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ABSTRACT: We describe an approach to regulate the cellular
uptake of small gold nanoparticles using supramolecular
chemistry. The strategy relies on the functionalization of
AuNPs with negatively charged pyranines, which largely ham-
per their penetration in cells. Cellular uptake can be activated
in situ through the addition of cationic covalent cages that
specifically recognize the fluorescent pyranine dyes and coun-
terbalance the negative charges. The high selectivity and re-
versibility of the host-guest recognition activates cellular up-
take, even in protein-rich biological media, as well as its regu-
lation by rational addition of either cage or pyranine.

Gold nanoparticles (AuNPs) have raised enormous interest in
cell biology and biomedicine due to their unique chemical, op-
tical and electronic properties.’ As a consequence, AuNPs have
found many applications in areas such as drug delivery,” opti-
cal sensing,’ or photothermal therapy.* A critical aspect to fur-
ther unveil novel biomedical applications of gold nanoparti-
cles is cellular uptake. Despite numerous studies in the field,
the current understanding of the factors that influence the cell
internalization of nanoparticles is still quite limited. It is ac-
cepted that commonly used AuNPs are able to cross cell mem-
branes, usually via endocytic pathways;> however the effi-
ciency of uptake depends on the charge, as well as on NP size,
shape and surface chemistry.® Therefore, while positively
charged NPs are often efficiently internalized, negatively
charged and neutral nanoparticles of similar dimensions show
a significant reduction in cellular uptake.” However, it is im-
portant to note that when AuNPs are dispersed in biological
fluids, their surface gets covered with biomolecules, mainly
proteins and lipids, forming the so-called “protein corona”. As
a result, their properties change and AuNP uptake is signifi-
cantly affected, regardless of the initial surface charge.®

A major, additional challenge in the area comprises the devel-
opment of strategies which allow a conditional regulation of
the cell internalization process using external triggers, as this
might unveil new opportunities for controlled cellular inter-
ventions.® Although several strategies have been described to
modulate solubility,”” aggregation” or photophysical proper-

ties” of AuNPs, methods to trigger cell uptake using an exter-
nal handle are essentially limited to pH-responsive AuNPs
that irreversibly aggregate or become positively charged at
acidic pH, thereby enhancing cell uptake.”

Herein we describe a supramolecular chemistry approach to
control the cellular uptake of AuNPs. The work was conceived
after our recent discovery that host-guest interaction between
pyranine (pyr) and the tetrahedron-shaped cage A, can be
used to restore the cell internalization of a pre-inhibited cell-
penetrating peptide.” We envisioned that the attachment of
enough pyr molecules onto AuNPs might hamper their cell
internalization, owing to the build-up of a high negative sur-
face potential. Addition of the supramolecular cage A should
switch the negative surface into positive, and induce the cel-
lular uptake of AuNPs (Figure 1).

We demonstrate the validity of this approach by using small
(2 nm) Au nanospheres, a type of nanoparticles that have
shown promising results as drug delivery carriers and as intra-
cellular imaging probes.”*® These AuNPs are small enough to
provide high payload-to-carrier ratios,” and recent studies
have also shown than such small AuNPs present low liver ac-
cumulation and favorable kidney clearance in in vivo studies.”®
Importantly, we also prove that a stimulus-responsive behav-
ior of AuNPs could be accomplished even in the presence of
fetal bovine serum (FBS), and that the cellular uptake can be
reversibly controlled by the judicious addition of controlled
amounts of either cage A or pyranine.

We prepared AuNPs with an average core size of 2 nm (NP1),
coated with thiolated polyethylene glycol (HS-PEG2000-NHz2,
Mw=2,000), using a modified Brust-Schiffrin protocol (see
SI)." This direct reduction method ensures that the surface of
the resulting amino-functionalized AuNPs is uniformly cov-
ered. The anionic pyranine fluorophore was then attached to
amino groups using EDC [1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride] / NHS (N-hydroxysuccinimide)
chemistry in 0.1M MES [2-N-morpholino)ethanesulfonic acid]
at pH 6.4 (see the SI). Using these conditions, analysis of py-
ranine content in NP2 revealed that about 75% of the amino
groups on NP1 were modified (see SI). The reaction was mon-
itored by zeta potential (Zp) measurements, transmission
electron microscopy (TEM) and UV-vis spectroscopy (see SI).
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Figure 1. (Top panel) Structures of the molecular ligand pyra-
nine and the host cage A. Only one edge of the tetrahedral
cage is fully shown, for clarity. (Bottom panel) Schematic il-
lustration of the approach to control the cell internalization of
AuNPs by formation of supramolecular host-guest complexes
between the pyranine moieties and positively charged cage A.
PEG = poly(ethylene glycol).

