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ABSTRACT: It is important to effectively maintain and
modulate the bioactivity of protein-nanoparticle conjugates for
their further and intensive applications. The strategies of
controlling protein activity via “tailor-made surfaces” still have
some limitations, such as the difficulties in further modulation
of the bioactivity and the proteolysis by some proteases. Thus,
it is essential to establish a responsive protein-nanoparticle
conjugate system to realize not only controllable modulations
of protein activity in the conjugates by incorporating sensitivity
to environmental cues but also high resistance to proteases. In
the work reported here, Escherichia coli (E. coli) inorganic
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pyrophosphatase (PPase) and poly(N-isopropylacrylamide) (pNIPAM) were both fabricated onto gold nanoparticles (AuNPs),
forming AuNP-PPase-pNIPAM conjugates. The bioactivity-modulating capability of the conjugates with changes in temperature
was systematically investigated by varying the molecular weight of pNIPAM, the PPase/pNIPAM molar ratio on AuNP, and the
orientation of the proteins. Under proper conditions, the activity of the conjugate at 45 °C was approximately 270% of that at 25
°C. In the presence of trypsin digestion, much less conjugate activity than protein activity was lost. These findings indicate that
the fabrication of AuNP-protein-pNIPAM conjugates can both modulate protein activity on a large scale and show much higher
resistance to protease digestion, exhibiting great potential in targeted delivery, controllable biocatalysis, and molecular/cellular

recognition.
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1. INTRODUCTION

Conjugation of proteins to nanoparticles allows for the
stabilization of nanoparticles and enables the introduction of
biologically active functionalities on nanomaterials." Protein-
nanoparticle conjugates possess great potential in many areas of
bionanotechnology, including biocatalysis, drug delivery,
biosensors, and l:uioimaging.z_6 In the protein—nanoparticle
conjugate system, gold nanoparticles (AuNPs) are one of the
most commonly utilized nanomaterials for protein conjugation
due to their large surface-to-volume ratio, easily modified
surface, good biocompatibility, and high protein loading.”

The effectiveness of the conjugates depends on the activity of
the conjugated protein.® However, when a protein is conjugated
to a AuNP by either covalent interaction or nonspecific
binding, it undergoes some loss of activity in most cases.” Thus,
to effectively maintain and modulate the bioactivity of the
proteins in the conjugates is important for their biomedical
applications. Factors that affect protein activity in the
conjugates are various and complex, including the orientation
and surface density of proteins on AuNPs and the surface
curvature of the nanoparticles.'”'" Protein activity can be
modulated by changing these factors. Protein orientation
directly affects the entrance to the substrate channel or
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interferes with the diffusion of substrates to the active site,
leading to more or less loss of activity.''® Protein surface
density affects lateral protein—protein interactions, steric
hindrance, and the conformational structure of proteins,
thereby modulating protein activity,l“’15 and the surface
curvature directly affects the conformational structure of
proteins to modulate their activity.'®'” Many strategies for
modulation of protein activity have been proposed, based on
changing the above factors.” Although all the reported strategies
can modulate protein activity to some extent, there still exist
some limitations. First, in these strategies, protein—nanog)article
conjugates are fabricated by “tailor-made surfaces.”'® Once
protein—nanoparticle conjugates are prepared, the bioactivity of
protein in the conjugates is difficult to further modulate.
Second, proteins located on the outside of the conjugates are
mostly exposed to the environment, leading to easy proteolysis
by proteases. Therefore, it is essential to establish a new
protein—nanoparticle conjugate system to realize not only
controllable modulation of protein activity in the conjugates, by
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incorporating sensitivity to environmental cues, but also higher
resistance of proteins to negative factors in the physiological
environment, such as proteases.

