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ABSTRACT: Although a number of procedures to create
synthetic polymer nanoparticles (NPs) with an intrinsic
affinity to target biomacromolecules have been published,
little has been reported on strategies to control the binding
kinetics of target recognition. Here, we report an enzyme-
mimic strategy to control binding/dissociation rate
constants of NPs, which bind proteins through multipoint
interactions, by taking advantage of the temperature-
responsive coil—globule phase transition of poly-N-
isopropylacrylamide (PNIPAm)-based NPs. PNIPAm
NPs with a “flexible” random-coil conformation had a
faster binding rate than NPs with a “rigid” globule
conformation; however, the dissociation rate constant
remained unchanged, resulting in stronger affinity. The
dissociation rate of the “flexible” NPs was decelerated by
the “induced-fit’-type conformation change of polymers
around the coil—globule phase transition temperature,
resulting in the formation of the most stable NP—protein
complexes. These results provide a guide for designing
plastic antibodies with tailor-made binding kinetics and
equilibrium constants.

ynthetic polymer nanoparticles that recognize, capture,
and/or release specific biomacromolecules are of significant
interest as drug carriers, affinity ligands, and antidotes.' ™
Recently, nanoparticles (NPs) that recognize target proteins/
peptides via multipoint interactions have been achieved by
optimizing combinations and populations of functional
groups*™® and/or imprinting binding-sites”'® in poly-N-
isopropylacrylamide (PNIPAm)-based hydrogel NPs. Some
NPs have shown the ability to recognize, neutralize, and/or
release target molecules, even in living animals."”!"' However,
the activity of the particles in vivo was significantly lower than
that expected based on results from in vitro experiments,'’
since undesired events such as creation of protein coronas on
NPs and metabolism of materials compete with the designed
function.””™" To utilize materials in nonequilibrium living
systems, binding kinetics as well as the equilibrium of the
target-binding process must be carefully en_)gineered.”’m’lé
It has been reported that the flexibility'”'* and conforma-
tional changes’®”' of enzymes play a crucial role on the
determination of the binding and dissociation rates of the target
binding process. For instance, the target binding/dissociation
kinetics of dihydrofolate reductase are determined by motion of
a flexible loop that covers the substrate- and coenzyme-binding
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sites of the protein.”” Large conformation changes of DNA
polymerase accelerate the binding rate and decelerate the
dissociation rate of the DNA capture process, resulting in
formation of a stable DNA—protein complex.”**'

In this study, we mimic the flexibility and conformational
change of enzymes to control the binding kinetics of target
molecules on synthetic polymer NPs. To induce the flexibility
and conformation change of the NPs, we took advantage of the
temperature-responsive coil—globule phase transition of
PNIPAm-based hydrogel NPs. PNIPAm NPs undergo a coil—
globule phase transition at the lowest critical solution
temperature (LCST, approximately 37 °C).** At 25 °C,
PNIPAm chains are in the random-coil conformations, and
thus, the PNIPAm NPs are swollen, though they are in the
globule conformation and collapsed above their transition
temperature as a result of an entropy-driven dissociation of
water molecules.”* "H NMR revealed that the isopropyl group
has a large mobility in the swollen state; however, the mobility
decreases substantially upon collapse of the gel.® Time-
resolved fluorescence anisotropy measurements revealed that a
marked reduction in the segmental mobility of the PNIPAm
chains also occurs at the onset of the LCST.>® Therefore,
flexibility of PNIPAm chains can be tuned from the “flexible”
swollen phase with greater segment and side chain motions to
the “rigid” collapse phase depending on temperature. The
LCST can be further tuned by incorporating N-tert-
butylacrylamide (TBAm) into NPs.>

