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Protein/Polymer-Based Dual-Responsive Gold
Nanoparticles with pH-Dependent Thermal Sensitivity

Malte S. Strozyk, Munish Chanana,* Isabel Pastoriza-Santos, Jorge Pérez-Juste,

and Luis M. Liz-Marzdn*>

This article presents the synthesis and physicochemical behavior of dual-
responsive plasmonic nanoparticles with reversible optical properties based
on protein-coated gold nanoparticles grafted with thermosensitive polymer
brushes by means of surface-initiated atom transfer radical polymerization
(SI-ATRP) that exhibit pH-dependent thermo-responsive behavior. Spherical
gold NPs of two different sizes (15 nm and 60 nm) and with different stabi-
lizing agents (citrate and cetyltrimethylammonium bromide (CTAB), respec-
tively) were first capped with bovine serum albumin (BSA). The resulting
BSA-capped NPs (Au@BSA NPs) exhibited not only extremely high colloidal
stability under physiological conditions, but also a reversible U-shaped pH-
responsive behavior, similar to pure BSA. The e-amine of the L-lysine in the
protein coating was then used to covalently bind an ATRP-initiator, allowing
for the SI-ATRP of thermosensitive polymer brushes of oligo(ethylene glycol)
methacrylates with an LCST of 42 °C in pure water and around 37 °C under

composition of the organic material. For
example, molecules bearing weak acidic
or basic functionalities, such as carboxylic
or amino groups, impart pH-sensitivity
to the particles, due to the changes in
ionization degree (protonation/deproto-
nation) induced by pH changes. Thermo-
responsive molecules, such as non-ionic
hydrophilic polymers, on the other hand,
confer temperature-sensitivity to the
particles, due to the hydrophilic/hydro-
phobic transition induced by temperature
changes.

The majority of the multiresponsive
nanomaterials that have been developed
so far are based on crosslinked hydro-
gels,  self-assembled  block-copoly-
mers!”®l and inorganic/organic core-shell
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physiological conditions. Such protein coated nanoparticles grafted with
thermosensitive polymers exhibit a smart pH-dependent thermosensitive

behavior.

1. Introduction

Stimuli-responsive nanoparticles (NPs) have gained a great
deal of attention in the past decade because of their emerging
applications,l! as (bio-)sensors,?* drug delivery systems,!
and “smart” coatings,® due to their sensitivity towards envi-
ronmental changes!! that results in a pronounced response,
often through volume, porosity or wettability changes.[*8l
Various types of stimuli-responsive nanosystems!® have been
developed, which are highly sensitive towards environmental
temperature,” pH,1% heavy metalst!12 or light.'*l However,
the current trends are moving towards stimuli-responsive sys-
tems, which are sensitive towards more than one stimulus,
resulting in a multiresponsive system.'*# The responsive
behavior of such systems strongly depends on the chemical
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systems, mostly with an inorganic (metal/
metal oxide) core grafted with a multire-
sponsive organic coating.’*2! In the
latter case, the organic coating usually
consists of multiresponsive polymers with
various designs, such as block copolymers,/??! random copoly-
mers,[1*2% mixed polymer brushes,'! crosslinked hydrogels!?!!
or branched”'® and hyper-branched® polymers. Especially,
in the case of branched polymer systems, semi-synthetic
biopolymer/polymer conjugates, where the biopolymer back-
bone and the synthetic polymer branches are sensitive to dif-
ferent stimuli, are of particular interest.l'’] Recently, Zhang et
al.'”l and Yuan et al.'®¥ reported on such semi-synthetic core-
shell systems based on gold NPs coated with pH and temperature
responsive shells, consisting of dextran/PNIPAAm conjugates
or chitosan-g-PDMAEMA copolymers, respectively. However,
these biopolymers are not stimuli-responsive per se and need
to be chemically modified in order to become multiresponsive.
Proteins, however, constitute a class of biopolymers that are
multiresponsive by nature. Proteins are natural copolymers of
polar, nonpolar, and ionic (anionic and cationic) monomers,
i.e. aminoacids (in total 21 aminoacids).?’! Depending on both
their molecular composition (primary structure) and their con-
formational structure (secondary and tertiary structures), pro-
teins exhibit not only different biological activities,?3! but also
different physical and chemical properties, such as different
solubility profiles in various solvents, different isoelectric points
(p1) and different denaturation and gelation temperatures.23-27]
Therefore, proteins are highly sensitive to pH,['? tempera-
ture, % ionic strength, ! solvent?#l and heavy metals.['28]