Stimuli-responsive nanoparticle systems can incorporate
sensitivity to a variety of environmental factors (such as
temperature, pH and light).'®~>° pNIPAM has been commonly
used as a temperature-responsive material in many fields due to
its ability to undergo a reversible lower critical solution
temperature (LCST) phase transition from a swollen, hydrated
state to a shrunken, hydrophobic state.*"*> pNIPAM and its
derivatives have been increasingly used in fabrication of
bionanomaterials.”*** Mirkin’s group reported DNA and
pNIPAM coassembled onto AuNPs.>> The DNA sequences
could be reversibly hidden or exposed from the polymer surface
in response to temperature changes, thereby translating the
temperature trigger to the “on—off switching” of the surface
chemistry and function. Salmaso’s group reported that thiolated
folic acid and pNIPAM were cobound on AuNPs when they
used a thermoresponsive polymer to mask and display bioactive
ligands for selective tumor cell targeting,*®

Proteins are biomolecules with the most complex functions
and provide the ultimate complexity in three-dimensional
structures at the nanoscale. They can have well-defined
recognition properties for a wide range of molecules including
small molecules, DNA, peptides, and other proteins, and
operate as enzymes on substrates."® Thus, AuNP—protein—
pNIPAM conjugates are considered to have great potential in
many fields. On one hand, the conjugated proteins can be
sterically shielded by hydrated pNIPAM chains and be
undisturbed below the LCST; on the other hand, above the
LCST, the collapses of pNIPAM chains lead to the gradual
exposure of protein active sites on the surface and thus the
modulation of protein activity.

In the present work, AuNPs modified with pNIPAM and
PPase were fabricated to demonstrate thermally responsive
controllable modulation of protein activity. The bioactivity-
modulating capability of the conjugates as temperature changed
was systematically investigated by varying the molecular weight
of pNIPAM, the PPase/pNIPAM molar ratio on AuNP, and
the orientation of proteins.

2. MATERIALS AND METHODS

N-Isopropylacrylamide (NIPAM, Acros, 99%) was recrystallized from
a toluene/hexane solution (50%, v/v) and dried under vacuum prior to
use. 2,2'-Azoisobutyronitrile (AIBN) from Shanghai Qiangshun
Chemical Reagent Co. was recrystallized from ethanol solution and
dried under vacuum prior to use. N-Hydroxysulfosuccinimide sodium
salt and N-(3-(dimethylamino)propyl)-N'-ethylcarbodiimide hydro-
chloride were purchased from Aladdin Industrial Co. (Shanghai,
China). Hydrogen tetrachloroaurate hydrate (HAuCl,-4H,0) was
purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
Sodium citrate tribasic dehydrates and fluoresceinamine were supplied
by Sigma-Aldrich Co. (USA). DNA polymerase (PrimeStar HS),
restriction endonucleases, and T, DNA ligase were purchased from
Takara Biotechnology Co. Oligonucleotides used as the PCR primers
were synthesized at Sangon Biotech (Shanghai) Co. Ltd. p-
Chloromercuribenzoate and cysteine were purchased from Sangon
Biotech (Shanghai) Co. All aqueous solutions were prepared in 18.2
MQ-cm purified water from a Milli-Q water purification system
(Millipore, Bedford, MA, USA).

Generation of Mutant-Type PPase. Mutant-type PPases (OB1
and OB2) were generated as previously described.”” Briefly, site-
specific mutants were performed for clonin§ the mutant ppa gene
according to the megaprimer PCR method.™ The forward flanking
primer sequence used in the megaprimer PCR was §'-

CGCAAGCTTTTATTTATTCTTTGCGCGCTC-3’, and the re-
verse flanking primer sequence was 5'-CGCGGATCCAGCTTACT-
CAACGTCCCT-3'. The primer for OB1 used to create the K148C-
PPase was §'- CCTCGAAAAAGGCIGCTGGGTGAAAGTT-
GAAGG-3'. The primer for OB2 used to create the N124C-PPase
was 5'- CACATTAAAGACGTTTGCGATCTGCCTGAACTGC-3’
(nucleotides that represent mutations are underlined). The mega-
primer PCR products were digested with BamHI and HindIII and then
ligated to the BamHI—HindIII site of the pQE30 vector. The plasmids
were transformed into E. coli XL1-Blue for protein expression. The E.
coli XL1-Blue cells expressing the mutants and the wild-type PPase
(RB) were cultured in liquid LB medium for further IPTG incubation.
The cells were pelleted by centrifugation, and then the obtained cell
precipitates were disrupted with lysozyme and sonicated to obtain
supernatants for further purification by Ni-NTA Sepharose resin
(Shanghai Sangon Biotech Co., Ltd., China). The mutants were then
purified and concentrated using centrifuge filters (Amicon Ultra). The
purity of the proteins was verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, 4% stacking gel, 12%
separating gel).