It has been reported that diffusion of small molecules in the
PNIPAm hydrogels can be reversibly switched on and off by
collapse and swell phase transition.””*® Diffusion rate of the
molecules in PNIPAm can be further tuned by hydrophobic
interaction.””*® Tanaka and co-workers reported that with
cationic functional groups, PNIPAm gels capture polyanionic
dyes through multipoint interactions.>’ The interaction can be
further switched on/off by increasing/decreasing volume
density of the functional group with the collapse/swell phase
transition of the PNIPAm gels.>' Shea and co-workers have
extended the strategy to protein® and peptide’ targets using
functionalized PNIPAm NPs. However, effects of flexibility and
conformation changes of PNIPAm NPs on the binding/
dissociation rate of the multipoint-protein-binding process have
not been revealed. To investigate contribution of the flexibility
and conformation change of NPs on the protein-binding
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process, it is important to maintain the volume density of
functional groups, which contact (interact) with target protein,
in NPs, because dissociation (equilibrium) constants increase
exponentially with the volume density of the functional group
in the bulk gels’" and NPs,'"' then effects of flexibility and
conformation changes of NPs would be hidden in the effects of
density of functional groups. It is also necessary to compare
binding/dissociation rate of NPs with different flexibility at the
same temperature, because diffusion constants, which are
associated with binding/dissociation constants, increase ex-
ponentially with the temperature (the Arrhenius equation). In
this study, we carefully prepared NPs having various phase
(flexibility) at 25 °C with identical volume-density of functional
group and quantified binding/dissociation rate constants on
each NPs at the same temperature (25 °C).

As a model of a target molecule that would be recognized by
PNIPAm NPs, concanavalin A (Con A), a 104 kDa a-p-
mannose-binding protein was selected. It is a homotetrameric
protein having 4 mannose-binding sites on the corners of its
tetrahedral structure, and each side is 10 nm long.32 Although
the monovalent mannose-Con A interaction is relatively weak
(K4 107°=107* M), it can be amplified by multivalency; by
clustering a number of mannose units on a polymer chain, a
synthetic polymer that recognizes Con A with much stronger
affinity can be achieved (K; 107°—107% M).>* Thus, Con A has
been widely used as a model target molecule for the study of
synthetic polymer architectures that recognize specific bio-
macromolecules through multipoint interactions.**~>

p-Acrylamidophenyl-a-p-mannopyranoside (Man) was syn-
thesized as described (Supporting Information (SI))**** and
copolymerized into PNIPAm NPs to prepare NPs that
recognize Con A through multipoint interactions (Scheme 1).

Scheme 1. Preparation of ManNPs
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To reveal the influence of flexibility and conformation changes
of NPs on the binding kinetics of Con A at 25 °C, NPs with
LCST below (NP1, <10 °C), above (NP2, 37 °C), and around
(NP3) 25 °C were prepared by tuning the feed ratio of TBAm
(Figure 1a). The volume density of Man in NP1—NP3 was
maintained at 1.0 + 0.1 molecules/(10 nm)> at 25 °C by
controlling the feed ratio of Man, depending on the swell ratio
of each type of NPs (Table S1). It was expected that the Man
density of 1.0 + 0.1 molecules/(10 nm)* allowed multipoint
interactions between several Man units on the NPs and a Con
A molecule, depending on the flexibility of the polymer chains
of the ManNPs. Incorporation of Man into each NP was
quantified by "H NMR (Figures S1 and S2) and the swell ratios
were quantified by dynamic light scattering (DLS). As we
designed, NP1 and NP2 were in the swollen and collapsed
states, respectively, at 25 °C (Figure la). Although diameter
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Figure 1. (a) Hydrodynamic diameter of ManNPs synthesized with
0% (NP1; open circle), 40% (NP2; black triangle), and 20% (NP3;
green square) TBAm as a function of temperature. (b) Schematic of
the QCM experiments. ManNPs were immobilized on the Au surface
of the QCM sensor through Con A-mannose interaction (left). Con A
binding on ManNPs was monitored on the surface of the sensor
following introduction of Con A (right). (c) An AFM image of
ManNPs (40% TBAm, 2% BIS, 5% AAc, 0.11% Man) immobilized on
a Au substrate through Con A—mannose interaction. A height profile
of the cross section (light blue line) is shown inset.

and swell ratio of NP3 were almost the same as NP2 at 25 °C,
NP3 was apparently not in the fully swollen state at 25 °C
because NP3 gradually shrunk around 25 °C (between 20 and
35 °C) (Figure 1a). To represent the state of NP3 at 25 °C, we
defined the state as “transition state”. To improve colloidal
stability and to control the swell ratios of the NPs, S mol % of
acrylic acid and 10 mol % of BIS (N,N’-methylenebisacryla-
mide) were incorporated into all NPs. All NPs did not form
aggregates, and did not show significant size and LCST changes
in water for at least one year at room temperature (Figure S3).

