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Abstract: Recombinant proteins with cytosolic or nuclear
activities are emerging as tools for interfering with cellular
functions. Because such tools rely on vehicles for crossing the
plasma membrane we developed a protein delivery system
consisting in the assembly of pyridylthiourea-grafted polye-
thylenimine (pPEI) with affinity-purified His-tagged proteins
pre-organized onto a nickel-immobilized polymeric guide. The
guide was prepared by functionalization of an ornithine
polymer with nitrilotriacetic acid groups and shown to bind
several His-tagged proteins. Superstructures were visualized by
electron and atomic force microscopy using 2 nm His-tagged
gold nanoparticles as probes. The whole system efficiently
carried the green fluorescent protein, single-chain antibodies or
caspase 3, into the cytosol of living cells. Transduction of the
protease caspase 3 induced apoptosis in two cancer cell lines,
demonstrating that this new protein delivery method could be
used to interfere with cellular functions.

More than 60 recombinant proteins and monoclonal anti-
bodies (mAbs) are available for treatment of human pathol-
ogies.[1] Proteins are generally membrane-impermeable,
a property that constrains their use as pharmaceutical
products to extracellular targets.[2] It is estimated that
membrane-associated or secreted proteins account for about
30% of the protein coding capacity of a genome,[3] leaving the
remaining 70% of putative targets unreachable. To explore
intracellular targets, it is crucial to develop methods for
transferring proteins inside cells. One approach uses associa-
tive interactions between the protein and a synthetic cationic
carrier to build supramolecular delivery systems.[4] However,
electrostatic associations between the carrier and proteins are
not always strong enough for assembly of effective delivery
systems because the number of anionic side-chain residues
per protein is limited and varies from one protein to

another.[4b] One solution for reducing the influence of protein
charge variation on the protein/carrier assembly is to
covalently modify the protein with negatively charged macro-
molecules.[5] Here, we propose to attach several proteins onto
a polyanionic linear guide (pGi) using reversible non-covalent
association. Electrostatic interactions between the pGi-bound
proteins and a cationic carrier such as the pyridylthiourea-
grafted polyethylenimine (pPEI)[6] may then be exploited for
building the delivery system (Figure 1).

For protein immobilization, selective coordination of
histidine (His) by nitrilotriacetic acid (NTA)-immobilized
divalent nickel (Ni2+), with a KD in the 1–10 mm range,[7] seems
a perfect match. First, it constitutes a popular affinity
chromatography method and affords a potential large library
of purified His-tagged proteins.[8] Secondly, NTA is anionic
and it can favor electrostatic cohesion with a cationic carrier.
Thirdly, even mild acidic conditions (pH 6.0) weaken the
association between the protein and the Ni2+–NTA group.
This may allow release in PEI-buffered intracellular
vacuoles.[6] Finally, NTA-chelated[9] or soluble nickel ions[10]

Figure 1. Illustration of the protein delivery system. His-tagged pro-
teins are docked onto a Ni2+-immobilized polymer. The docked
proteins are then packed with the pPEI carrier for cytosol transfer
using the cell vesicular machinery.
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can be administrated in vivo at doses that do not induce
observable adverse effects in rodent.

The pGi was prepared according to Scheme 1. The
carboxylate-protected NTA 1[11] was reacted with diglycolic
anhydride. The dangling carboxylic acid was activated to
a succinimidyl ester 2, which was coupled to polyornithine.
Unreacted cationic amines were converted to carboxylic acid
by reaction with diglycolic anhydride and protecting groups
were removed with trifluoroacetic acid. Extensive dialysis
yielded pGi, a polymer grafted with approximately 150 NTA
groups as estimated by NMR spectroscopy. Ni2+ was then
immobilized on pGi and provided pGi-Ni2+ to an estimated
Ni immobilization on 50% of the NTA groups.

The docking capacity of pGi-Ni2+ was evaluated by mixing
the polymer with 75 equivalents of a fluorescently labeled
1.6 kDa hexahistidine-containing peptide (one peptide per
immobilized nickel ion). The free peptides were then
separated from the polymer-bound ones in an ultrafiltration
device, allowing determination of a maximum docking of 20
peptides per polymer. Repetition of this experiment with His-
tagged green fluorescent protein (hisGFP, 29 kDa) yielded
a lower docking capacity of 10 proteins per polymer. The
bulkiness of the protein, which presumably covers two times
more NTAs than the peptide, explains these different
capacities. The effect of stoichiometry on the association
was analyzed by monitoring the variation in hisGFP electro-
phoretic mobility within an agarose gel (Figure 2A).