Adv. Funct. Mater. 2012, 22, 1436-1444


http://doi.wiley.com/10.1002/adfm.201102471

A

M
\ie'S
www.MaterialsViews.com

Besides being multiresponsive, proteins are also multi-
functional and provide a broad range of molecular and con-
formational structures as well as a huge variety of chemical
functionalities on the same molecule, offering a vast library
of functional polymers, which can be grafted on the NPs,
imparting them with unique chemical, physical and eventually
biological properties. In the literature, several reports can be
found dealing with gold NPs directly coated with aminoacids!?’!
or their oligomers/polymers, i.e. peptides3¥ and proteins,?1-33
bovine serum albumin (BSA)B2-34 being the most widely used
protein. We recently reported on the properties of colloidal
gold NPs coated with insulin (Au@insulin NPs),™! which is a
small hormonal protein (5808 g/mol). Such Au@insulin NPs
exhibit not only extremely high colloidal stability in aqueous
electrolyte solutions (up to 1 M NaCl), but also a high sensitivity
toward environmental pH and the presence of various heavy
metal ions. Au@insulin NPs were shown to display pH- and
metal-sensitive aggregation behavior, which could be moni-
tored through reversible changes in their optical properties.'!
In general, by changing the environmental pH or temperature,
especially at pH = pl or at high temperature, proteins undergo
conformational changes resulting in their precipitation and/or
denaturation. Whereas the pH-induced conformational changes
are mostly reversible,'!! the temperature-induced changes, i.e.,
denaturation, are mostly irreversible and the proteins usually
phase separate from solution.””-*l Therefore, proteins perfectly
qualify as stimuli-responsive coatings, in terms of reversible pH
and heavy metal ion sensitivity, but they fail to provide revers-
ible thermal sensitivity.

In the present work, we describe the synthesis of fully revers-
ible pH- and temperature-responsive metal NPs based on a
protein/polymer conjugate system. Several reports on protein/
polymer conjugates can be found in the literature,3% but multire-
sponsive inorganic nanoparticles coated with protein/polymer
conjugates have not been reported so far. Hence, we selected
proteins as the coating material of NPs because of their unique
pH-responsive properties, but also because they present many
other advantages, such as robust capping abilities, high colloidal
stability and, in particular, the ease of performing further func-
tionalization on the remaining functional groups. In this con-
text, the amine groups of the protein allow for fast and simple
reactions based on amide-reaction for introducing desired func-
tionalities in high yield. Using amine chemistry, we coupled
an atom transfer radical polymerization (ATRP)-initiator via an
amide bond to the protein coated NPs, in order to graft polymer
brushes from the particle surface by means of surface-initi-
ated ATRP (SI-ATRP). ATRP is a living radical polymerization
method, particularly attractive because of its versatility in the
types of monomers and functional groups, solvents (aqueous
and non-aqueous), tolerance to impurities and mild reaction
conditions.l’”] ST-ATRP in particular is a very attractive method,
since it allows for controlled polymer grafting exclusively from
the particle surface, without creating free polymers in the reac-
tion mixture.’® There are only few reports in literature on SI-
ATRP conducted on particles,?” such as silica,*"! magnetitel*
and gold NPs.*”l However, most of them comprise compli-
cated and multistep reactions in different types of solvents,
which could lead to particle aggregation and thus, poor product
quality and quantity. In order to circumvent such problems, we
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present a facile and green method for the synthesis of multire-
sponsive NPs in (semi-) aqueous (H,O/DMF (1:1 v/v)) media,
with a minimum number of reaction steps, ensuring high yield
and excellent quality of the end product. Therefore, we coated
gold NPs with BSA, which conferred not only a U-shaped pH-
responsive behavior to the NPs, but also provided high colloidal
stability for further reaction steps and ease of creating an ATRP-
initiation moiety on the NPs. Subsequently, non-ionic polymer
brushes, made of random co-polymers of 2-(2-methoxyethoxy)
ethyl methacrylate (MEO,MA) and oligo (ethylene glycol) meth-
acrylate (OEGMA), with fully reversible thermal response were
grafted on the protein-capped NPs via SI-ATRP performed in
(semi-)aqueous media. The resulting protein/polymer-coated
NPs (Au@protein-g-polymer NPs) could be reversibly aggre-
gated and disaggregated with temperature, but interestingly,
only at low pH. This feature of the protein/polymer-coated NPs
could lead to the development of smart oral drug delivery and
diagnostic systems, especially in the field of gastrointestinal
diseases. For example, an orally administered drug delivery or
diagnostic system based on such a dual-responsive NPs would
allow for temperature-controlled drug release or diagnostic
response, while passing through different (pH-) regions of the
human gastrointestinal tract. Therefore, a pH-dependent ther-
mosensitive drug delivery system that could release the drug
exclusively in stomach (low pH) or in the intestines (high pH)
triggered by temperature, would find wide applications in bio-
medicine and oral drug delivery formulations. Hence, protein
(BSA) coated nanoparticles grafted with thermosensitive poly-
mers represent a novel multi-functional nanoscale material,
which could provide access to stimuli-responsive drug delivery
systems and multi-functional diagnostic systems.

