nm). Blue dotted lines demonstrate a threshold determined thanks to non-fluorescent particles for each population. [NG-633]
=2 uM (in DNA charge); [liposomes] =3 uM (in DMAPAP charge). All measurements are performed in 10 mM phosphate buffer pH
7.4, [NaCl] = 75 mM.

Transfection of lipoproplexes into cells

The possibility of transfection of the NGs-633 into living cells by their vectorization with cationic liposomes was
then investigated with B16 mice melanoma cells. Lipoproplexes (or control solution containing NGs-633 in absence
of liposomes) were incubated on the sub-confluent cells in presence of DMEM medium without serum for 2 hours
(Figure 2A). Cells were then fixed and stained for subsequent microscopy observations. No NGs were observed
within the cells in the control sample after treating them with NGs in absence of liposomes (Figure 2B, left). In
contrast, when the cells were treated with NGs complexed with liposomes, fluorescent signal of AlexaFluor633 was
clearly observed as red spots within the cells. By performing confocal microscopy acquisition at different Z-planes,
the presence of the NGs-633 in the same focal planes as cytoskeleton and nucleus was confirmed thus proving that
the NGs could be internalized by the cells (Figure 2B right). Liposomes were thus necessary to transfect the nanogels

inside the cells. These observations were also confirmed by widefield fluorescence microscopy observations (Figure
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S3), where all tested lipoproplexes demonstrated corresponding fluorescence inside B16 cells, regardless of the
fluorescent labeling. In contrast, only poor fluorescent signal was detected in B16 cells in the control samples where
cells were treated with NG-633 in absence of liposomes or with free AlexaFluor633-streptavidin protein (not
incorporated into the NGs) in presence of liposomes. Contrary to several previous reports (30—32) on transfection
of DNA-based nanomaterials, we did not detect any internalization of our nanogels in cells in absence of the
transfection agent. This difference in internalization could be due to a difference in rigidity between the highly
structured tetrahedral DNA nanostructures having edges and corners (31) and our soft nanogels, as it has been
demonstrated that the penetration through the membrane depends on the rigidity of the particle (33). On the other
hand, it has already been shown that the use of a transfection agent could increase the internalization of a DNA-
based nanogel in cells (32). Moreover, we propose that this agent can allow the nanogel to escape degradation in
lysosomes. Indeed, Liang et al. showed that bare DNA tetrahedron, after endocytosis, ends up trapped in lysosomes

(31), whereas transfection agents, such as cationic lipids, are known to allow the exit of the endosome.
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Figure 2. Internalization of DNA-protein nanogels mediated by cationic liposomes. A) Schematic representation of lipoproplex
transfection experimental procedure. B) Confocal microscopy observation of B16 cells treated with AlexaFluor633-labeled nanogels
in absence (NG-633) and in presence (LPX-633) of transfection lipids after 2h of incubation. Grey color corresponds to actin labeled
with phalloidin (Aex= 488 nm and Agm = 495-550 nm), blue to the nucleus stained with DAPI (Aex= 405 nm and Agm = 415-450 nm),
and red to nanogels containing AlexaFluor633-labeled streptavidin (Aex= 638 nm and Aem = 645-700 nm). Orthogonal views are given
for the cells transfected with LPX-633. C) Widefield fluorescence microscopy images of B16 cells transfected with Alexafluor633-
labeled lipoproplexes at different incubation times (Aex= 578 + 11 nm and Aem = 641 £ 38 nm). D) MTT cell viability assay for B16
cells transfected with different concentrations of lipoproplexes analyzed 26 hours post-transfection. Cell viability is expressed in

percentage compared to untreated cells.

The kinetics of lipoproplex internalization for up to 2 hours of transfection was analyzed. Lipoproplex samples (or
controls corresponding to NGs in absence of liposomes) were incubated with cells for 30, 60 or 120 minutes, before

cell fixation and widefield fluorescence imaging (Figures 2C and S4). We observed that nanogel internalization
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progressively increased upon incubation (Figure S5). The toxicity of the lipoproplexes after internalization in B16
cells was then assessed with MTT assay (Figure 2D). (34) It was unaffected (~100% of viable cells) at low and
intermediate concentrations of transfected lipoproplexes and only slightly decreased to 90% at the highest tested
lipoproplex concentration. At all used concentrations, the cationic liposomes alone were not toxic for the B16 cells.
The detection by confocal microscopy of the nanogels inside the cells 24 hours after transfection (Figure S6), further

confirmed their biocompatibility and stability in the cellular microenvironment.