Preparation of Citrate-Protected AuNPs. The citrate-protected
AuNPs were prepared as the reported procedure.”” In a 250 mL
round-bottom flask equipped with a condenser, double-distilled water
(100 mL) and HAuCl, (12 mM, 516 uL) were added. After the
solution reached boiling temperature, sodium citrate (10% w/v, 4.4
mL) was added rapidly with vigorous stirring, resulting in the color
changing from pale yellow to burgundy. Boiling was continued for
another 10 min, and stirring was continued until the mixture cooled to
room temperature. It should be noted that all glassware used for the
preparation of AuNPs was cleaned with aqua regia solution (HCl/
HNO;, = 3:1, v/v) and rinsed thoroughly with double-distilled water
prior to use.

Synthesis of a-Thiol pNIPAM. The pNIPAM was prepared via
reversible addition—fragmentation chain transfer (RAFT) polymer-
ization using 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
(CPTP) as the chain transfer agent (CTA) as described.®® First,
1.13 g of NIPAM purified by n-hexane, mixed with 28 mg of CPTP
and 3.3 mg of AIBN, was dissolved in S mL of DMF in a glass round-
bottom flask. The solution was purified by nitrogen for 30 min and
then transferred into a glovebox. The reaction was carried out at 60 °C
for 24 h. The polymer was purified using dialysis tubing (molecular
weight cutoff (MWCO) = 3.5 kDa) and dialyzed for 12 h against
water. The purified polymer was then lyophilized. Next, 0.1 g of
pNIPAM (M,, = 10000 g/mol by GPC, PDI = 1.17) was dissolved in
2 mL of acetonitrile in a glass round-bottom flask. Then, 0.1 mL of
ethanolamine was added dropwise into the solution under stirring. The
reaction was carried out for 4 h, and the mixture was dialyzed against
water for 12 h and then lyophilized. The polymer was analyzed by
DMF GPC and NMR in deuteroxide.

Synthesis of a-Thiol w-Fluorescein pNIPAM. The pNIPAM
was first modified to be thiopyridine-protected pNIPAM as reported.*®
Seventy-five milligrams of pNIPAM with thiol group (M,, = 10 000 g/
mol, PDI = 1.17) and 16.52 mg of 2,2’-dithiodipyridine were dissolved
in 4 mL ethanol. After stirring for 3 h, the solution was transferred to
presoaked dialysis tubing (MWCO = 3.5 kDa) and dialyzed overnight
against 80% ethanol/water (v/v), and then against double-deionized
water for another 24 h. The polymer was lyophilized. Fifteen
milligrams of thiopyridine-protected w-COOH pNIPAM (M, =
10000 g/mol by GPC, PDI = 1.17) was dissolved in S mL of double
deionized water, mixed with 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDCI, 0.1 M), N-hydroxysulfosuccinimide sodium salt
(20 mM) and 6.5 mg of fluoresceinamine. Then, the pH of the
solution was adjusted to 8.0 using aliquots of 5 L of saturated sodium
bicarbonate solution. The reaction was carried out at 0 °C for 4 h with
stirring. The polymer was then dialyzed (MWCO = 3.5 kDa) against
300 mM NaCl solution for 24 h and for another 2 days against PBS
(pH 74). The polymer was lyophilized overnight. Then, S mg of a-
thiol w-fluorescein pNIPAM was treated with 250 uL of 100 mM
dithiothreitol (DTT) in SO mM pH 8.0 phosphate buffer for 1 h.
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Scheme 1. Synthesis of a-Thiol ®-Fluorescein pNIPAM
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Thereafter, the polymer was dialyzed (MWCO = 3.5 kDa) against
double-deionized water for 15 min and then lyophilized overnight.

Conjugation of PPase (RB, OB1, and OB2) and pNIPAM onto
the AuNPs. The solution of prepared AuNPs was added to 500 uL of
PPase (RB, OB1 and OB2) in double-distilled water and incubated for
12 h at room temperature, ensuring that CPPase =0.02 mM and
CPPase/CAuNPs = 60/1—340/1. In order to protect the activity of
PPase from pollution, the Eppendorf (EP) tubes used in the
experiments must be sterilized and the conjugation must be conducted
in a sterile environment. The pNIPAM was added in the mixture and
incubated for another 24 h, ensuring that CpNIPAM/CAuNPs = 200/
1. For removal of excess PPase and pNIPAM, PPase and pNIPAM-
coated AuNPs were centrifuged at 12000 g on an Eppendorf
centrifuge S810R for 25 min and rinsed four times. The AuNP-PPase-
pNIPAM conjugates were separated from supernatant and redissolved
in 500 uL of double distilled water.