2. Results and Discussion

The dual-responsive protein/polymer-coated gold NPs, Au@
BSA-g-Poly(MEO,MA-co-OEGMA) NPs, were synthesized
according to the synthesis scheme illustrated in Scheme 1.
Gold NPs were selected in this study, not only because they
display optical properties that allow us to monitor aggregation
processes, but also because they can be easily synthesized with
a tight control on NP size and shape, via different techniques
such as the seeded-growth method.*3! Whereas gold NPs sta-
bilized by a weak stabilizer such as citrate provide a simple
surface chemistry for their functionalization, such as ligand
exchange reactions using e.g., thiols or disulfides, the function-
alization of gold NPs stabilized with surfactants such as CTAB
(cetyltrimethylammonium bromide) is very delicate and often
results into irreversible NP aggregation. Therefore, we used
gold NPs made by means of the two most commonly applied
synthesis methods, namely the Turkevich method (~15 nm)*4
and the seeded-growth method (~60 nm),*! using citrate and
CTAB as stabilizers, respectively. Thus, a special emphasis was
made on showing the flexibility of the method for NPs with dif-
ferent size and surface chemistry.

In the first synthesis step (see Scheme 1), both types of gold
NPs were coated with BSA, which is a globular protein with
relatively high molecular weight (66776 g/mol). Moreover, BSA
has a relatively high content of the thiol-containing aminoacid
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successful coating of each individual particle
without aggregation, which was confirmed by
the transmission electron microscopy (TEM)
measurements (Figure S1B in SI). It is worth
noting that the protein coated NPs were
extremely stable in aqueous media, which
highly facilitates the concentration of the dis-
persions to very high particle concentrations
(50-100 mm Au®) simply by centrifugation.
In the case of the 60 nm CTAB stabilized
gold NPs®! (Au60@CTAB), the procedure
for the protein coating was slightly different.
Here, the Au60@CTAB dispersion was rap-
idly mixed with a BSA/citrate solution, con-
taining higher BSA concentration (0.1wt%
citrate, ¢(BSA)g,aq = 1 mg/mlL) and imme-
diately centrifuged at 3500 g until all the
particles sedimented. The supernatant was
replaced with a basic BSA solution (1 mg/mL
BSA, 0.1wt% citrate, pH = 9-10) and the mix-
ture was shaken for 24h. The resulting par-
ticles were then purified and concentrated
by centrifugation, similar to the Aul5@BSA
NPs. UV —vis-NIR spectroscopy (Figure S1C

H,O/DMF (1:1),
RT, 1-2h

in SI) and TEM (Figure S1D in SI) revealed
that also the Au60@CTAB NPs were success-
fully coated with the protein, without aggre-
gation. The LSPR extinction maximum for
the Au0@BSA NPs was found to be located
at around 540 nm, similar to that of Au60@
CTAB, revealing no significant refractive
| index changes in the vicinity of the Au NPs,

Scheme 1. Complete synthesis route of Au@BSA@Poly(MEO,MA-co-OEGMA) NPs:
1) Coating Au@citrate or Au@CTAB with BSA (Au@BSA). 2) Coupling ATRP-Initiator to the
amine groups (Lysin) of BSA coating (Au@BSA-Ini). 3) Surface-Initiated ATRP on Au@BSA-Ini

NPs (Au@BSA@ Polymer).

cystein (35xCys), negatively charged aminoacids with carboxylic
groups (41xAsp and 48xGlu) and positively charged amino
acids with amine (60xLys) and guanidinium (26xArg) groups.!*®!
These functional groups, especially the thiol/disulfide and the
amine groups, can strongly bind to gold NP surfaces, resulting
in a very robust capping.[*’]

The 15 nm citrate-coated gold NPs*Y (Aul5@citrate) were
coated with BSA via ligand exchange by simply adding BSA/
citrate solution (0.1wt% citrate, ¢(BSA)gy,, = 0.1 mg/mlL) to the
as-prepared Aul5@citrate NP dispersion at room temperature.
The resulting Aul5@BSA NPs exhibited a localized surface
plasmon resonance (LSPR) band centered around 525 nm, with
a red shift of 2-3 nm as compared to the starting Aul5@citrate
NPs (see Supporting Information (SI), Figure S1A), revealing a

wileyonlinelibrary.com
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__________ before and after BSA coating (Figure S1C).
For the citrate-coated NPs, we assume that
the citrate is replaced almost completely by
the protein, due to the weaker binding ability
of citrate compared to a protein, which bears
a large amount of strongly binding func-
tional groups. Moreover, the displacement
of citrate from the particle surface could also
be favored by multiple washing steps at basic
pH (see Experimental Section). However,
for the CTAB-coated NPs, the protein might
only partially replace the CTAB molecules,
but could also adsorb on top of the positively
charged CTAB bilayer via electrostatic interactions.

