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Nanoparticle surface property is crucial for circulation stability, cellullar uptake and other biological
characteristics. Zwitterionic pillar[n]arenes (ZPns) were used to coat gold nanoparticles (GNPs) via host-
guest interaction. The resulting GNPs demonstrated higher stability in blood serum compared to
polyethylene glycol (PEG)-coated GNPs. ZPn-coated GNPs were responsive to UV-irradiation,
competitive displacement and acidic pH. UV-irradiation or competitive displacement could lead to
the removal of ZPn coating to expose GNPs, which enhanced cell uptake efficiency by 5.9- and 7.4-fold,
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Nanoparticles are of great importance for biomedical applica-
tions, including drug delivery and bioimaging [1,2]. Surface
property of nanoparticles is considered to be the deciding factor
for biophysicochemical interactions at the nano-bio interface [3].
Manipulation of nanoparticle surface characteristics may influence
circulation stability and cell uptake efficiency [4-6]. To improve
stability and avoid nonspecific adsorption of serum proteins or
other biomolecules during circulation, nanoparticles are often
coated with polyethylene glycol (PEG) or other “nonfouling”
biomaterials to achieve “stealth” [7]. When reaching tumor or
other target tissues, it is desired to enhance cell uptake and tissue
accumulation [8]. Stimuli-responsive “sheddable” shell of PEG or
other nonfouling coating material has been used to achieve the
goal of cell uptake enhancement.

Although widely used, PEG suffers from limitations, such as
susceptibility to oxidation damage and anti-PEG antibodies [9,10].
Zwitterionic polymeric materials, such as poly(carboxybetaine),
are second generation nonfouling biomaterials, which demon-
strate ultralow-fouling toward serum proteins [11-13]. To render
PEG- or zwitterionic polymer-coated nanoparticles stimuli-re-
sponsive, relatively complex design is required. For example,
nonfouling and “charge-conversion” polymers have been used to
achieve stimuli-responsive enhancement of cell uptake [14-16]. It
is highly desired to develop a simple strategy to simultaneously
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ensure high stability in blood serum, and stimuli-induced cell
uptake improvement in target tissues.

Host-guest interaction is a non-covalent force to conveniently
assemble complex nanostructures with multistimuli-responsive-
ness [17-26]. We decided to explore the application of pillar[n]
arene (PA[n])-based zwitterionic host molecules as nonfouling
coating materials [27-35]. Gold nanoparticles (GNPs) were used as
model nanoparticles, and nanoparticle surface was modified with
azobenzene-based guest. Zwitterionic PA[n] (ZPn) was used to coat
GNPs via host-guest interaction [36]. The resulting GNPs were
discovered to be ultra-stable in blood serum. UV-irradiation,
competitive displacement or acidic pH was used to manipulate
surface property of GNPs by the removal of ZPn-coating layer or
conversion of surface charge. Stimuli-induced conversion of GNP
surface characteristics was confirmed to significantly enhance GNP
uptake by human cancer cells in vitro.

As shown in Fig. 1a, ZP5 and ZP6 were synthesized by
substitution reaction of bromo-substituted PA[n]s, followed by
hydrolysis of ester. ZPns are composed of equal numbers of
carboxylic acid and pyridinium groups. Under neutral physiologi-
cal condition, carboxylic acid groups are deprotonated, and ZP5
and ZP6 possess equal amount of cationic and anionic groups. By
contrast, at acidic pH, carboxylic acid groups are protonated to
render the host molecule cationic. For comparison purpose,
carboxylated PA[n]s (WP5-WP6) were prepared (Fig. 1b). Azo-
benzene-based neutral guest 1 was synthesized, and conjugated to
GNP surface by gold-thiol bond. Azobenzene is known to undergo
reversible conversion between trans- and cis-configurations
under UV or visible irradiation [37]. GNPs were prepared by citric
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Fig. 1. (a) Synthetic procedure for ZP5-ZP6. i) EtOH, 90 °C, 48 h. ii) NaOH, H,0,
reflux, 24 h. (b) Chemical structures of carboxylated PA[n]s WP5, WP6, guests 1-6,
and biomolecules spermine and ATP.