Characterization of AuNP-PPase-pNIPAM Conjugates. The
surface morphology of AuNPs and AuNP-PPase-pNIPAM conjugates
was investigated by transmission electron microscopy (TEM) (G-200,
Hitachi, Tokyo, Japan). Size analysis was performed by dynamic light
scattering (DLS) using a Zetasizer Nano-ZS90 zeta potential analyzer
(Malvern Instrument Ltd. UK) at 25 and 45 °C. AuNP-PPase-
pNIPAM binding was analyzed by spectrophotometry (Varioskan
Flash, Thermo Scientific, USA).

PPase Activity Assay. The activity of the PPase and AuNP-PPase-
pNIPAM was assayed as described.® Enzymatic hydrolysis was
performed at 25 and 45 °C for 10 min in 50 mM Tris-HCl buffer (pH
8.0) including S pg/mL PPase, SO mM MgCl,, and 2 mM PPi. The
reaction (Vo = 100 uL) was terminated by the addition of 10 uL 0.4
M citric acid. Then, 800 uL. AAM solution (acetone, 2.5 M sulfuric
acid and 10 mM ammonium molybdate in 2:1:1 volume proportion)
was added to the tubes. The contents were mixed, and then 80 4L 1 M
citric acid was added. The color change of the mixed solution was
measured with a spectrophotometer at 355 nm. The protein
concentration was measured by the Bradford method®' with bovine
serum albumin (BSA) as the protein standard. The activity of native
PPase (control) was taken to be 100%. From this value, the relative
activity of AuNP-PPase-pNIPAM conjugates was calculated.

11549

Quantifying PPase/pNIPAM Molar Ratio. AuNPs were first
bound to PPase and then to fluorescein-pNIPAM, which is identical to
that of nonfluorescein-pNIPAM AuNPs. After centrifuging and rinsing
four times, the supernatant containing excessive PPase and fluorescein-
pNIPAM was collected and analyzed by visible and fluorescence
spectroscopy. Optical absorbance at 595 nm was measured, and the
values were compared to a standard curve of known BSA
concentrations, from which the amount of excessive PPase in the
supernatant was calculated. Similarly, the fluorescence of the
supernatant was determined (excitation, 321 nm; emission, 523 nm)
and compared to a standard curve of known fluorescein-pNIPAM
concentrations. Assuming that PPase and fluorescein-pNIPAM were
either free in solution or bound to the AuNP surface, the amount of
PPase and pNIPAM bound on AuNPs was calculated by subtracting
the excessive PPase and fluorescein-pNIPAM from the known feed
amount.”®

Stability to Trypsin Digestion of the Native PPase and the
Conjugates. To measure the stability of proteins to proteolysis,
samples of native PPase and the conjugates (0.01 mM) were incubated
in with trypsin in 0.1 M phosphate buffer (pH 7.4) at 25 and 45 °C
(molar ratio of sample/trypsin = 10/1). Aliquots were taken at various
time intervals and assayed for enzymatic activity as above.

3. RESULTS AND DISCUSSION

Synthesis of «-Thiol w-Fluorescein pNIPAM. To
prepare AuNP-PPase-pNIPAM conjugates, thiol-terminated
pNIPAM was first synthesized by RAFT polymerization. o-
COOH pNIPAM was polymerized by NIPAM with CPTP
using AIBN as an initiator (Scheme 1). The M,, of @-COOH
pNIPAM were calculated to be S kDa, 10 kDa, 20 kDa and 40
kDa (Table S1 in the Supporting Information), respectively. To
prepare thiol-terminated pNIPAM (a-thiol pNIPAM), the
thiolester was reduced to a thiol group with ethanol amine via
an aminolysis reaction. The degree of thiol modification was
almost 100%, as determined from NMR (Figure S1 in the
Supporting Information). The a-thiol ®-COOH pNIPAM was
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protected using 2,2'-dithiodipyridine at the a-thiol position.
The a-pyridine disulfide w-fluorescein pNIPAM was prepared
by conjugating pNIPAM-COOH and fluoresceinamine via
NHS chemistry and carbodiimide chemistry, which was
reduced by DTT to prepare the a-thiol @-fluorescein pNIPAM.