The binding rate of Con A to the NPs was monitored and
analyzed using a 27 MHz quartz crystal microbalance (QCM)
(Figure 1b).>>* Prior to studying the binding kinetics, binding
specificity between the NPs and Con A was confirmed by
several experiments. First, when NPs that had Man (NP1-3)
were injected into the QCM cells on which Con A had been
immobilized, significant interactions were observed. However,
no interaction was observed when the NPs without Man were
injected (Figure S4). Second, when Con A was injected into the
cells on which only Con A had been immobilized, no
interactions were observed (Figure S4); in contrast, when
Con A was injected into the cells on which ManNPs (NP1-3)
had been immobilized on the surface of Con A, significant
interactions were observed (Figure 2a). Furthermore, it was
confirmed by atomic force microscopy that immobilization of
NPs on the surface of gold (Au (111) on mica, Phasis) was not
greater than a single layer (Figure 1c).

Figure 2a shows typical frequency changes as a function of
time for the ManNP-immobilized QCM in 10 mM phosphate
buffer (pH 7.4, 137 mM NaCl, 2.68 mM KCl, 1.8 mM CaCl,,
and 0.49 mM MgCl,) responding to the addition of Con A.
When Con A was injected into the cell (5—240 nM), the
frequency decreased (the mass of Con A on the surface
increased) gradually for 10—30 min because of the binding of
Con A on the ManNPs. Both the binding rate (relaxation time
of the binding process) and the binding amount of Con A
depended on the concentration of Con A (Figure 2a).

The QCM frequency changes in the Con A binding
processes were fit very well by the single exponential function

dx.doi.org/10.1021/ja306053s | J. Am. Chem. Soc. 2012, 134, 15209—15212


http://pubs.acs.org/action/showImage?doi=10.1021/ja306053s&iName=master.img-000.jpg&w=239&h=118
http://pubs.acs.org/action/showImage?doi=10.1021/ja306053s&iName=master.img-001.jpg&w=226&h=143

Journal of the American Chemical Society

Communication

a b s c
of 2
T b a -]
| I\ 2 £
52 3 £
h - 9 w
(N !
£ 40
-4t %
0 20 40 60 %700 200 >80 60 90 120
Time (min) [Con A] (nM) [Con A] (nM)

Figure 2. (a) Time courses of frequency changes of NP1-immobilized QCM, responding to the addition of S (red), 10 (green), 20 (sky blue), 30
(orange), 60 (black), and 240 (blue) nM Con A. Results of duplicated experiments (thick lines) and fit curves (thin lines) are overwritten. (b) Plots
of binding relaxation time () on swollen (NP1, open circle), collapsed (NP2, black triangle), and transition state (NP3, green square) NPs as a
function of Con A concentration. (c) Volume shrinkage of swollen (NP1, gray), collapsed (NP2, black), and transition state (NP3, green) NPs that

were induced by Con A binding.

Table 1. Composition, Phase, Man Density, and Rate/Equilibrium Constants of PNIPAm NPs“

NPs TBAm feed [mol %] Man feed [mol %] State at 25 °C Density of Man [molecule (10 nm)™]  k,, 10> M™'s™ k1072 s7! Ky nM
1 0 LS Swollen phase 1.1 18 1.4 78
2 40 0.11 Collapsed phase 0.9 8 12 150
3 20 1.5 Transition 0.9 21 0.8 38
“10 mol % BIS and S mol % AAc were fed in all NPs.
242

(eq 1, Figure 2a), indicating that the binding event observed in
this experiment can be approximated as interaction between
Con A and the binding sites on the NPs, each of which has an
equal affinity, although the binding site in each of the NPs
cannot be homogeneous (S1).6

AF = AE (1 — e™"7) (1)

The reciprocal of the binding relaxation time () for each of
the binding processes was plotted against Con A concentration
(Figure 2b), showing linear correlations between concentration
and 77! for each type of NPs. These results indicate that the
binding process can be approximated as the Langmuir-type
binding process given in eq 2 (SI). Apparent binding/
dissociation rate constants (k,, and k) for each type of NPs
were given as the slopes and y-intercepts of the linear

correlations (eq 3, SI):*>*
ConA + NP 2 ConA-NP @
T_l = kon[COD.A] =+ koff (3)

The obtained rate constant k., k. and dissociation
equilibrium constant Ky (=k.g/k.,) values are summarized in
Table 1.