acid-catalyzed reduction reaction of HAuCly. Subsequently, guest 1
was conjugated to GNPs. Transmission electron microscopy (TEM)
showed that GNPs were relatively uniform with an average size of
16 nm (Fig. S32 in Supporting information). Zeta-potential
indicated that guest 1-conjugated GNPs (bare GNPs) were
negatively charged (—29 mV). ZP5 and ZP6 were incubated with
GNPs to conjugate zwitterionic host molecules by host-guest
interaction (Fig. 2a). ZP6 coating enhanced ¢-potential to —22 mV
(Fig. S34 in Supporting information). PEG- and WP5/WP6- coated
GNPs were prepared for comparison purpose. Similar GNP
morphology was observed by TEM (Fig. S32). While WP6-coated
GNPs were highly negatively charged (—26 mV), PEG-coated GNPs
were slightly negatively charged (—7 mV).

First, we investigated host-guest chemistry in sodium phos-
phate buffer. Neutral guest 1 was poorly soluble in water. We used
diamino azobeneze (guest 3, positively charged) and carboxylated
azobenzene (guest 2, negatively charged) as model guests. ZP5-
ZP6 and WP5-WP6 were used as host molecules. Neutral pH (7.4)
and acidic pH (5.5) were used to study the influence of solvent
acidity. Binding constant (K,) value was determined by indicator
displacement assay with rhodamine 6 G or acridine orange as the

(a) (h) — bare-GNPs — WP5-GNPs ZP5-GNPs

— PEG-GNPs — wpe-GNPs — ZPG-GNPs
50+

8 o

Volumes (%)
B 8

=l
:

e ‘% % 7500

1
Size (nm)

Fig. 2. (a) TEM images of ZP6-GNPs. (b) Hydrodynamic diameter (nm) of bare-
GNPs, WP6-GNPs, ZP6-GNPs and PEG-GNPs after incubation in FBS (50%) for 30 h.

Table 1
The value of K, (L/mol) for the complex of ZP5-ZP6 and guests 2-6 or biomolecules
spermine/ATP at neutral (pH 7.4) or acidic (pH 5.5) condition.

Guest ZP6 ZP5

2 (40+0.9) x 10° (11+0.2) x 10°
3 (1.8+£0.3) x 10° (1.5+0.3) x 10°
4 (1.0+0.2) x 10* (51+1.0) x 10*
5 (4.8 +11) x 10? (8.2£2.0) x 10?
6 (4.7 +1.2) x 10? (12+0.3) x 10°
Spermine (1.8+0.7) x 10? (6.4 +1.0) x 10?
ATP (2.5+1.7) x 10? (1.0+0.6) x 10?
2* (2.2+0.6) x 10° -

3* (2.4+0.3) x 10° -

" Determined at pH 5.5. -: not determined.

dye. As shown in Table 1, ZP5-ZP6 could tightly bind guests 2-3
with similar binding affinity. Upfield shift of azobenzene proton
resonances in 'H NMR spectra showed that trans-azobenzene were
encapsulated by ZPn cavity (Fig. S31 in Supporting information).
By contrast, cis-isomer of azobenzene could not be encapsulated by
ZPn based on 'H NMR spectroscopy. It was discovered that acidic
pH had limited impact toward K, value. Therefore, ZP5-ZP6 were
high affinity host molecules for trans-isomers of azobenzene
guests at neutral or acidic pH. Similarly, WP5-WP6 could bind
guest 3 with high affinity (Figs. S29 and S30 in Supporting
information).

Model cationic guests 4-6, and biomolecules spermine and
adenosine triphosphate (ATP) were chosen to further explore host-
guest chemistry. ZP5-ZP6 showed selective binding toward guests
4-6 with different lengths. ZP5-ZP6 demonstrated significantly
lower binding affinity toward positively-charged biomolecule
spermine and negatively-charged biomolecule ATP, compared to
azobenzene-guests 2-3. The selective binding may ensure stable
supramolecular encapsulation under complex physiological con-
dition.