Characterization of the AuNP-PPase-pNIPAM Con-
jugates. AuNP-PPase conjugates were prepared with the feed
molar ratio of PPase: AuNP of 100:1, resulting in the
immobilized amount of PPase per AuNP about 58. Since
PPase bound with AuNPs randomly via Au—S bond at the
above ratio, there remained much free space on the surface of
the conjugates,® which allowed further modifications of
polymers. The final AuNP-PPase-pNIPAM conjugates were
achieved by introducing pNIPAM onto the AuNP-PPase
conjugates by Au—S bond. The binding of PPase and pNIPAM
to AuNPs induced apparent changes in the absorption spectra
of AuNPs (Figure 1). The maximum absorption peak of

AuNP
0.6 AuNP-PPase
AuNP-pNIPAM
0.5+ AuNP-PPase-pNIPAM
S 04-
S
= 0.3
(=3
172}
2
< 0.2+
0.1
0.0 T T
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Wavelength (nm)

Figure 1. Characterization of AuNP-PPase-pNIPAM conjugates.
Visible absorption spectra in aqueous suspension.

unmodified AuNPs was located at 521 nm; after binding of
PPase, the maximum absorption peak red-shifted to 524 nm;
after further binding of pNIPAM, the maximum absorption
peak showed a further redshift to 528 nm, which is the
maximum absorption peak of AuNP-pNIPAM.

The hydrodynamic diameters of AuNPs changed markedly
after conjugation with PPase and pNIPAM. The hydrodynamic
diameter of AuNPs in aqueous solution was 13.1 + 1.5 nm;
after conjugation with PPase, it increased to 15.5 + 2.1 nm;
after further conjugation with pNIPAM, the diameter of the
conjugates increased to 24.1 + 2.8 nm (at 25 °C), similar to
that of AuNP-pNIPAM (27.1 + 2.5 nm, Figure 2). The changes
in morphology and size of the particles were also investigated
by TEM. The AuNPs were well-dispersed (Figure S2A in the
Supporting Information) and smoothly spherical with narrow
hydrodynamic diameter distribution (Figure S2B in the
Supporting Information). After conjugated with PPase and
pNIPAM, PPase, and pNIPAM were uniformly attached on the
surface of the AuNPs, indicating the formation of AuNP-PPase-
pNIPAM conjugates (Figure S2B in the Supporting Informa-
tion).

The hydrodynamic diameters of AuNP-PPase-pNIPAM and
AuNP-pNIPAM were compared further at 25 and 45 °C. The
results showed that with the temperature rising from 25 to 45
°C, the diameter of AuNP-PPase-pNIPAM decreased from 24.1
+ 1.9 to 18.1 + 2.1 nm. The diameter change tendency of
AuNP-PPase-pNIPAM conjugates was almost same as that of
AuNP-pNIPAM conjugates (Figure 2). These results demon-
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Figure 2. Characterization of AuNP-PPase-pNIPAM conjugates.
Hydrodynamic diameters determined by DLS.

strate that AuNP-PPase-pNIPAM conjugates have thermosen-
sitivity, and it would be possible to regulate protein activity by
temperature change by modulating the elongated and hydro-
philic state or dehydrated and collapsed state of pNIPAM
chains.

Temperature-Dependent Activity of the AuNP-PPase-
pNIPAM Conjugates. To investigate whether the introduc-
tion of pNIPAM onto the AuNP-PPase conjugates could
regulate protein activity to a large extent, the activities of the
conjugates were detected at different temperatures. The Au—S
bond becomes unstable at temperature above 60 °C.** In the
following experiments, measurements were performed at 25 to
60 °C, which is the appropriate temperature range for living
organisms.>* Under the testing condition in the present work,
the specific activity of native PPase was 5.66 + 0.27 kat/kg at
25 °C. As temperature increased, the activity increased
gradually from 25 to 45 °C and then gradually decreased
afterward, with the maximum of 7.67 + 0.28 kat/kg at 45 °C.
For the AuNP-PPase-pNIPAM conjugates, the activity
increased gradually as the temperature rose from 25 to S0
°C, reaching the maximum of 7.25 + 0.24 kat/kg at 50 °C,
which was 280% of that at 25 °C (2.63 + 0.13 kat/kg). As
temperature rose above 60 °C, the activity of conjugates
decreased gradually but remained higher than that of the native
PPase at the same temperature (Figure 3A). Compared with
native PPase, as temperature increased from 25 to 60 °C, the
relative activity of the conjugates increased form 46.4 + 2.3% at
25 °C to 90.4 + 3.1% at 45 °C, reaching a maximum at 55 °C
(approximately 110%, Figure 3B).