As expected, NP2 presents a negative value of Zp in aqueous
solution (-15+1 mV); however, addition of cage A rapidly in-
duced a shift to positive Zp. In fact, addition of only 1 uM of A
(0.2 equiv with respect to the concentration of pyranine
groups) is enough to shift the Zp of the supramolecular nano-
composite to +15+2 mV, further additions enabling a Zp up to
+24 mV (Figure S7). These results clearly show that the inter-
action between pyranine and the cage switches the surface
charge of the AuNPs, which remain colloidally stable.

We next investigated cell internalization of NP2 in human
HelLa cells, using the intrinsic fluorescence of the pyranine dye
as a label. Cell viability assays confirmed that NP2, the host
cage A and their mixture, are non-cytotoxic at the concentra-
tions used in the subsequent microscopy studies (Figure S8).
Interestingly, no uptake was observed after 1 h of incubation
of NP2 (8o nM, 37 °C) in PBS (Figure 2A). Control experi-
ments showed that the corrected total cell fluorescence
(CTCF) in this case corresponds to cell autofluorescence.
However, when the same experiment was repeated in the
presence of cage A (5 pM), the mean value of CTCF increased
up to 15-fold, thereby proving that internalization of AuNPs
was very efficient under these conditions (Figure 2B). In fact,
even after only 10 min of incubation, some intracellular fluo-
rescence could already be observed (Figures Sg and S10). Z-
stacking imaging of the NPs in the presence of A further con-
firmed their intracellular localization (Fig S19). Using induc-
tive coupled plasma - mass spectrometry (ICP-MS), we deter-
mined the average number of particles per cell after 1 h of in-
cubation, to be 12x10°. It is worth noting that similar results
were obtained for other types of cells with different morphol-
ogies and properties, including 3T3 fibroblasts and MCF7 hu-
man lung carcinoma cells (Figures S11 and S12). Furthermore,
NP2 analogues containing less pyranine on their surface
showed the expected behavior, with NP5, having only 31%,
leading to a less efficient switch (see Figures S16-S18).

Using an analog of the cage A labeled with 5-carboxytetra-
methylrhodamine, A2 (see SI, page S4), ® we found that this
cage was efficiently internalized only in the presence of NP2
(Figure S13). Interestingly, we found that the emission from
the fluorescent cage could be co-localized with that of pyra-
nine from NP2, after 1 h of incubation (Figure S14); however,
co-localization between both dyes was poor after 24 h (Figure
S15). These results suggest that both entities were uptaken to-
gether, but then the host-guest complex was disassembled
and the components followed different paths. On the other
hand, we repeated the uptake experiments in Figure 2, but in
the presence of chemical inhibitors of different endocytic
pathways. The results revealed that pinocytosis was the pri-
mary pathway involved in the uptake of nanoparticles carrying
cage A (Figure S24).

(A

Figure 2. Fluorescence microscopy images of HeLa cells incu-
bated with 8o nM of NP2 at 37 °C for 1h in PBS, after two wash-
ing steps with PBS. (A) In the absence of A. (B) In the presence
of 5 uM of A.

The above results demonstrate the viability of using the supra-
molecular recognition events of pyranine and the oligoca-
tionic covalent cage to regulate cell uptake, and highlights the
three-fold function of the pyranine moiety: fluorescent re-
porter, uptake inhibitor, and “convertible” handle. The effi-
ciency of this molecule to prevent internalization is remarka-
ble, since previous studies showed that AuNPs with similar
overall negative charge can be taken up by cells.”** We hy-
pothesize that the presence of three negatively charged sul-
fonate groups over a rigid planar scaffold might favor electro-
static repulsion with the phospholipid membrane and thereby
prevent nanoparticle uptake.