Transfection of GFP-loaded lipoproplexes

We then explored the possibility of loading biotinylated cargo proteins into already formed NGs. Biotinylated green
fluorescent protein (bt-GFP) was used as model protein due to its fluorescent properties. The preparation of GFP-
loaded nanogels (GFP-NGs) was conducted in two steps: i) DNA-protein nanogels were formed with
AlexaFluor633-functionalized streptavidin in the conditions described above (Figure S1B), and ii) bt-GFPs was
added and bound to remaining available streptavidin sites on the nanogels (Figure 3A). Resulting NGs were first
characterized by flow cytometry (Figures 3B and S7A). Colocalization of the GFP with AlexaFluor633 fluorescence
in the NGs demonstrates successful formation of GFP-functionalized NGs (GFP-NGs-633). By AFM we observed
the increase of the mean apparent diameter of the nanogels from 114 + 36 nm to 130 + 51 nm upon treatment with
bt-GFP (Figure S1C), which was also attributed to the presence of the loaded GFP. These NGs were then complexed
with non-fluorescent cationic liposomes in order to form the functionalized lipoproplexes GFP-LPX-633. Flow
cytometry (Figure S7B) demonstrated that the formation of the lipoproplexes did not interfere with GFP
functionality, since the signal of functional GFP protein was still co-detected with AlexaFluor633 from the nanogels
after adding the liposomes. B16 cells were then transfected with these GFP-LPX-633 and observed by confocal
microscopy. Figure 3C shows the presence of fluorescent GFP colocalized with nanogels within the cells only when
the nanogels have been complexed with the liposomes. Biotinylated GFP protein has thus been successfully

transfected into the cells within DNA-streptavidin nanogels complexed with cationic liposome vector.
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Figure 3. Transfection of lipoproplexes functionalized with GFP. A) Scheme of post-functionalization of NG-633 with biotinylated
GFP (bt-GFP) and preparation of the corresponding lipoproplexes (GFP-LPX-633). B) Flow cytometry dot plots for NG-633 (left) and
GFP-LPX-633 (right). Blue dotted lines show a threshold for each population. C) Transmission and confocal microscopy images of
B16 cells incubated either with GFP-NG-633 (bottom) or with GFP-LPX-633 (top). Cells are imaged in transmission light and
overlayed with fluorescence signal from confocal observations. Green color corresponds to GFP cargo protein (Aex= 488 nm and Agm
= 495-550 nm), blue to the nucleus stained with DAPI (Aex= 405 nm and Aem = 415-450 nm), and red to nanogels containing
AlexaFluor633-labeled streptavidin (Aex= 638 nm and Agm = 645-700 nm).

