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Polymer control of ligand display on gold nanoparticles for multimodal

switchable cell targetingw
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The function of cell-specific ligands on gold nanoparticles can be

selectively gated by the action of co-grafted thermosensitive

polymers. Below the LCST the responsive chain-extended

polymers prevent cell-surface receptors from accessing the

affinity ligands while above the LCST, the polymers collapse

exposing the ligands and allowing binding to receptors, which in

turn promotes cell internalisation.

The spatial and temporal display of chemical functionality is

the key to many important natural and synthetic functions,

such as cell–cell recognition and communication,1 reaction

engineering2 and information processing.3 Control of when and

how a ligand or a surface becomes active can endow systems

with specific bio-recognition features, surface properties and/

or micro-environmental sensitivity.4 A wide array of synthetic

polymers, self-assembling supramolecular structures and

nanoparticles have been prepared that can perform sequential

time/site ‘‘logic’’ events in response to stimuli.5 Recently, metal

nanoparticles have shown potential as combined diagnostics and

therapeutics, primarily for in situ thermal ablation therapy,

drug delivery, radiotherapy enhancement and X-ray Computed

Tomography based imaging.6

Here we demonstrate control of ligand display at responsive

polymer-functionalised gold nanoparticles (AuNPs) and the

use of this feature for selective tumour cell targeting. Gold

nanoparticles (d = 18 � 11 nm) were synthesized by Laser

Ablation Synthesis in Solution7 (LASiS, Fig. S1, ESIw), then
decorated with thiolated biotin or folic acid as representative

biorecognition and tumour targeting agents.8 A thermore-

sponsive co-polymer, poly(N-isopropylacrylamide-co-acryl-

amide) (pNIPam-co-Am), with a cysteine terminus and a

Lower Critical Solution Temperature (LCST) of 37 1C4b was

subsequently attached to the nanoparticles to bestow ‘stealth’

properties at temperature close to normal physiological temp-

eratures. Accordingly, the particles were expected to display

chain-extended polymer brushes at their surfaces at 37 1C

(T o LCST), thus hiding the targeting molecules on the

particle surface, but to expose the ligands to the outer environ-

ment at temperatures above 37 1C (T 4 LCST) when the

polymer collapsed into poorly-solvated globules (Fig. 1).

AuNP decoration studies were carried out using biotin-SH/

AuNP in the range of 50 : 1–4000 : 1 molar ratio and

pNIPam-co-Am-SH/AuNP in the range of 350 : 1–2800 : 1

molar ratio. Functionalised AuNPs were incubated with

avidin coated microtitre plates prior to ELISA assays. As

apparent in Fig. 2, at 40 1C (T 4 LCST) biotin/pNIPAm-co-

Am coated AuNPs bearing 100 biotin molecules and 700

polymer chains displayed specific recognition properties, with

79% binding efficiency as compared to nanoparticles deco-

rated with biotin only with the same biotin/AuNP molar ratio

(polymer free particles). At 34 1C (T o LCST), the same

biotin/pNIPAm-co-Am coated AuNP exhibited only 9% com-

parative binding, while biotin free pNIPAm-co-Am decorated

AuNP did not undergo binding to avidin irrespective of assay

temperature. These data indicated that presentation of the

nanoparticle-bound biotin ligand to surfaces was dependent

on whether the co-attached pNIPAm-co-Am chain-collapsed

(at 40 1C), or chain-extended (at 34 1C).

The relative extents of surface coverage by both a responsive

polymer and a targeting moiety were found to be critical to

Fig. 1 Schematic of AuNP decoration with targeting agents and

thermoresponsive polymers (a), and temperature controlled biorecog-

nition (b and c).
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tune the binding selectivity of the polymer/targeting agent

decorated AuNP. In fact, nanoparticles bearing 50 biotin

molecules and 350 polymer chains showed more limited bio-

recognition properties, although the biotin/polymer molar

ratio was very similar to AuNPs coated with 100 biotin

molecules and 700 polymer chains described above. Therefore,

a minimum amount of targeting molecules is required as they

can be cooperatively engaged in avidin recognition. On the

other hand, nanoparticles bearing 100 biotin molecules and

2680 polymer chains did not bind to the avidin surfaces,

indicating that the high polymer density on the particle surface

masks the biotin exposition thus impairing the AuNP/avidin

interaction (Fig. S6, ESIw).
Particles decorated with 100 : 700 : 1 folate-SH/polymer/

AuNP molar ratio for folate receptor (FR) overexpressing

cancer cell targeting9,10 were used on the basis of the best

performing targeting agent/polymer composition emerged

with the biotinylated gold nanoparticle study.

The UV-Vis spectra and dynamic light scattering (DLS)

measurements indicated that naked AuNPs aggregated

in buffer irrespective of temperature. By contrast, both

pNIPAm-co-Am and folate/pNIPAm-co-Am functionalized

AuNP formed stable dispersions in saline buffer and in foetal

bovine serum (FBS) at 34 1C while slightly self-associated at

40 1C (Fig. S4 and S5, Table S2, ESIw). Particle de-aggregation
was obtained by decreasing the temperature below the LCST.

This behavior was ascribed to the reversible changes in colloidal

stability as the polymer coatings collapsed or expanded above

and below the LCST.