Proteins are typically very sensitive toward pH and exhibit
U-shaped pH-solubility profiles with a minimum at the isoe-
lectric point (pl).2>! The pI of BSA lies around pH 4.6-4.9.3348]
Similar to pure BSA, both Aul5@BSA and Au60@BSA were
found to be highly pH-responsive and to exhibit U-shaped dis-
persibility as a function of solution pH, with a minimum around
pH 4.5-5, which is consistent with the pI of BSA (Figure 1). At
pH values below and above the pI(BSA), mainly in the range of
5.5 < pH < 3.5, the dispersions are red in color (Figure 1A) and
perfectly stable, with an LSPR band maximum around 525 nm
(Figure 1B, C), which means that the particles are well separated
from each other. At pH = pI(BSA) the NPs were consistently
found to aggregate as confirmed by the color of the dispersions,

Adv. Funct. Mater. 2012, 22, 1436-1444
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charged and at pH values above the plgg,,
the particles should be negatively charged,
and hence, individually dispersed and per-
fectly stable as illustrated in Figure 1D and
confirmed by {-potential measurements
(Figure 2C, D). At pH values close to the pI,
the particles do not bear a significant sur-
face charge and the electrostatic repulsions
between the NPs are thus not high enough
to counteract the attractive forces, com-
prising van der Waals forces and the hydro-
phobic interactions between the non-polar
side groups of the proteins, which ultimately
results into aggregation and precipitation of
the particles.”® The point of zero charge of
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the Au@BSA NPs lies between pH 4 and 5,
similar to the pI for pure BSA. Both UV-vis—
NIR and {-potential data are consistent with
this value (Figure 1B, C and Figure 2C, D).
As described above, upon decreasing the
- pH from 10 down to 2, the color of the Au@

520
2 5105 2 510

pH

BSA NPs changes from red to purple/violet
and then back to red. However, in the acidic
pH range, ie., pH < 3.5, the LSPR band

pH > pl

does not regain its shape completely and
becomes slightly broader (Figure 1B) with
the maximum around 528 nm (Figure 1C
and 1C inset), indicating an incomplete dis-
aggregation of the NPs to a minor degree.
At high pH values, the surface charge of the
Au@BSA NPs lies around -50 mV, implying

Figure 1. Reversible pH-responsive behavior of BSA coated NPs. A) Representative photo-
graph of AuT5@BSA NP-dispersions at different pH. The pH values are displayed on the vials.
B) UV—vis—NIR spectra of AulS@BSA NPs at pH = 1.5, 2.5, 3, 3.5, 4, 4.5, 4.8, 5,5.5,6, 7.4, 9,
9.5 and 10. The NPs are colloidally stable at pH<pl>pH and aggregate at pH ~ pl, resulting
in color change from deep red to purple (A) and a redshift of the LSPR band of around 30 nm
(B and C). The pH-induced aggregation is completely reversible and can be repeated multiple
times (C inset). D) Schematic illustration of the pH dependent charge inversion of the Au@
BSA NPs from positive at pH<pl over neutral at pH = pl to negative at pH>pl. The pl of pure

BSA is around 4.6-4.9.133:48]

which changed from red (pH > 7, Figure 1B) to violet/purple at
pH ~5 (Figure 1B). The LSPR band of the NPs became broader
and shifted to higher wavelengths with a total redshift of
~ 30 nm (Figure 1B, C). Upon increasing or decreasing the pH
away from the pI, the particles disaggregated again and the color
of the dispersions changed back to red (Figure 1A). Accordingly,
the LSPR band regained its original shape and position with
a maximum around 525 nm, indicating disaggregation of the
NPs (Figure 1C, D). The pH-induced aggregation of the Au@
BSA NPs is completely reversible and can be repeated multiple
times, without having any effect on the colloidal stability of the
NPs (Figure 1C inset).

At pH values close to the pI of a protein, the protein is usu-
ally less soluble in water. The solubility of proteins increases by
decreasing or increasing the pH, due to the increased positive
or negative net charge, respectively.?’! Therefore, at pH values
below the plggs, the Au@BSA NPs are expected to be positively
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high electrostatic repulsion between the NPs
(Figure 2C, D). Moving toward low pH values,
the surface charge of the NPs is inverted
from negative to positive, with a C-potential
around +20 mV at pH ~ 2 (Figure 2C, D).
The relatively low surface charge at acidic pH
could be the reason behind this incomplete
disaggregation. Although a net charge of
30 mV is commonly accepted as the colloidal
stability threshold for charged colloids,* the
Au@BSA NPs still reveal a high colloidal sta-
bility under such acidic conditions, which is in contrast to our
previously reported Au@insulin NPs.'!l Au@insulin NPs also
revealed a pH-responsive behavior, however they did not show a
U-shaped dispersibility profile, as in the case of Au@BSA NPs.
Moving from pH 10 to pH 2, Au@insulin NPs consistently
aggregated, changing their color from red (pH > 7) to grey/
blue at acidic pH and finally, precipitated. This variation in the
pH-responsive behavior and stability under acidic conditions
of the two protein-capped NPs (Au@BSA and Au@insulin)
is likely related to the difference in molecular weights of the
two proteins and therefore, to the additional steric stabilization
stemming from the large BSA molecules,**l as compared to the
relatively very small insulin molecules.