Transfection of enzyme-loaded lipoproplexes

We finally investigated whether the lipoproplexes could be used as carriers for an active enzyme, and if the enzyme
would keep its catalytic activity after transfection inside the cells. For this purpose, bt-DNA was directly crosslinked
in one step with streptavidin conjugated to alkaline phosphatase (ALP) enzyme (Figure 4A) (26) to give
functionalized nanogels (ALP-NGs). The formation of ALP-NGs was characterized by AFM imaging (Figures S8)
and the concentration of streptavidin-ALP conjugate of 15 nM (for 1 uM of bt-DNA in phosphate groups) was
selected for further experiments, giving an apparent diameter of 133 £ 41 nm (Figure S1D). This ratio of
streptavidin-ALP to bt-DNA corresponds to up to 100 enzymes per nanogel. The complexation of non-fluorescent
ALP-NGs with FITC-labeled liposomes was then confirmed by flow cytometry (Figure S9). We observed that
complexation with functionalized nanogels led to increase of mean fluorescence signal distribution of liposomes
from the charge ratio R+/- = 0.75 (i.e. 0.5 uM liposomes for 2 uM bt-DNA). Such a low R+/- was thus sufficient
for the formation of ALP-loaded lipoproplexes (ALP-LPX).
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We then checked if ALP enzyme kept its catalytic activity within the lipoproplexes in vitro. For the assay, 9H-(1,3-
dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate, diammonium salt (DDAO-P) fluorogenic substrate was used
to follow the hydrolysis of its phosphate moieties by alkaline phosphatase via appearance of far-red fluorescence
emission of the resulting DDAO. We found that incorporation of the ALP into the nanogels only slightly decreased
the catalytic activity of the enzyme to 88% (Figure S10). Adding liposomes to the ALP alone did not affect its
activity, whereas within ALP-loaded lipoproplexes the enzyme conserved 79% of its initial catalytic activity, as
compared to the activity of the native ALP-streptavidin conjugate. The ALP enzyme thus stayed available to the
DDAO-P substrate and catalytically active even after loading into the DNA nanogels and their complexation with

cationic lipids.

Finally, transfection of ALP-functionalized lipoproplexes (ALP-LPX) into B16 cells was investigated (Figure 4B).
The cells were treated with ALP-LPX and washed to remove any non-transfected nanogels. DDAO-P substrate was
then added into the cell medium, and after 1 hour of incubation the cells were rinsed again and intracellular
fluorescence of the hydrolyzed DDAO was analyzed by flow cytometry (Figure 4C) and fluorescence microscopy
(Figure 4D,E, S11 and S12). We found that even in absence of added ALP, the B16 cells were able to slightly
hydrolyze the DDAO-P substrate giving a basal level of alkaline phosphatase activity (35). Flow cytometry showed
no effect of adding enzyme alone and enzyme in presence of liposomes on the fluorescence of the cells. The
distribution of fluorescence of hydrolyzed substrate slightly increased when cells were incubated with ALP-
functionalized nanogels (ALP-NG) without liposomes, but the increase in fluorescence was much stronger when
the cells were transfected with ALP-LPX (Figure 4E). We repeated this experiment in triplicates, and analyzed the
transfection efficiency by fluorescence microscopy. Figure S12 shows fluorescence distributions for 3 individual
experiments, and Figure 4D gives the average fluorescence value of the triplicated transfection experiments
normalized by the basal level of ALP activity inside the B16 cells treated with phosphate buffer only. We
systematically observed that fluorescence intensity corresponding to the hydrolyzed substrate inside the cells
transfected with ALP-LPX, was higher than for the controls containing phosphate buffer only, free enzyme (free
ALP), ALP with liposomes or ALP-functionalized nanogels without liposomes. In additional control we compared
ALP enzymatic activity inside cells transfected with functionalized and non-functionalized LPX. Figure S13
demonstrates that no enhancement of ALP enzymatic activity after transfection of the enzyme-free LPX was
observed, indicating that the increased enzymatic activity in ALP-LPX was due to the catalytic activity of
transfected enzyme, and not a result of increasing the basal expression of alkaline phosphatase due to the interaction
of lipoproplexes with cellular environment. All these results show that the ALP has been efficiently transfected
inside the cells in its active state via functionalized lipoproplexes. To our knowledge, it is a first example of efficient
transfection of a large local number of active enzyme molecules embedded into DNA nanogels (up to 100 enzyme

molecules per nanogel particle).
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Figure 4. Transfection of ALP-functionalized lipoproplexes and enzymatic activity assay inside the cells. A) Preparation of ALP-
loaded lipoproplexes (ALP-LPX), B) Schematic representation of the experimental procedure for transfection and measurement of
ALP activity inside the cells. C) Flow cytometry distribution of hydrolyzed DDAO substrate inside transfected B16 cells with APL-
LPX and in control samples. The distribution for ALP alone control is not visible, as it has practically the same shape as the one for
ALP+liposomes control. D) Mean + sd for normalized fluorescence intensities of hydrolyzed DDAO. White bar shows intrinsic ALP
activity (normalized to 100 %) for cells incubated with the phosphate buffer (in absence of ALP). E) Example of combined transmission

and fluorescence microscopy images of hydrolyzed DDAO substrate after treatment of B16 cells with enzyme alone (ALP) or enzyme

loaded into DNA nanogels (ALP-NGs) in presence and in absence of liposomes.