For native PPase, when the temperature increased from 25 to
45 °C, diffusion of substrates to active sites of the enzyme
became faster, leading to increased protein activity. But a
further increase in temperature would cause conformational
changes of proteins and even irreversible denaturation, resulting
in loss of activity.”> However, the AuNP-PPase-pNIPAM
conjugates exhibited thermosensitivity due to pNIPAM chains.
When the environmental temperature dropped below the
LCST (approximately 32 °C), the elongated and hydrophilic-
state. pNIPAM chains could sterically shield and cover the
active sites of PPase, resulting in decreased catalytic activity;
when it was above the LCST, the dehydrated and collapsed
state of pNIPAM chains could expose the proteins and their
active sites, resulting in the gradient increase of protein activity
with the temperature increase. Such effect indicated that the
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Figure 3. Temperature-dependent activity of the conjugates. (A)
Specific activity of native PPase and the conjugates at different
temperatures (+SD, n = 3); (B) relative specific activity of the
conjugates (compared with the native PPase) at different temperatures
(£SD, n = 3).

extension and collapse of pNIPAM chains could fit for the size
of the nearby proteins.

From Figure 3, it can be concluded that the introduction of
pNIPAM onto the surface of AuNP-PPase can both modulate
protein activity drastically (the activity of the conjugates at 45
°C was 270% of that at 25 °C) and realize gradient activity
modulation under gradual changes of temperature.

Effect of Molecular Weight of pNIPAM on Activity
Modulation of the Conjugates. pNIPAM chains affect the
extent of shielding and deshielding of proteins on AuNPs.
Below the LCST, pNIPAM should have a molecular weight
high enough to offer sufficient blockage of the active sites of
PPase, interfering with its approach and its interaction with the
substrates. However, the molecular weight of pNIPAM cannot
be so high as to dominate the surface while in a dehydrated
state above LCST, in which case hydrophobicity-induced AuNP
aggregation is expected.25 To realize maximum protein activity
modulation of AuNP-PPase-pNIPAM conjugates by temper-
ature change, introducing pNIPAM with an appropriate
molecular weight is of great importance. For this purpose, 25
°C (below the LCST) and 45 °C (to ensure the protein activity
was not affected by temperature, so we chose 45 °C as the
experimental temperature above the LCST) were chosen as
contrastive temperatures to study the relative activities of the
conjugates with different molecular weights of pNIPAM
(Figure 4). When molecular weight of pNIPAM was S kDa,
the relative activity of the conjugates was approximately 90% at
both 25 and 45 °C, showing no obvious difference. When the
molecular weight was 10 kDa, the relative activity of the
conjugates at 45 °C (90.3 + 3.3%) was approximately 200% of
that at 25 °C (49.3 + 3.8%), showing a significant increase (P <

110 -l AuNP-PPase-pNIPAM 25°C
| AuNP-PPase-pNIPAM 45°C

it
(=4
]

Relative Specific Activity (%)

- n (=) 2 =] o
] ] = ] ] ]
— )
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Molecular Weight of pNIPAM (kDa)

Figure 4. Effect of molecular weight of pNIPAM on activity
modulation of the conjugates. Relative specific activity of the
conjugates (compared with the native PPase) with different molecular
weights of pNIPAM (£SD, n = 3).

0.001). When pNIPAM was 20 kDa, the relative activity at 45
°C (75.1 + 3.6%) increased slightly to approximately 115% of
that at 25 °C (54.8 + 2.9%). When the molecular weight was
even higher, 40 kDa, there was no obvious difference in the
relative activity of the conjugates at either 25 °C or at 45 °C
(both approximately 60%).