Although proteins are highly sensitive to elevated tempera-
tures and undergo denaturation and gelation,””**] Au@BSA
NPs did not exhibit any of such behaviors. Denaturation is the
process when proteins lose their 3-D tertiary structure due to the
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and B). The pI (or the point of zero charge)

— AUGD@BSA of the Au@BSA-Ini NPs shifted slightly
AuB0@BSA-INI :
— auso@Bsa@Meoss toward lower pH values and the {-potential of

the NPs did not exceed +5 mV under acidic
conditions, in contrast to the Au@BSA NPs,
indicating the consumption of the amine
groups of the protein, as a result of the initi-
ator-coupling (Figure 2C and D).
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In the final step, thermosensitive polymer
brushes, consisting of random copolymers
of MEO,MA and OEGMA, (poly(MEO,MAx-
c0-OEGMA100-x)), were “grafted from” the
protein layer of the particles via SI-ATRP.
These non-ionic polymers are biocompatible,
as a result of the presence of ethylene glycol
units on their side chains, but also thermo-
. sensitive, with an LCST that can be easily
AR 4 e tuned by varying the molar ratio between

12345678 09101112

Figure 2. Characterization of 15 nm and 60 nm BSA-coated gold NPs grafted with the
polymer brush of poly(MEO,MA85-co-OEGMATS5) after each reaction step according to Scheme
1. UV-vis-NIR spectra of AuT5@BSA@MEO85 (A) and Au60@BSA@MEOS85 (B) with their
respective {-potential profiles (C and D). The solid lines in (C) and (D) are the sigmoidal fits

(Boltzmann) of the respective {-potential profiles

conformational changes induced by extreme conditions such
as high temperatures, whereas gelation is the process of pro-
tein coagulation/aggregation due to the increased inter-protein
interactions under similar conditions. Proteins generally lose
their tertiary structure when they adsorb on surfaces, and there-
fore BSA is already expected to be denaturated.’® Furthermore,
for gelation a certain protein concentration is required, usually
¢ > 5% w/w,?’l which is not the case for protein-coated NPs.
Therefore, both effects are supposed to play a negligible role for
BSA-coated NPs and one should expect no temperature effect
or at least to a minor degree. In fact, the Au@BSA NPs did
not aggregate even when heated to 80 °C (see Figure S2 in SI).
Therefore, in order to confer a switchable thermo-responsive
behavior to the protein-coated NPs, a thermosensitive polymer
brush was grafted on top of the protein layer. For this, first an
ATRP-initiator (2-bromo-2-methyl iso-propylic acid bromide)
was covalently attached on the BSA-coated
NPs to the available amine groups of the pro-
tein, mainly the e-amine groups of L-lysine,
via an amide bond, as illustrated in Scheme 1.
It is worth noting that the protein-coated
NPs exhibit extremely high colloidal stability
and further functionalization reactions, even
under harsh conditions, do not affect the sta-
bility and the quality of the nanoparticles. The
quality of the resulting Au@BSA-Ini NPs was
monitored by UV -vis-NIR spectroscopy. No
shift in the LSPR band of the Au@BSA-Ini
NPs (both 15 and 60 nm NPs) was observed,
as compared to Au@BSA, revealing that no
aggregation occurred during the coupling
reaction of the ATRP-initiator (Figure 2A

12345678 9101112
pH pH
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the two monomers.['>>1 We grafted polymer
brushes of MEO,MA and OEGMA in a
molar ratio of 85:15, (poly(MEO,MA85-co-
OEGMAT15)), because this polymer exhibits
an LCST of 42 °C in pure water at neutral
pH, but of 37-38 °C, i.e. close to the body
temperature, at physiological conditions (pH
7.4, ionic strength (I)= 0.15 mol/L). ATRP
was conducted for 1-2 h in aqueous and in
semi-aqueous mixtures (H,O/DMF (1:1 v/v)) using Cu(I)Br/
PMDETA as catalyst (see Experimental Section), in a high
excess of the monomers. However, the semi-aqueous approach
afforded higher reproducibility of the product, due to the better
solubility of the monomers, higher stability of the catalyst in
the H,O/DMF mixture and more importantly, less coagula-
tion of the NPs during the polymerization. The resulting NPs
(Aul5@BSA-MEOMAS5 and Au60@BSA-MEOMASS) were
characterized by UV-vis-NIR spectroscopy, {-potential measure-
ments (Figure 2) and TEM (Figure 3). UV-vis-NIR spectroscopy
revealed no significant shift in the LSPR band, again confirming
that no particle aggregation occurred during the polymerization
reaction (Figure 2A, B). TEM revealed individual particles with
a dry organic layer of 3-4 nm in average, as shown in Figure 3A
and B. The {-potential measurements revealed a similar pH
profile to that of Au@BSA-Ini NPs, with {-potential values not