Discussion

We reported a new vector-carrier-cargo platform called lipoproplex, schematically represented in the Figure S14,

and demonstrated its ability to transport active proteins through the cell membrane. For this purpose, we used DNA
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nanogels cross-linked via streptavidin-biotin interactions. This platform enables loading of the protein cargo into
DNA carrier in two ways (i.e. using either streptavidinated or biotinylated cargo proteins) thus opening the
possibility of large number of functionalities that can be potentially introduced into a single nanogel. We used
cationic liposomes for the vectorization of DNA-protein NGs and renamed the resulting complex as “lipoproplex”,
which evokes the complex between DNA and liposomes (i.e. lipoplex) but is intended to emphasize the importance
of the protein component in our DNA-protein nanogels. Three-dimensional structure of the nanogels demands lower
concentration of cationic liposomes for efficient transfection (down to R+/- = 0.75), which in combination with
intrinsic biocompatibility of DNA nanoscaffold results in non-toxic protein transfection system as demonstrated by
the MTT assay. For a proof of concept, here we investigated transfection of two proteins: biotinylated fluorescent
protein GFP and the enzyme alkaline phosphatase conjugated to streptavidin. In both cases, the complexation with
cationic liposomes and subsequent transfection did not affect the respective properties of the proteins: GFP retained
its fluorescence emission whereas the ALP kept its efficiency to hydrolyze the DDAO-P substrate. Both strategies

thus proved to be adapted for the nanogels functionalization.

By considering that all streptavidin-ALP conjugates enter the nanogels and each NG consists of 1 DNA scaffold, in
our conditions (15 nM of strep-ALP for 1 uM of bt-DNA in phosphates) each nanogel can contain up to 100 loaded
enzyme molecules. By assuming the nanogels to have spherical morphology and 130 nm diameter, the local
concentration of the loaded protein can be evaluated to around 130 uM. High number of potentially loadable
proteins can be useful for transfection of multifunctional nanogels containing a large number of different proteins,
and the high local concentration of the loaded proteins is promising for biomedical applications. This approach can
thus be of particular interest for co-transfection of several active enzymes at controlled stoichiometry. Co-
transfection of genes coding for different enzymes was suggested for cancer therapy (36, 37) and treatment of
metabolic diseases (38). But it was shown in some cases to result in the expression of only one or the other enzyme
rather than the desired dual expression of both enzymes, (39) because of the competition for the use of intracellular
resources available for gene expression. (40) Direct transfection of NGs containing defined enzymatic composition
avoids the co-expression step and can thus overcome this issue. Moreover, high local enzyme concentrations within
the nanogels can be of particular interest for creating or restoring complex metabolic pathways requiring close

spatial positioning of several catalytic processes within an enzymatic cascade.

Conclusions

In conclusion, we presented a new DNA-protein nanogel platform for the transport of active loaded proteins into
living cells. The loaded proteins have been efficiently internalized by the cells while keeping their specific
properties, which underlines potential therapeutic interest of lipoproplexes for transfection and co-transfection of
active enzymes. We anticipate that DNA-protein nanogels could be employed as nanoscaffold for the transport of
other biological and chemical entities, not only by incorporating them into the nanogel by streptavidin-biotin
binding, but also by orthogonal binding into DNA double helix (i.e. intercalative drugs, such as doxorubicin). (24)

Moreover, the commercial availability of biotinylated or streptavidinated recombinant proteins, nanoparticles,
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aptameric sequences or antibodies for the specific recognition of target molecules, opens up the possibility of using
nanogels as universal scaffolds with a high degree of functionalizability that not only could encapsulate a number
of desired features in a single nanosized material, but also could protect the incorporated entities from biological
microenvironment. All these results underline great potential of using DNA transfection agents for functionalizable

soft DNA nanomaterials.

The authors declare no competing interest.
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