Second, stability of nanoparticles was evaluated in blood
serum. Fetal bovine serum (FBS) was used to mimic blood serum
condition. Bare or coated GNPs were incubated in 50% FBS at
37 °C, and aliquots of nanoparticle suspension were extracted to
separate GNPs from solvent by centrifugation. Supernatant was
removed and GNPs were re-suspended in ultrapure water to
determine nanoparticle size by dynamic light scattering (DLS). As
shown in Figs. 2b and 3a, after 30 h incubation, hydrodynamic
size of bare GNPs significantly increased in FBS. WP5/WP6-
coated GNPs also had significant enhancement in size. These
three groups of GNPs were lack of nonfouling-coating layer to
protect them from nonspecific adsorption of serum proteins and
other biomolecules in FBS, which resulted in aggregation and
nanoparticle size growth. By sharp contrast, ZP5/ZP6-coated
GNPs had a constant hydrodynamic size of 24 nm for up to 48 h.
The “stealth” effect of ZP5-ZP6 coating was superior compared to
that of PEG:PEG-coated GNPs showed an increase in hydrody-
namic size after 10 h, while ZPn-coated GNPs maintained their
size. Consequently, ZPns were excellent nonfouling coating
material for GNPs.

Host-guest interaction is non-covalent, and could be unstable in
blood serum, especially when exposed to competitive biomolecular
guests. To determine the stability of surface coating, ZP6-coated
GNPs were incubated in FBS for 0.5 h, and isolated from the solution
by centrifugation. After repeated for three times, GNPs were re-
suspended in fresh FBS (50%), and size distribution was monitored
by DLS. As shown in Fig. 3b, nanoparticle size maintained at 24 nm
for up to 7 d, which demonstrated that ZP6-coating layer was
retained even after extensive washing by FBS. We attributed the
stability to high affinity binding between ZPn and guest 1. Although
FBS is composed of complex biomolecular species, minimal
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Fig. 3. (a) Z,yg hydrodynamic diameter (nm) of bare-GNPs, WP5-GNPs, WP6-GNPs,
ZP5-GNPs, ZP6-GNPs and PEG-GNPs in FBS (50%). (b) Z,,¢ hydrodynamic diameter
(nm) of ZP6-GNPs in FBS (50%), after being washed with FBS for three times.

competitive displacement occurred. We expect ZPn-coated GNPs to
be stable during blood circulation.

Next, we studied the stimuli-responsiveness of ZPn nonfouling
coating layer. ZP5/ZP6-coated GNPs were incubated in 10% FBS,
and UV-irradiation (365 nm) was applied for 2 h. Hydrodynamic
size of GNPs in water was monitored by DLS. As shown in Fig. 4a,
hydrodynamic size of nanoparticles significantly increased. We
believe the reason was that guest 1 transformed to cis-isomer, and
ZPn coating layer was removed from GNP surface, which led to
serum protein adsorption and GNP aggregation. Subsequently, GNP
suspension was irradiated with visible light for 2 h to allow cis-
azobenzene to convert to trans-isomer. GNPs regained smaller
hydrodynamic size in ultrapure water, which showed that ZPn-
nonfouling coating layer attached to nanoparticle surface via host-
guest interaction. This reversible process could be repeated for up
to six cycles.

Similarly, ZPn-coated GNPs were responsive to competitive
displacement and acidic pH. As shown in Fig. 4b, guest 3 was used
as competitive guest, and added to a suspension of ZP6-coated
GNPs in 10% FBS. It was discovered that the addition of competitive
guest 3 would result in the enhancement in GNP hydrodynamic
size. To study responsiveness to acidic pH, ZP6- or PEG-coated
GNPs were incubated in 10% FBS at pH 7.0 or pH 5.5. As shown in
Fig. 4b, at pH 5.5, ZP6-coated GNPs increased in hydrodynamic
size, while PEG-coated GNPs retained their nonfouling ability.
Based on K, value for the complex of ZP6 and guests 2-3 under
neutral and acidic conditions, we believe ZP6 formed stable
supramolecular complex with guest 1 on GNPs at acidic pH
(Table 1). The reason for this pH-responsiveness was the
protonation of carboxylic acid groups, and conversion from
zwitterionic to cationic host molecule. As shown in Fig. S34, ¢-
potential of ZP6-coated GNPs increased from —26 mV at pH 7.4 to
—16 mV at pH 5.5. Similar observations had been reported for
zwitterionic polymer-coated GNPs in literature [14].
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Fig. 4. (a) Z,g hydrodynamic diameter (nm) of ZP6-GNPs in FBS (10%) treated with
UV/visible irradiation. (b) Z,, hydrodynamic diameter (nm) of ZP6-GNPs with or
without guest 3, ZP6-GNPs at pH 5.5, PEG-GNPs at pH 5.5; condition: FBS (10%).
Temperature: 37 °C. Error bar was calculated based on triplicated measurements.