Figure 3. Transmission electron microscopy images of BSA-coated gold NPs grafted with the
polymer brush of poly(MEO,MA85-co-OEGMAT15). A) Aul5@BSA@MEO85 NPs. The scale
bar represents 100 nm for the image and 20 nm for the inset. B) Aub0@BSA@MEO85 NPs.
The scale bar represents 200 nm for the image and 50 nm for the inset.

Adv. Funct. Mater. 2012, 22, 1436-1444
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pH > pI(BSA)
T > LCST(Polymer)

pH < pI(BSA)
T > LCST(Polymer)

Scheme 2. pH-Dependent thermo-responsive behavior of BSA-coated gold NPs grafted with
of poly(MEO,MA85-co-OEGMAT15) polymer brush. At pH > pl(BSA) the NPs are negatively
charged (A and C) and at pH < pl(BSA) the NPs bear nearly no net charge (B and D). At
T < LCST (A and B), the polymer brush is hydrophilic and stretched, conferring steric stability
to the NPs. At T > LCST (C and D) the polymer brush is collapsed. At T > LCST and pH > pl
(C), the NPs do not aggregate due to the electrostatic stabilization stemming from the protein
layer, whereas at pH < pl (D) the NPs aggregate due to the lack of electrostatic repulsion and
increased hydrophobic interactions.

exceeding 0 mV, again in contrast with the

Au@BSA NPs (Figure 2C, D). A 2.0 :g:; o gorc
The Au@protein-g-polymer NPs of both 3 16— PH=10;RTrev

sizes, Aul5@BSA-MEOMAS85 and Au60@ S8,

BSA-MEOMAS5 were expected to exhibit a & 1.2

pH-dependent thermosensitive behavior as § 08

illustrated in Scheme 2. Therefore, the effect §

of pH on the thermal response of both sys- 2 0.4

tems was examined by adjusting the pH of the
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LCST and pH < pl, where the protein layer
bears a negligible net charge, the NPs are
also stable, since the polymer brush layer pre-
vents the NPs from aggregating (Scheme 2B).
The particle dispersions still reveal red color
with LSPR maxima of 525 nm or 540 nm
respectively (Figure 4B,D). Above the LCST
(60 °C), the polymer brush layer undergoes a
hydrophilic/hydrophobic phase transition and
collapses, as illustrated in Scheme 2C,D. How-
ever, at high pH values (pH 10), the NPs par-
ticles do not aggregate, which was confirmed
by the red color and the LSPR wavelength of
the dispersions (Figure 4A, C). In addition to
this, dynamic light scattering (DLS) measure-
ments (Figure 5) performed at different tem-
peratures revealed that the average particle
size even decreases slightly when increasing
temperature, due to the collapse of the pol-
ymer brush layer (Figure 5, blue dots, see
also the insets). Under these conditions, the
stability arises from the protein layer, which is
negatively charged, so that electrostatic repul-
sions still dominate (Scheme 2C). On the
contrary, at low pH values (pH 2.5), where the
protein layer bears no net charge (or low net
charge, i.e. below +30 mV) and thus electro-
static repulsions are very weak, the particles
do have the chance to come closer to each
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rience both electrostatic repulsion from the
protein layer and steric repulsion from the
(swollen) polymer brush layer (Scheme 2A).
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The particle dispersions were indeed found
to be red, with the LSPR band centered at
525 nm for the Aul5@BSA-MEOMAS5 NPs
and at 540 nm for the Au60 @BSA-MEOMAS85
NPs, indicating the presence of well separated
NPs (Figure 4A,C). At temperatures below the
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Figure 4. pH-dependent thermo-responsive behavior of 15 nm and 60 nm BSA-coated gold NPs
grafted with poly(MEO,;MA85-co-OEGMAT15) polymer brush. UV—vis—NIR spectra and photo-
graphs of Au15@BSA@MEO85 (A and B) and Au60@BSA@MEOS85 (C and D) at T << LCST
(RT) and T>> LCST (60 °C) at pH 10 (A and C) and 2.5 (B and D). At high pH the NPs are nega-
tively charged and do not aggregate upon heating, whereas at low pH, the net surface charge
is close to zero and reversible aggregation is observed at high temperature (above LCST). The
process is completely reversible and can be repeated multiple times (graph insets in B and D).
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Figure 5. Average particle size (determined by DLS) of AulS@BSA@
MEO85 (A) and Au60@BSA@MEOSS (B) as a function of temperature
at pH below (pH 2.5) and above (pH 10) the pl of BSA, both in pure water
and in 150 mm NaCl solution. The insets show a zoom for the range of
small sizes.