Dissociation constants for NP1—3 were in the submicromo-
lar range (78, 150, and 38 nM, respectively, Table 1). This
number is more than 3 orders of magnitude smaller than the
reported monovalent Man—Con A interaction (K 107°—107*
M),*® indicating that Con A binding on NP1—3 observed in
those experiments are all multivalent interactions between more
than 2 Man units on a particle and one Con A.

Although the dissociation rate constants (k.g) of swollen (1.4
X 107 s7') and collapsed (1.2 X 107 s™') NPs were almost
equal, the binding rate constant (k,,) for the swollen NPs (18
X 10* M~ s7") was larger than that of the collapsed NPs (8 X
10> M~! s71). As a result, the dissociation constant (K,) of the
swollen NPs (78 nM) was smaller than that of the collapsed
NPs (150 nM). Polymer chains in the swollen gels are in the
flexible random-coil conformation with larger segment mobility,
whereas the polymer chains are in the rigid globule

15211

conformation in the collapsed gels.*™2° It is suggested that
the flexibility of the polymer chains in the swollen NPs allowed
mannose to map onto mannose-binding sites on the surface of
Con A resulting in faster binding and stabilization of the NP-
Con A complexes.

The transition state NPs showed lower dissociation rate
constant (0.8 X 107° s7!) than the swollen NPs (1.4 x 1073
s7!), although the binding rate constants of each of the NPs
were almost same. Therefore, the transition state NPs showed
an even stronger affinity to Con A (K; = 38 nM) than the
swollen NPs (K; = 78 nM).

To investigate the contribution of conformation changes of
polymers on the binding kinetics, volume shrinkage of each of
the NPs, which were induced by Con A binding, were
estimated by comparing the size of NPs before and after
addition of Con A by DLS in 10 mM HEPES buffer (pH 7.4,
1.8 mM CaCl,, and 0.49 mM MgCl,). Interestingly, the volume
of the transition state NPs shrunk by 20—40% after addition of
a small amount of Con A, depending the on concentration of
Con A added (60—120 nM). In contrast, the swollen phase
NPs showed a significantly lower degree of size shrinkage (10—
15%) than the transition state NPs (Figure 2c). Collapsed NPs
did not show any volume shrinkage (Figure 2c). These results
indicate that polymer density (steric hindrance) around the
binding sites on the transition state NPs after Con A binding
was much greater than in the prebinding structure owing to
volume shrinkage, resulting in deceleration of the dissociation
rate.*' This is comparable to the “induced-fit” between
enzymes or gel catalysts and substrates.*>*

From these results, we conclude that binding rates and
equilibrium constants can be tuned by the choice of phase of
NPs. Swollen phase NPs showed a faster binding rate and
stronger affinity than collapsed phase NPs since swollen NPs
consist of random-coil-phase polymer chains which are more
flexible than the globule-phase chains in collapsed NPs. NPs
around the coil—globule phase transition temperature, which is
defined as transition state NPs, showed an even stronger affinity
than the swollen NPs since bound proteins induced greater
conformation change of NPs, resulting in shrinkage of NPs and
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deceleration of dissociation from the NPs. These results
provide a general guide that can be used to design “plastic
antibodies” with tailor-made binding kinetics and equilibrium
constants.
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Materials.

The following chemicals and materials were obtained from commercial sources and used as received: p-
Mannose (Man), boron trifluoride diethyl ether complex, acryloyl chloride, N,N-methylenebisacrylamide
(BIS), 3,3'-dithiodipropionic acid, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide were obtained
from Tokyo Chemical Industry Co., Ltd.; pyridine (anhydrous, 99.8%) was obtained from Sigma-Aldrich
Corporation; acetic anhydride, ethyl acetate, HCl, NaHCO;, MgSO,, hexane, dried methanol, palladium
carbon, N,N-dimethylformamide, sodium chloride, sodium methoxide, acrylic acid (AAc), N-tert-
butylacrylamide (TBAm), sodium dodecyl sulfate (SDS), and 4,4'-azobis(4-cyanovaleric acid) (V-501)
were obtained from Wako Pure Chemical Industries, Ltd.; toluene, dried dichloromethane, p-nitrophenol,
Celite®, NaOH, triethylamine, chloroform, diethyl ether, CDCl;, hydrogen peroxide (30% aqueous
solution), and sulfuric acid were obtained from Kanto Chemical Co., Inc.; silica gel (particle size 0.040-
0.063 mm) was obtained from Merck, Ltd.; hydrogen was obtained from Air Liquide Kogyo Gas, Ltd.;
glass fiber paper was obtained from Toyo Roshi Kaisha, Ltd.; concanavalin A (Con A) was obtained from
J-0Oil Mills, Inc.; D,O was obtained from Acros Organics; and N-hydroxysuccinimide was from Kishida
Chemical Co., Ltd. N-Isopropylacrylamide (NIPAm) (Wako Pure Chemical Industries, Ltd.) was
recrystallized from hexanes. Dialysis tube (MWCO 100,000 Da) (Spectrum Laboratories, Inc.) was
washed with water prior to use. Molecular sieves (4 A) (Kanto Chemical Co., Inc.) were activated by