Given that incubation of NPs with cells in a complex biological
fluid is known to result in protein corona formation,8 we re-
peated the cell uptake experiments using DMEM medium with
10% FBS, rather than PBS. Under these conditions, and in the
absence of A, NP2 (80 nM) uptake was again almost negligible,
even after 24 h of incubation (Figure 3-S3). Conversely, when
the experiment was repeated in the presence of 5 M of A, the
cells underwent highly efficient uptake (Figure 3-S4). It shuld
be noted that internalization under these conditions was
slower than that observed when using PBS, as obtaining a sim-
ilar increase in CTCF values required an incubation time of 24
h. These data confirm that the interaction between A and NP2
is sufficiently strong and specific to take place even in complex
biological media.

To further confirm that the effect of cage A is mediated by in-
teraction with pyranines, we measured their interaction using
fluorescence microscopy. In agreement with previous obser-
vations using free pyranines,"* addition of the cationic cage to
a PBS solution of NP2 (20 nM) at room temperature, pro-
moted a partial decrease in the fluorescence emission inten-
sity, down to a saturation point at 4 pM of A (Figure Sz0). The



experiment was repeated using DMEM containing 10% FBS in-
stead of PBS, and we observed the same trend, but with two
differences: the initial fluorescence intensity was lower and
saturation was achieved with 30 pM of the cage (Figure S21).
These data are in agreement with the presence of a protein
corona, which may quench the fluorescence of the dye and
hamper the host-guest interaction. Furthermore, the higher
saturation level might also be influenced by a lower availabil-
ity of cage A in the more complex buffer.
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Figure 3. NP2 uptake by HeLa cells, in the presence of DMEM
medium with 10% FBS. (A) CTCF variation as a function of
time in the absence (red columns S1 and S3) and in the pres-
ence (blue columns, S2 and S4) of A. (B) Fluorescence micro-
graphs for conditions S3 and S4 (24 h incubation in the ab-
sence and in the presence of A, respectively). The experiments
were performed using 8o nM NP2 at 37 °C. The black dotted
line shows the CTCF value for cellular autofluorescence. The
box-and-whisker graph shows the average +/- SD with a box
plot showing the 25 and 75 quartiles, and the median as a hor-
izontal line.

Interestingly, when only 1 equiv of pyr (with respect to A) was
added to a mixture of NP2 and cage A (5 pM) in PBS, cell up-
take was roughly halved (HeLa cells for 1 h), as compared to
the same experiment in the absence of pyr (Figure S22). With
this information at hand we assayed the possibility of using
the capsule and pyr as switches to turn “on” and “off” nano-
particle uptake. As shown in Figure 4 (see SI, for a full descrip-
tion of the experiment), addition of a PBS solution containing
NP2 (80 nM) to HeLa cells showed no internalization after 10
min (aka “off”). In situ addition of A (5 pM), and incubation
for 10 min in solution resulted in a CTCF increase of ca. 2x10°
a.u. (aka “on”). The uptake was cancelled by adding 2 equiv of
free pyranine (10 pM), and restored with one more equiv of A,
causing the CTCF to increase again (aka “on”). The uptake was
cancelled again by adding two further equiv of pyranine. The
switching process correlates with the expected changes in NPs
surface charge (Figure S25). The strategy thus provides a high
level of control over the cell uptake of NP2.
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Figure 4. CTCF variation with time, upon addition of A and
free pyr, based on fluorescence microscopy images of HeLa
cells. Initial conditions: NP2 (8o nM) in PBS buffer. 10 min:
addition of cage A (5 uM). 20 min: addition of free pyr (10 uM).
30 min: addition of cage A (10 pM). 40 min: addition of of free
pyr (20 pM). The black dotted line shows the CTCF value for
cellular autofluorescence. Statistical analysis using one-way
ANOVA followed by Tukey's test showed that all values are
significantly different from one another, with the exception of
the CTCF obtained for 20 and 30 min, and for 40 and 50 min.

In summary, we have developed a supramolecular strategy for
the spatio/temporal control of the cell uptake of small gold
nanoparticles, using external additives as triggers. The ap-
proach relies on the modulation of the surface charge of the
nanoparticles using a Dr. Jekyll/Mr. Hide role of the pyranine
moiety. AuNPs decorated with pyranines are unable to cross
cell membranes, however they are efficiently internalized
upon addition of an oligocationic covalent cage that interacts
with pyranine, forming a positively charged host-guest com-
plex. The methodology is compatible with complex biological
media, can be used for the conditional delivery of cargoes
other than pyranine and is susceptible to on/off regulation
switches. Therefore, it promises to become useful for biologi-
cal applications such as drug delivery and cell imaging, or
other NP-mediated cellular interventions.
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