other, which results into particle aggregation, due to the hydro-
phobic interactions between the polymer layers (Scheme 2D).
Such aggregation can be visually observed through the color
change due to LSPR coupling between NPs within the formed
clusters (Figure 4B,D). As expected, the particles start aggre-
gating at temperatures close to 42 °C in water, as confirmed
by DLS (Figure 5, black dots). The dispersions become purple-
blue in the case of 15 nm particles (Figure 4B image inset) and
light grey in the case of 60 nm particles (Figure 4D image inset).
The temperature-induced aggregation of the particles was com-
pletely reversible and could be repeated multiple times, without
affecting the stability of the NPs (Figure 4B,D and the respective
graph insets). However, at high ionic strength, both Au@15@
BSA-MEOMAS85 and Au60@BSA-MEOMAS85 NPs aggregate
when the temperature is increased, even at high pH values
(Figure 5). Indeed, the electrolytes screen the electric double
layer around the NPs, thus decreasing the electrostatic repul-
sions and facilitating particle aggregation. Additionally, the LCST
of the polymers decreases in the presence of salt and therefore

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the NPs are found to aggregate at lower temperatures.'”! At pH
2.5, aggregation was observed around 40.5 °C in the absence
of salt, but around 36.5 °C under physiological conditions
(150 mm NacCl). At pH 10, the aggregation temperature was sim-
ilarly around 37-38 °C, i.e. body temperature, at physiological
salt concentration (Figure SA, B).

3. Conclusions

In conclusion, we present a simple method for the synthesis of
dual-responsive gold NPs, by grafting thermosensitive polymer
brushes on protein-capped gold nanoparticles via SI-ATRP. The
method can be used for spherical gold NPs of different size and
surface chemistry (i.e., different stabilizing agents, namely citrate
and CTAB) and thus we expect that it can be extended to other
morphologies and compositions. In the examples shown here,
the protein (BSA) imparted pH-sensitivity and extremely high
colloidal stability to the NPs, but also a huge variety of chemical
functionalities available for further modification of the particles,
while the polymer brushes (poly(MEO,MA85-OEGMA15)) pro-
vide thermal sensitivity, displaying an LCST of 42 °C in pure
water and around 37 °C under physiological conditions. Thus,
the protein-coated nanoparticles grafted with thermosensitive
polymers exhibit an overall pH-dependent thermal sensitivity,
with reversible aggregation (and optical changes) restricted to
low pH values (below pI of the BSA), under salt-free conditions.
Hence, Au@BSA-g-Poly(MEO,MA-co-OEGMA) NPs represent a
smart stimuli-responsive system, based on plasmonic particles
coated with protein-polymer conjugates.

4. Experimental Section

Chemicals: Bovine serum albumin (BSA), poly(ethylene glycol)
methylether ~ methacrylate ~ (OEGMA),  2-(2-methoxyethoxy)ethyl
methacrylate (MEO,MA), copper(l) bromide, 2-bromo-2-methyl iso-
propylic acid bromide (ATRP-Initiator), HAuCl,-3H,0, trisodium citrate
dihydrate and N,N,N’,N”,N”-Pentamethyldiethylenetriamine (PMDETA),
N,N-dimethylformamide, methanol, glacial acetic acid, sodium
carbonate and sodium hydroxide (pellets) were supplied by Sigma
Aldrich. Hydrochloric acid (37%) and nitric acid (65%) were supplied
by Panreac Life Sciences. Copper(l)bromide was washed multiple times
with glacial acetic acid, followed by ethanol, and finally vacuum dried
before use. All other reactants were used without further purification. All
reaction vessels were washed with aqua regia before use.

Particle Synthesis: 15 nm citrate-capped gold NPs (Aul5@citrate,
0.5 mm Au®) were prepared by the citrate reduction method."*4 Briefly, 12 mL of
a pre-warmed sodium citrate solution (1 wt%) was added to a boiling 238 mL
HAuCl, solution ([HAuCl,] = 0.525 mwm) and boiled for about 10 minutes
until the color changed to red. The particles with a diameter of 60 nm were
synthesized through a seeded growth method, based on the reduction
of HAuCl, with ascorbic acid in the presence of pre-synthesized Aul5@
citrate NPs in a 15 mm CTAB solution.*! For this, first 1.16 mL of 15 nm
NPs seed solution was mixed with the same volume of 30 mM CTAB
solution. Then, to a mixture of 250 mL HAuCl,/CTAB solution ([HAuCl,] =
0.25 mw, [CTAB] = 15 mm), 250 puL of a 0.5 m ascorbic acid was added
followed by the addition pre-prepared seed solution (final [Au%] = 2.31 pwm).
The mixture was stirred at 35 °C for 24 hours. Prior to further usage, the
spherical Aue0@CTAB particles were separated from the non-spherical
ones via CTAB assisted purification method.*!