heating with a heat gun under vacuum. Cation exchange beads (Amberlyst 15 dry) (ORGANO

S1



Corporation, Inc.) were washed with dried methanol before use. Water used in this study was purified

using a Direct-Q Ultrapure Water System (Merck, Ltd.).
Synthesis of 1,2,3,4,6-penta-O-acetyl-p-mannopyranoside (1).

Acetic anhydride (44 mL, 466 mmol) was slowly added to a cooled (0 °C)
OAc solution of p-mannose (5 g, 28 mmol) in pyridine (anhydrous, 40 mL) and the

Acg
cO
reaction mixture was stirred at 0 °C for 30 min. Pyridine was evaporated

1 OAc
followed by azeotropic removal with toluene (10 mL) several times. The residue was dissolved in ethyl
acetate and then washed twice each with IN HCI, saturated NaHCO;, and water. The organic layer was

dried over MgSQ,, filtrated, and the solvent was evaporated. The residue was purified by flash column

chromatography on silica gel with ethyl acetate/hexane (2:1) to afford 1 (9.91 g, 91%) as a white solid.

Synthesis of p-nitrophenyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (2).

OAc To activated molecular sieves (4A) in a 2-neck flask were added 1 (9.9 g,
OAc
-0
Ao 25 mmol) in dried dichloromethane and p-nitrophenol (10 g, 75 mmol).

o . . .
\O\ The solution was stirred at room temperature under nitrogen for 1 h. After

2 N the addition of boron trifluoride diethyl ether complex (17 mL, 138

mmol), the resulting solution was stirred under nitrogen for 24 h. The solution was filtrated using Celite®,
washed twice each with 1IN NaOH and water, dried over MgSQO,, and then the solvent was evaporated.
The residue was recrystallized with ethyl acetate-hexane to afford 2 (9.71g, 75%) as a white solid. 'H-
NMR (400 MHz, CDCls) 6 8.27 (2 H, m, Ph), 7.24 (2H, m, Ph), 5.64 (1H, d, J,, 1.83 Hz, H-1), 5.57 (1 H,
dd, J,5 3.30 Hz, J;, 10.25 Hz, H-3), 5.48 (1H, dd, J,, 1.83 Hz, J,5 3.30Hz, H-2), 5.42 (1H, t, J34 = J45
10.25 Hz, H-4), 4.31 (1H, dd, Jse, 5.5 Hz, Je, 6, 12.45 Hz, H-6b), 4.10 (1H, dd, Jsc, 2.20 Hz, Jg, 6, 12.45

Hz, H-6a), 4.04 (1H, m, Js ¢, 2.20 Hz, Js 5, 5.5 Hz, H-5), 2.25 (3H, s, OAc), 2.08 (9H, m, OAc).
Synthesis of p-acrylamidophenyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (3).