Cell targeting properties of the folate/pNIPAm-co-Am

decorated AuNP were evaluated by atomic absorption

spectroscopy and by confocal microscopy using MCF7 cells

that do not overexpress folate receptor (FR-negative) and KB

cells that overexpress the folate receptor (FR-positive).11

In the absence of FBS (Fig. 3a) at 34 1C, very low pNIPAm-

co-Am and folate/pNIPAm-co-Am decorated AuNP uptake

was obtained either with KB or MCF7 cells and internalization

into cells was not affected by the presence of folic acid on the

particle surface. This behavior was likely due to the hydrophilic

steric shielding conferred by the intermediate molar mass

(B8 kDa) pNIPAm-co-Am chains in the extended state below

the LCST that prevents protein adsorption, particle aggregation

as well as folate exposure. Low cell uptake also occurred at

40 1C when pNIPAm-co-Am coated AuNPs were incubated

with KB and MCF7 cells and when folic/pNIPAm-co-Am

coated decorated AuNPs were incubated with MCF7 cells.

Interestingly, the KB cell incubation with folate/pNIPAm-

co-Am decorated AuNPs at 40 1C yielded efficient internalization

as about 4700 particles/cell were found. This value was 17,

30 and 28 times higher than that obtained with folic acid free

Fig. 2 Binding profile of AuNPs to avidin coated microtitre plates:

(’) biotinylated AuNP incubated at 34 and 40 1C (overlapped);

(B) biotin/pNIPAm-co-Am coated AuNP incubated at 40 1C; (K)

biotin/pNIPAm-co-Am coated AuNP incubated at 34 1C; (&)

pNIPAm-co-Am coated AuNP incubated at 40 1C.

Fig. 3 Cell uptake of thermoresponsive untargeted and targeted AuNPs

by KB and MCF7 cells at 34 1C (blue bars) and 40 1C (red bars) in

DMEM (a) and in DMEM supplemented with serum (b). Confocal

microscopic examination of KB cells treated with AuNPs functionalized

with folic acid/pNIPAM-co-Am (c and d) and with pNIPAM-co-Am

only (e and f). Cells were incubated at 40 1C (c and e) and 34 1C (d and f).

Blue channel= nuclei detection (DAPI); green channel= cell membrane

detection (fluorescein-DHPE); red channel = scattered light by AuNP.
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thermoresponsive AuNP and KB cells at 401, with folate/

pNIPAm-co-Am decorated AuNP and KB cells at 34 1C, and

MCF7 cells at 40 1C, respectively. Similar behaviour was

obtained when cell incubation was performed in the presence

of 10% FBS (Fig. 3b), although the overall uptake of folate

targeted thermoresponsive AuNPs at 40 1C in KB cells was

about 2 times lower. Lower particle uptake was obtained in all

experiments carried out in the presence of FBS that may be

ascribed to a combination of events, which include either

protein adsorption on the nanoparticles or the competition

with free folic acid present in the FBS medium. The number

of particles per cell detected with folate/pNIPAm-co-Am

decorated AuNP at 40 1C in the presence of 10% FBS was

close to the value obtained with folate decorated AuNP used

as the positive control. Competition studies performed by

incubation of KB cells with folate/pNIPAm-co-Am decorated

particles in the presence of free folic acid confirmed the

receptor mediated cell uptake of the targeted AuNP.

Confocal microscopy studies were carried out to visualize

AuNPs by their scattering.12 This analysis confirmed the data

obtained by atomic absorption spectroscopy quantification

and indicated that the AuNP uptake was observed only for

the folate/pNIPAm-co-Am decorated particles at tempera-

tures above the polymer LCST and in the FR-positive cell

line (Fig. 3c). The confocal images show that in the case of

folate/pNIPAm-co-Am decorated AuNPs most of nanoparticles

are located in the cytoplasmatic compartment while only few

particles are distributed in the peripheral region of the cells.

The results confirmed the temperature tunable targeting prop-

erties conferred by folic acid and pNIPAm-co-Am decoration

(Fig. 3d–f). The data further supported the role of surface-

displayed folic acid in cell internalization by ligand–receptor

interaction and uptake by potocytosis.13 As reported above, the

limited nonspecific internalization obtained with the pNIPAm-

co-Am decorated AuNP was most probably a consequence of

the low particle aggregation under the experimental conditions.

Overall, the results demonstrate that the coil-to-globule

transition of thermoresponsive polymers can be used to hide

and reveal active functionalities, and that this in turn can be

used to direct molecular and cell recognition phenomena.

Although there have been numerous prior examples of poly-

mer-directed protein activity14 and cell attachment,15 we be-

lieve this is the first example wherein a polymer switch has

been used to mask and display bioactive ligands and cell

internalization in this way. Importantly, the switching beha-

viour was designed and demonstrated to take place at tem-

peratures just above those in normal physiological tissues,

potentially allowing for site-specific activation by medical

external procedures16 or in situ activation by local hyperther-

mia in tumour tissue.17 This suggests possible in vitro or in vivo

applications in diagnostics and therapeutics, which would be

particularly beneficial where dual-triggered polymer-switched

display of active functionality could be used to effect external-

mediated localisation in a tumour site and/or disease-activated

cellular entry in specific tumour cells.

For tumor targeting, polymers with LCST in the range of

physiopathological temperatures (37–39 1C) must be selected

while a wider range of LCST can be used for in vitro and

ex vivo diagnostic purposes. Additionally, a wide variety of

other stimuli sensitive materials could readily be incorporated

to enable the control of ligand display and activation of

chemical functionality.

This work was supported by the Eng. Phys. Sciences Res.

Council (Grants EP/H006915/1, EP/H005625/1).
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