The molecular weight of pNIPAM of S kDa was not high
enough to offer sufficient blockage of PPase even at
temperature below the LCST, so the relative activity of the
conjugates showed no distinct changes at different temper-
atures. When the molecular weight was 10 kDa, below the
LCST, the active sites of PPase were sterically shielded by the
hydrated pNIPAM chains and prevented from interacting with
substrates; above the LCST, pNIPAM chains were collapsed,
exposing proteins on AuNDPs, leading to the significant recovery
of protein activity (P < 0.001). However, with higher molecular
weights, the effects of steric hindrance on the conjugates were
so significant that they interfered with the interaction between
PPase and substrates even above the LCST, leading to
decreased activity modulation ability.

From these considerations, it may be concluded that when
the molecular weight of pNIPAM introduced onto AuNP-
PPase was 10 kDa, the conjugates could optimally modulate
protein activity depending on the temperature.

Effect of PPase/pNIPAM Molar Ratio on Activity
Modulation of the Conjugates. The PPase/pNIPAM
molar ratio on the AuNP surface also affects the protein
modulation ability of the conjugates at different temperatures.
Appropriate pNIPAM coverage could ensure that almost all
protein molecules are adequately shielded at temperature below
the LCST. The effect of the PPase/pNIPAM molar ratio on
AuNPs on the activity modulation of the conjugates was
investigated at 25 and 45 °C. The results showed that with the
increase of PPase/pNIPAM molar ratio from 0.8/1 to 24.6/1,
the relative activity first increased and then gradually decreased,
peaking at 184.2 + 4.2% when the PPase/pNIPAM molar ratio
was 1.4/1 (Figure S).

When PPase/pNIPAM molar ratio was 0.8/1, the coverage
of pNIPAM on AuNPs was higher than that of PPase. Although
pNIPAM interfered with the interaction between PPase and
substrates below the LCST, high steric hindrance of pNIPAM
still affected the recovery of protein activity above the LCST.
When PPase/pNIPAM molar ratio rose to 1.4/1, below the
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Figure S. Effect of PPase/pNIPAM molar ratio on activity modulation
of the conjugates. (A) Relative specific activity of the conjugates
(compared with the native PPase) with different PPase/pNIPAM
molar ratios on the AuNP surface (+SD, n = 3); (B) increased relative
specific activity of the conjugates at 45 °C compared with 25 °C with
different PPase/pNIPAM molar ratios on the AuNP surface (+SD, n =
3).

LCST, the hydrated pNIPAM chains sterically shielded the
active sites of PPase, affecting the interaction between the active
sites and substrates. Above the LCST, pNIPAM chains were
collapsed to expose proteins on AuNPs, leading to significant
recovery of protein activity (P < 0.001). However, with the
molar ratio rising even higher, the coverage of PPase on AuNPs
was higher than that of pNIPAM. Below the LCST, the
shielding effect of pNIPAM on PPase became weaker, leading
to the lower increase in the relative specific activity of the
conjugates. Therefore, to make pNIPAM shield the proteins
well below the LCST and expose them above the LCST, the
molar ratio of PPase/pNIPAM should be controlled at around
1.4/1.

Effect of Protein Orientation on Activity Modulation
of the Conjugates. The proper orientation of the conjugated
protein on the nanoparticle is also very important to modulate
the bioactivity of the protein.**"** An inappropriate orientation
will adversely affect the interaction of substrates with the active
center of proteins. In this experiment, three different conjugates
with different protein orientation were achieved through
random binding (RB) or orientated binding (OB1 with an
introduced thiol near the active center of PPase; OB2 with an
introduced thiol far from the active center of PPase), and their
activity modulation potentials were studied (Figure 6). For the

100
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x
s
&
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Figure 6. Effect of protein orientation on activity modulation of the
conjugates. Relative specific activity of AuNP-RB-pNIPAM, AuNP-
OBI1-pNIPAM, AuNP-OB1-pNIPAM at 25 and 45 °C (molecular
weight of pPNIPAM was 10 kDa, PPase: AuNP molar ratio in feed was
100:1) (+SD, n = 3).

RB, its relative specific activity at 25 °C was very similar to that
at 4S5 °C (approximately 20% different). For the two orientated
binding conjugates, their relative activities at 45 °C were both
increased compared with those at 25 °C. The increases were
approximately 60% for the OB1 and 200% for the OB2,
indicating that PPase conjugates with AuNPs via orientated
binding, especially for OB2, exhibited significantly increased
activity as temperature changed (P < 0.001).