OAc To a solution of 2 (2.92 g, 6.22 mmol) in dried methanol (40 mL) was

added palladium carbon (120 mg). The reaction mixture was stirred at

(e}

\©\ Q room temperature under hydrogen overnight. The resulting solution was
N
HH

filtered using glass fiber paper, and then concentrated in vacuo. The
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residue was dissolved in N,N-dimethylformamide (20 mL), and then acryloyl chloride (12.4 mmol) and
triethylamine (12.4 mmol) were added at 0 °C. The solution was stirred at room temperature for 1 h. The
solution was concentrated in vacuo, dissolved in chloroform, washed 4 times with water and twice with
saturated sodium chloride, dried over MgSO,, and then the solvent was evaporated. The residue was
purified by flash chromatography with chloroform/methanol (40:1) to afford a pale yellow solid. The
solid was further recrystallized with ethyl acetate-hexane and ethyl acetate-diethyl ether to afford 3 (1.71
g, 54%) as a white solid. "H-NMR (400 MHz, CDCl;) & 7.56 (2H, m, Ph), 7.25 (1H, s, Ph—NH-CO), 7.11-
7.03 (2H, m, Ph), 6.47 (1H, dd, Jyms 16.84 Hz, Joem 1.46Hz, C=CH-H), 6.28 (1H, dd, J¢is 10.25 Hz, Jians
16.84 Hz, H,C=CH), 5.80 (1H, dd, J;; 10.25 Hz, J,e, 1.46Hz, CH=CH-H), 5.58 (1H, dd, J, 3 3.30 Hz, J;4
10.25 Hz, H-3), 5.51 (1H, d, J,, 1.83 Hz, H-1), 5.46 (1H, dd, J,, 1.83 Hz, J,; 3.30 Hz, H-2), 5.41 (1H, dd,
J34=14510.25 Hz, H-4), 432 (1H, dd, J5¢, 5.49 Hz, Js, 6, 12.45 Hz, H-6b), 4.14 (1H, ddd, J,5 10.25 Hz,
Js6a 2.20 Hz, Js 6, 5.49 Hz, H-5), 4.07 (1H, dd, Js¢, 2.20 Hz, Je. 6, 12.45 Hz, H-6a), 2.23 (3H, s, OAc),

2.08 (9H, m, OAc).
Synthesis of p-acrylamidophenyl-a-p-mannopyranoside (Man).

oH To a solution of 3 (1.71 g, 3.46 mmol) in dried methanol (100 mL) was
HOS o added sodium methoxide (0.69 mmol). The reaction mixture was stirred
0 o at room temperature for 1 h. The solution was neutralized using cation

\O\N )H exchange beads (Amberlyst 15 dry), filtrated using filter paper, and then

Man " | concentrated in vacuo to afford Man (894 mg, 43%) as a white solid.

'H-NMR (400 MHz, D,0) & 7.39 (2H, m, Ph-a), 7.12 (2H, m, Ph-b), 6.39 (1H, dd, Jyuns 17.21 Hz, T
10.25 Hz, H,C=CH), 6.28 (1H, dd, Jysans 17.21 Hz, Joem 1.46 Hz, C=CH,), 5.81 (1H, dd, J.is 10.25 Hz, Joem
1.46 Hz, C=CH,), 5.53 (1H, d, J,, 1.83 Hz, H-1), 4.11 (1H, dd, J,, 1.83 Hz, J,5 3.30 Hz, H-2), 4.11 (1H,

ddd, J,5 1.83 Hz, J54 8.79 Hz, H-3), 3.64 (4H, m).

Preparation of NPI.

NIPAm (83.5 mol %), mannose monomer (Man, 1.5 mol %), BIS (10 mol %), AAc (5 mol %), and SDS
(17.4 mg) were dissolved in 30 mL of water, resulting in a total monomer concentration of 52 mM. Next,
nitrogen was bubbled through the reaction mixture for 30 min. Following the addition of V-501 (5.88

mg/0.6 mL DMSO), the polymerization was carried out at 70 °C for 3 h under a nitrogen atmosphere. The
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polymerized solution was purified by dialysis against an excess amount of water (changed more than 3
times a day) for 3 days. The yield of NPs was determined by measuring the weight of NPs obtained by

lyophilization of 4 mL of the dialyzed solution (114 mg, 63%). Here, dilution in dialysis was corrected.
Preparation of NP2.

NIPAm (44.9 mol %), TBAm (40 mol %), mannose monomer (Man, 0.11 mol %), BIS (10 mol %), AAc
(5 mol %), and SDS (17.4 mg) were dissolved in 30 mL of water, resulting in a total monomer
concentration of 52 mM. Here, TBAm was dissolved in ethanol (0.5 mL) before addition to the monomer
solution. Next, nitrogen was bubbled through the reaction mixture for 30 min. Following the addition of
V-501 (5.88 mg/0.6 mL DMSO), the polymerization was carried out at 70 °C for 3 h under a nitrogen
atmosphere. The polymerized solution was purified by dialysis against an excess amount of water
(changed more than 3 times a day) for 3 days. The yield of NPs was determined by measuring the weight
of NPs obtained by lyophilization of 4 mL of the dialyzed solution (153 mg, 82%). Here, dilution in

dialysis was corrected.