Synthesis of BSA-Coated Gold NPs: 15 nm BSA-coated gold NPs (Au15@
BSA NPs) were synthesized by simply adding BSA/citrate solution (0.1%
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citrate, pH = 7) to the as-prepared Aul5@citrate NP dispersions (0.5 mM
Au®) at room temperature, giving a final BSA concentration of 0.1 mg/mL.
After a stirring time of 24 hours, the particles were purified and concentrated
(5-10 mm Au® by several centrifugation/redispersion cycles (8500 g,
80 min) and stored at pH 8-9 at room temperature. It is worth noting that
the Au15@BSA dispersions can also be concentrated to very high particle
concentrations such as 50-100 mm Au®, simply by centrifugation.

For the synthesis of Aub0@BSA NPs, the NP concentration of Au60@
CTAB was adjusted, having 0.5 mm Au and ~ Tmwm CTAB. Then the particle
dispersion was rapidly mixed with an equal volume of a BSA/citrate
solution (0.1% citrate, pH = 7) giving a final BSA concentration of 1 mg/
mL and centrifuged immediately at 3500 g till all particles sedimented.
The supernatant was replaced with a basic BSA/citrate solution (1 mg/mL
BSA, 0.1% citrate, pH = 9-10) and the mixture was shaken for
24 hours. The resulting particles were purified and concentrated (5-10 mm
Au) by several centrifugation/redispersion cycles (3500 g, 30min) and
stored at pH 8-9 at room temperature.

Synthesis of ATRP-Initiator-Functionalized Au@BSA NPs (Aul5@
BSA-Ini and Au60@ BSA-Ini): The coupling reaction of the ATRP-Initiator,
2-bromo-2-methyl iso-propylic acid bromide, with the BSA-coated gold
NPs was carried out in 0.15 m sodium carbonate buffered (~pH 9)
aqueous dispersions of Au@BSA NPs. For this, 75 UL 2-bromoisobutyryl
bromide was dissolved in 500 yL DMF and added dropwise to 15 mL
Au@BSA dispersion ([Aul5@BSA] = 8 x 107* m Au® that corresponds
to ~ 6.9 x 1071% m particles and [Au60@BSA] = 1.5 x 107* m Au® that
corresponds to ~2.8 x 1072 m particles). The solution was stirred at
room temperature for 24 hours and washed 3 times by centrifugation
(d=15:8500 g, 80 min; d = 60 nm: 3500 g, 30 min)

Grafting of poly(MEO,MA85-co-OEGMA15) on Au@BSA-Ini NPs
via SI-ATRP: For the polymerization, 10 mL particle solution ([Aul5@
BSA] = 4 x 107 m AuC that corresponds to ~ 3.4 x 107'° m particles
and [Au60@BSA] = 3 x 10™* m AuC that corresponds to ~5.6 x 1072
M particles) was diluted with 10 mL DMF. Then 3.4 mL MEO,MA
(3.4 mmol) and 1.4 mL OEGMA (0.6 mmol, ratio MEO,MA/OEGMA
85/15) were added and the pH set to 9. Please note that the pH adjustment
at this step is a very slow process. While adding base to the mixture,
the pH increases rapidly and then decreases with time. Therefore, it is
recommended to wait (at least 20 min) until the pH is constant, to avoid
particle aggregation during the polymerization. The particle solution was
then degassed under vacuum for 20 min before degassing for another
20 min under argon flow. In the meantime, 27 pL PMDETA was added
to 1.5 mL of previously degassed methanol and again degassed under
Argon for another 20 min. Then 3.1 mg CuBr was added and after the
solution got slightly green to bluish, an amount of 0.6 mL was added
to the particle solution. The polymerization was carried out for 1 h
(2 hours for the 60 nm Au NPs), and aborted by exposing the mixture
to air. The particles were purified by 4-fold centrifugation (ford =15 nm:
8500 g, t = 80 min; for d = 60 nm: 3500 g, t = 30 min).

Characterization: Transmission electron microscopy (TEM) was
carried out with a JEOL JEM 1010 transmission electron microscope
operating at an acceleration voltage of 100 kV. UV—vis-NIR spectra were
measured with a Cary 5000 UV-vis-NIR spectrophotometer. {-potential
values were determined through electrophoretic mobility measurements
using a Malvern Zetasizer Nano ZS Zen3600 by taking the average of
five measurements, each consisting of at least 50 runs. Temperature
dependent dynamic light scattering (DLS) measurements were also
peformed on a Malvern Zetasizer Nano ZS, by taking the average of
5 measurements of 15 runs each for each temperature. The temperature
intervals were of 0.5 °C and temperature equilibration time of
10 minutes. pH measurements were performed with Crison Micro
pH-2000 pH-meter. Photographs were recorded with a Sony DSC-W350
digital camera.
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