The hisGFP alone (lane 1) migrated in the gel as a single
band. Addition of pGi-Ni2+ modified the protein mobility
towards a faster moving band in a dose-dependent manner. A
band with an electrophoretic mobility similar to that of
hisGFP alone was observed when the nickel ion bridging the
hisGFP and the polymer were displaced with EDTA (last
lane). Association between [pGi-Ni2+:hisGFP] and pPEI was
similarly assayed (Figure 2B). Four hisGFPs were docked per
pGi-Ni2+ and the cationic pPEI was added in increasing

amounts. A complete association was achieved at a pPEI/
hisGFP ratio of 2.5. Atomic force microscopy (AFM) of [pGi-
Ni2+:hisGFP/pPEI] at a ratio 1:4/4.8 showed a distribution of
round-shaped particles with a mean height of 35 nm (Fig-
ure 2C).

Insight into how His-tagged molecules associate onto the
linear pGi-Ni2+ at maximum docking capacity was next
explored by AFM and cryo-electron microscopy (cryo-EM).
The hisGFP alone or bound to pGi-Ni2+ were seen only using
cryo-EM as individual dots or serpentine filaments, respec-
tively (Figure S1). For finer resolution and confirmation, we
aimed at substituting the soft and low contrasting protein with
a harder and higher contrasting material. The 2 nm-diameter
mercaptobenzoic acid-coated gold nanocluster was selected
because it has a molecular weight of 28 kDa similar to hisGFP,
is easily prepared in large quantities and its surface may be
functionalized through exchange of mercaptobenzoic acid
with thiolated biomolecules.[12] The gold clusters were pre-
pared and reacted with a thiolated hexahistidine-containing
peptide to afford the His-tagged gold nanoclusters
(hisAuNC). We verified that they formed a fully dispersed
colloidal solution and associated with pGi-Ni2+ similarly to
His-tagged proteins (Figures S2 and S3). The hisAuNC were
docked onto pGi-Ni2+ at the maximum docking capacity of
the polymer (measured as 12 hisAuNC per pGi-Ni2+) and
unbound hisAuNC were removed by dialysis for AFM and
cryo-EM analyses (Figure 3 A).

The purified [pGi-Ni2+:(hisAuNC)12] were seen as fila-
mentous assemblies composed of distinct 2 nm particles. In
the diluted EM condition, about 10 to 20 distinct dots were
seen to cluster and roughly align in oblong superstructures,
corresponding presumably to single or dimeric [pGi-
Ni2+:hisAuNC]. These observations confirmed the gel mobi-
lity assays and demonstrated the ability of the linear polymer
to bind and congregate His-tagged materials. The purified
[pGi-Ni2+:(hisAuNC)12] was then mixed with pPEI (final ratio

Scheme 1. Synthesis of pGi. a) Diglycolic anhydride, 4-dimethylamino-
pyridine (DMAP), CH2Cl2. b) N,N’-dicyclohexylcarbodiimide, N-hydrox-
ysuccinimide. c) Polyornithine, DMAP, dimethylformamide/water.
d) Trifluoroacetic acid.

Figure 2. HisGFP association to pGi-Ni2+ and to pPEI carrier. A) Elec-
trophoretic mobility of hisGFP alone (first lane) and with increasing
amounts of pGi-Ni2+. *In the last lane, the complex was mixed with
EDTA. B) Mobility of [pGi-Ni2+:hisGFP] following association with
pPEI. C) AFM image of hisGFP-containing delivery complex and size
distribution.
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1:12/14.4) and observed again by AFM and cryo-EM (Fig-
ure 3B). With both methods, the ternary assembly displayed
a spherical shape with a mean height/diameter of 34 nm
similarly to the hisGFP-containing vehicle (Figure 2C) and to
[hisAuNC/pPEI] (Figure S4). Individual gold particles or
filaments were not apparent within the polyplex likely
because the AuNC were buried and closely packed within
the soft shell of pPEI.

The delivery property of the assemblies was next eval-
uated in U87 glioblastoma cells using an easily detectable
fluorescent protein (Figure 4). The ability of various assem-
blies to associate with U87 cells was first quantified by flow
cytometry (Figure 4A). As shown, the hisGFP alone or [pGi-
Ni2+:hisGFP] did not associate with the cells (no modification
of the green fluorescence signal by comparison to untreated
cells), whereas [hisGFP/pPEI] or [pGi-Ni2+:hisGFP/pPEI]
did (Figure 4A). The pGi-Ni2+ containing vehicle yielded on
average a ten-fold enhancement of the green fluorescence
intensity as compared with the same vehicle lacking it.
Important to note, a pGi-Ni2+:hisprotein/pPEI molar ratio of
1:4/4.8 consistently yielded optimal cellular delivery. Four his-
tagged proteins per pGi-Ni2+ is 2.5 times smaller than the
maximum docking capacity of the polymer. This sub-maximal
binding condition allows partial multimerization and
enhanced polyplex cohesiveness by complementary electro-
static association between pPEI and unmasked anionic NTA
domains surrounding the proteins. The described protein
delivery system had a similar size distribution and colloidal
stability in cell culture medium regardless of the protein or
presence of pGi (Figures S5 and S6). These data suggest that
the pGi-mediated enhanced intracellular protein delivery

yield is due to increased inflow of polyplexes and not to entry
of larger polyplexes containing more protein.