Preparation of NP3.

NIPAm (63.5 mol %), TBAm (20 mol %), mannose monomer (Man, 1.5 mol %), BIS (10 mol %), AAc
(5 mol %), and SDS (17.4 mg) were dissolved in 30 mL of water, resulting in a total monomer
concentration of 52 mM. Here, TBAm was dissolved in ethanol (0.5 mL) before addition to the monomer
solution. Next, nitrogen was bubbled through the reaction mixture for 30 min. Following the addition of
V-501 (5.88 mg/0.6 mL DMSO), the polymerization was carried out at 70 °C for 3 h under a nitrogen
atmosphere. The polymerized solution was purified by dialysis against an excess amount of water
(changed more than 3 times a day) for 3 days. The yield of NPs was determined by measuring the weight
of NPs obtained by lyophilization of 4 mL of the dialyzed solution (139 mg, 75%). Here, dilution in

dialysis was corrected.

Characterization of the particle sizes and swell ratios of NPs

The hydrodynamic diameter of the NPs was determined by dynamic light scattering (DLS) (Zetasizer
Nano ZS, Malvern Instruments Ltd.) from 10 °C to 55 °C in aqueous solutions. Solution temperature was

pre-equilibrated for 2 min at each temperature. Then, measurements were taken in triplicate at each
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temperature at 2 min intervals. All DLS data meets the quality criteria set by Malvern. The swell ratio at

25 °C (SR;s5-c) was defined as:
(SR;35oc) = (Diameter at 25 °C)/(Diameter at 50 °C)
Quantification of the incorporation ratio of Man in NPs

Prior to the design and synthesis of NP1-3, a small library of NPs with different feeds of functional
monomers (BIS and Man) was synthesized and analyzed by 'H-NMR. The feed ratios of monomers,
reaction conditions, and yields of the NPs are summarized in Table S1. A typical "H-NMR spectrum is
shown in Figure S1. Incorporation of Man (Man;,/mol %) is calculated from the ratio between the
integration values of the proton on C-1 of the mannopyranose ring at 5.4 ppm (figure S1, g) and the

protons on the main chain methine (Figure S1, ¢) and methylene (Figure S1, b) at 1.3-2.5 ppm.
(Man;,) = 300 x (integration at 5.4 ppm)/(integration at 1.3-2.5 ppm)

The incorporation of Man in the NPs is plotted in Figure S2, which indicates that the incorporation of
Man is proportional to the feed of Man (Mang.q/mol %) (R > 0.99). Thus, we used the following

relationship to design NP1-3:

(Man,,) = 0.676 x (Many.,)

Table S1. Reaction condition and yield of NPs synthesized to quantify the incorporation ratio of Man in NPs.

NIPAmMonomMera;eed ratw'o;::l%) e Mgr;c;:er Initiator Surfactant T?I'rinnﬁ.e& Yield
a 93 0 5 2 52 mM Eriiy ROCH M e 83%
b 90 3 5 2 52 mM 2\',?5'5"1”' ZUSngM Tg ;C 59%
c 87 6 5 2 52 mM 2\'?5'5‘1“4 20585“’1 73 ;C 61%
d 84 9 5 7] 52 mM 2\.?53111\;1 20;’3%‘“’1 Tg ;C 63%
e 75 18 5 2 simb S0 DM i 65%
f 84 6 5 5 52 mM 0'3%3}'“” 208735“’1 7g ;C 70%
g 81 9 5 5 52 mM 0'\5’%5’1‘“ zoggg'“ 72 ;C 67%
h 78 12 5 5 52 mM 0'\5’%5‘;'“ 20873g|\,1 72 ;C 72%
i 835 15 5 10 52 mM 0'\5/%5:"‘4 20585“’1 7g ;C 63%
i 82 3 5 10 52 mM 0'\5’%{‘)‘;"‘” 20§ggM 7g ;C 81%
k 79 6 5 10 52 mM 0'\5',25‘;"’4 2os?ggM ?g hC 76%
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10 9 8 7 6 5 2 3 2 1 0 ppm

Figure S1. 'H-NMR (400 MHz, CD;0D) of ManNPs.

—y=-0.31355 + 0.6755x R=0.9942

[Man incorporated] (%)

5 10 15 20
[Man feed] (%)

Figure S2. Incorporation of Man in NPs quantified by 'H-NMR.