From Figure 6, it can be seen that RB (PPase conjugates on
AuNPs with random attachment points and no specific
orientation) had very low activities and showed a poor
modulation of activity with changing temperature. This might
be due to the conformational change of the protein, especially
the change in active sites caused by random and physical
adsorption of PPase on AuNP.>** For OB1 and OB2, they can
bind to AuNP via Au—S bond to give specific site-directed
orientations. For OB1, the newly introduced thiol was near the
active center (this orientated binding affects the interaction of
substrates with the active center of protein), and introducing
pNIPAM would more or less influence the conformation of
protein active sites and thus the catalytic ability at temperatures
below and above the LCST. However, for OB2, on which the
introduced thiol is far from the active site (this orientated
binding ensures minimal interference with access of substrates
and maintains protein activity near the maximum level), when
below the LCST, the elongation of pNIPAM chains could well
shield the active sites, leading to a low activity (49.3 + 3.8% at
25 °C); when above the LCST, the collapse of pNIPAM chains
had minimal interference with the conformation of active
center and the access of substrates, leading to a full recovery of
activity to 90.3 + 3.3% at 4S5 °C.

On the basis of the data presented, we conclude that when
PPase conjugates with AuNPs via random binding, the
conjugates cannot modulate protein activity well as temperature
changes; when PPase conjugates with AuNPs via orientated
binding, the conjugates have apparent potential in modulating
protein activity as temperature changes. Particularly, when
PPase conjugates with AuNDPs at a point far from the active site,
the conjugates exhibit a maximum ability for activity
modulation by temperature.

Tolerance to Trypsin Digestion of the Native PPase
and the Conjugates. In the normal human physiological
environment, various and widespread proteases can catalyze the

DOI: 10.1021/acsami.5b02502
ACS Appl. Mater. Interfaces 2015, 7, 11547—11554


http://dx.doi.org/10.1021/acsami.5b02502

ACS Applied Materials & Interfaces

Research Article

hydrolysis of peptide bonds, resulting in the conformatlonal
changes of proteins or even degradation of protelns ° Thus,
enhancing the tolerance to proteases is of great significance for
protein—nanoparticle conjugates in biomedical and clinical
applications. The tolerance to trypsin digestion of the native
PPase and the conjugates was investigated at 25 and 45 °C
(Figure 7, tolerance to trypsin digestion at 37 °C see Figure S6
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Figure 7. Tolerance to trypsin digestion of the native PPase and the
conjugates (+SD, n = 3).

in the Supporting Information). For both of them, the relative
activity decreased gradually with trypsin digestion time, but the
degrees of decrease were quite different. After digesting for 90
min, the relative activity at 25 and 45 °C decreased
approximately 50 and 70%, respectively, for the native PPase,
but only approximately 25 and 30% for the conjugates,
demonstrating that AuNP-PPase-pNIPAM conjugates had a
much higher resistance to trypsin digestion. This was possibly
because the introduction of pNIPAM shielded the protein from

trypsin.

4. CONCLUSIONS

In the present work, a new strategy for thermally responsive
controllable modulations of protein activity in a protein-
nanoparticle conjugate system was established by introducing
pNIPAM onto the AuNP-PPase conjugates. The results
showed that the activity of the conjugates at 45 °C was
approximately 270% of that at 25 °C, and the conjugates
exhibited an outstanding ability to modulate protein activity as
the temperature changed. This capability of the conjugates was
systematically investigated by varying the molecular weight of
pNIPAM, the PPase/pNIPAM molar ratio on AuNP, and the
orientation of proteins. The conjugates with introduced
pNIPAM of 10 kDa, a PPase/pNIPAM molar ratio on
AuNPs of 1.4/1, and site-directed orientation with the
attachment site far from the active center modulated protein
activity the most. The fabrication of AuNP-protein-pNIPAM
conjugates can both modulate protein activity drastically and
produce a much higher resistance to trypsin digestion,
exhibiting great potential in targeted delivery, controllable
biocatalysis, and molecular/cellular recognition. Additionally, a
wide variety of other stimuli-sensitive materials could readily be
incorporated to enable the control of protein inactivation and
activation of chemical functionality.

B ASSOCIATED CONTENT

© Supporting Information
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