The localization of delivered proteins within living cells
was next tracked by fluorescence microscopy. The cells
incubated with [hisGFP/pPEI] contained fluorescent aggre-
gates, presumed to be hisGFP remaining entrapped within
vesicular compartments but also a diffuse green fluorescence
in the cell interior, signifying cytosolic release (Figure 4B). A
similar cell fluorescence distribution was observed using [pGi-
Ni2+:hisGFP/pPEI] polyplexes but with an enhanced cytosolic
fluorescence intensity (Figure 4C). We attempted to deliver
GFP without its His-tag in which case it did not bind to pGi-
Ni2+ (Figure S7). Result showed that cellular uptake of these
polyplexes was poor (Figure 4D), demonstrating the impor-
tance of his-tagged protein binding to pGi-Ni2+ in the
enhanced efficiency. We then delivered his-tagged recombi-
nant antibody fragments since such proteins may be ther-
apeutic alternatives for full-length antibodies. The anti-
tubulin single-chain variable fragment 2G4 was previously
characterized.[13] It was labeled with Alexa488 (hisScFv),
docked on the pGi-Ni2+, and packed with pPEI. The delivery
system was added to U87 cells, and the living cells were
observed (Figure 4E). A delivery pattern similar to that of
hisGFP was observed. The absence of microtubule staining
may appear puzzling but was already noticed for the delivery
of an anti-tubulin IgG inside the cytosol of living cell.[14] We
suspect that excess unbound hisScFvs masked the micro-

Figure 3. Atomic force and cryo-electron micrographs of supramolec-
ular assemblies incorporating His-tagged gold nanoclusters
(hisAuNC). A) [pGi-Ni2+:hisAuNC], ratio 1:12. B) [pGi-Ni2+:hisAuNC/
pPEI], ratio 1:12/14.4. Figure 4. pPEI and pGi-assisted cytosolic delivery of hisGFP and

Alexa488-labeled hisScFv in living U87 cells (24 h incubation). The cell
nuclei were stained (blue) with Hoechst 33242. The pGi-
Ni2+:hisprotein/pPEI input molar stoichiometries were 0:4/9.6 or 1:4/
4.8. In image D, the GFP was without a His-tag. Protein concentrations
were of 120 nm.
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tubule staining. Again, the cytosolic, diffuse green fluores-
cence was brighter for cells treated with the pGi-Ni2+-
containing system (Figure 4E) than the one without it
(Figure 4F).

We finally delivered a bioactive protein. The cytosolic
protease caspase 3 participates in a signaling pathway leading
to cell apoptosis and may find applications in cancer therapy
by inducing tumor cells to undergo programed cell death.[15] A
commercially available His-tagged caspase 3 (hiscasp) was
assembled onto pGi-Ni2+ and entrapped with pPEI. The
vehicle was then incubated with U87 cells for 24 h and cell
viability was quantified by assaying for succinate dehydrogen-
ase activity (Figure 5). All of the control conditions, consisting
of incubation of the cells either with hiscasp alone, [pGi-

Ni2+:hiscasp], [hisGFP/pPEI] or [pGi-Ni2+:hisGFP/pPEI],
did not significantly alter the cell viability. In contrast,
[hiscasp/pPEI] and the fully organized [pGi-Ni2+:hiscasp/
pPEI] led to statistically significant 40 and 80 % decreases in
cell viability, respectively. The apoptotic event was confirmed
by visualization of condensed nuclei in the [pGi-Ni2+:hiscasp/
pPEI] treated cells (Figure S8). The entire [pGi-Ni2+:hiscasp/
pPEI] system proved most efficient in assisting caspase-3-
mediated cytotoxicity when added onto Hela cells (Fig-
ure S9).

In summary, we report a strategy for cytosolic protein
delivery compatible with current methodologies of protein
preparation. It is based on the reversible and specific
assembly of His-tagged proteins onto a soluble nickel-
immobilized polymer, followed by packaging with a cationic
carrier. This pre-organizing step enhanced biological activity
and cytosolic transfer for various His-tagged proteins. We
believe that the protein delivery system reported here is
efficient enough to be assayed in cancer therapy applications
particularly when topical administration is an option.
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Figure 5. Delivery of His-tagged caspase 3 (hiscasp) and hisGFP into
U87 cells. Cells were incubated for 24 h and the mean cell viability was
plotted relative to untreated cells. Concentrations were 20 nm pGi-
Ni2+, 80 nm protein, and 96 (or *192) nm pPEI.
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