o »E
v J
ll!
5‘\./}’

[+]
O“"-’”
I=0=I

M = serum proteins

Scheme 1. Cartoon depicting surface coating of GNPs with ZP6 via host-guest
interaction to achieve nonfouling effect and multistimuli responsiveness.
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Fig. 5. (a) Cell uptake of bare-GNPs, PEG-GNPs, ZP6-GNPs, ZP6-GNPs after UV and
ZP6-GNPs with guest measured by ICP-AES. Each data point represents an average
value + standard deviation from three independent measurements. (b) Cartoon
depicting stable ZP6-coated GNPs in blood serum, and UV- or guest-induced
enhancement in cell uptake.

As summarized in Scheme 1, ZPn-coated GNPs were responsive
to three stimuli types: photo-irradiation, competitive guest and
acidic pH. Under stimuli, nonfouling and ultra-stable GNPs could
expose inner core or undergo surface charge conversion, which
may be used to enhance interaction between GNP and biological
interface.
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Lastly, we investigated the influence of ZPn-based nonfouling
coating layer toward cell uptake efficiency of GNPs. Nonfouling
coating layer of ZPn could render nanoparticles “stealth” to protect
them from immunological clearance during circulation in blood
(Fig. 5b). When reaching target tissues, an enhanced cell uptake of
GNPs was preferred to improve therapeutic efficacy or chromo-
phore accumulation. Biocompatibility of ZP5-ZP6 was evaluated
by using human normal cell line MRC-5, and host molecules were
confirmed to be nontoxic (Fig. S35 in Supporting information).
Human cancer Hela cell line was used to determine cell uptake
efficiency. HeLa cells were incubated with bare or coated GNPs,
which were subsequently washed and lysed to determine GNP cell
uptake by inductively coupled plasma atomic emission spectros-
copy (ICP-AES). As shown in Fig. 5a, bare GNPs had significantly
higher cell uptake efficiency compared to that of ZP6- or PEG-
coated GNPs.

We studied the influence of stimuli-responsiveness toward cell
uptake. ZP6-coated GNPs were treated with UV-irradiation or
competitive guest 3 before incubation with cells, and GNP uptake
was determined by ICP-AES. It was discovered that UV-irradiation
and competitive displacement resulted in an enhancement of cell
uptake by 5.9- and 7.4-fold, respectively. Acid-induced cell uptake
enhancement of zwitterionic polymer-coated GNPs was reported
in literature [14]. Consequently, external stimuli could lead to the
conversion of surface characteristics to improve uptake efficiency
by tumor cells. Surface property was reported to be critical for GNP
endocytosis pathways and cell uptake efficiency [38]. We believe
the removal of ZP6-nonfouling coating could expose GNP-core,
and enhance interaction with cell membrane receptors or even
alter internalization pathway. By using host-guest interaction,
nanoparticles were ultra-stable in blood serum due to nonfouling
effect of zwitterionic host molecules, and efficiently internalized
by tumor cells after applying stimuli.

In conclusion, we report a new multistimuli-responsive non-
fouling coating strategy for nanoparticles with zwitterionic PA[n]s.
By coating with ZPn, nanoparticles were ultra-stable in blood
serum. UV-irradiation, competitive displacement or acidic pH
could be used to switch off ZPn-nonfouling effect, by which
enhancement of cell uptake may be achieved. This strategy may be
explored for targeted-delivery of therapeutic or diagnostic agents
in vivo.
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