Calculation of the volume density of Man in NPs

The average volume density of Man (the number of Man in the 10 nm cube on the side of the NPs) in
NP1-3 at 25 °C (dyun2s°c) Was calculated using the following equation from the incorporation ratio of
Man in the NPs (Man,,, which was quantified by '"H-NMR), the swelling ratio of the NPs at 25 °C

(SR;5c, which was quantified by DLS), and the polymer density of the NPs at 50 °C (p+1¢):
(Ayanzsec) = [(Many,) < (p-c) x (N.)] / [10 5 (MW, * (SR257¢)']

where N, is Avogadro’s number and MW, is the average molecular weight of the monomer unit in the

NPs.
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Colloidal stability of NPs

To test colloidal stability of NPs in water, diameter and polydispersity index (PDI) of NPs were
monitored by DLS at 25 °C for 4 hours one year after preparation. As shown in Figure S3, size of all NPs
(Figure S3a) was almost same as size shown in Figure 1a with mono-modal size distribution (Figure S3b)

and low PDI (<0.2) (Figure S3b) for more than 4 hours even one year after preparation.

a b
300 20
S —
<2001, 5 6 0-0-0-0-0-0-0 2
2 g1of
E 40.4 >
ofF i o
S W 02g 0
0 1 2 3 4 0 1 10 100 1000 10000
Time (hour) Diameter (nm)

Figure S3. a. Size and PDI of NP1 (open circle and red circle), NP2 (black triangle and orange circle), and NP3 (green square and
green circle) monitored by DLS at 25 °C for 4.5 hours one year after preparation. b. Size distribution of NP1 (dashed line), NP2

(black line), and NP3 (grey line) at 25 °C one year after preparation.

QCM measurement

A 27 MHz quartz crystal microbalance (QCM) system (Affinix Q4, Initium Inc.) was used to monitor and

quantify interactions between the NPs and Con A.
Immobilization of Con A on the surface of the QCM sensor

Con A was immobilized on the QCM electrode via an amine coupling procedure. Gold electrodes were
cleaned twice with piranha solution (fresh mixture of H,0, (aq) and H,SO4; 30% H,0, (aq)/H,SO, = 1:3
(v/v)) for 5 min. Next, 3,3'-Dithiodipropionic acid (0.2 mL, 1 mM in water) was loaded into the QCM
cells and then incubated for more than 30 min. The resulting cells were washed with pure water and then
the carboxylic acid groups on the gold surface were activated for 30 min by loading 0.1 mL of a 1:1 v/v
aqueous solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (100 mgmL"') and N-
hydroxysuccinimide (100 mgmL™) to form N-hydroxysuccinimidyl (NHS) esters. After rinsing the
activated cells with water several times, 10 mM phosphate buffer (pH 7.4, 137 mM NaCl, 2.68 mM KCl, 1.8
mM CaCl,, and 0.49 mM MgCl,, 500 uL) was added to the cells and the cells were set on the QCM system.

After stabilization of the oscillation frequency, Con A (concentration in the cell after injection: 600 nM)
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was injected on the activated QCM electrodes. A 2000 + 300 Hz frequency decrease was observed in
about 30 min in all typical experiments (Figure S4a). Significant frequency change was not observed after
the second injection of Con A (concentration in the cell after injection: 1200 nM), indicating that Con A
was immobilized only on the surface of the sensor and not on Con A.

Immobilization of NPs on the QCM sensor

After rinsing the Con A-immobilized cells to remove the non-immobilized Con A using the 10 mM
phosphate buffer, the cells were filled with the buffer (500 pL) and set on the QCM system. After
stabilization of the oscillation frequency, NPs (concentration in the cell after injection: 4 pg'mL™") was
repeatedly injected into the cells until saturation of the frequency change was achieved. When NPs
without Man were injected, no interaction was observed; however, NPs with Man showed significant
frequency change (Figure S4b), indicating that ManNPs were immobilized on the sensor via specific
interaction between Con A and mannose on the surface of the ManNP-immobilized QCM electrodes until

saturated by using mannose-Con A interaction.

a l b .
0= Off=——10 uL 30 M ConA
: Wash j ng/mL Nanoparticles
-500f 1500 \_P 0% Man
~N
E -1000F z
w .
o < _3000}8 ng/mL Nanoparticles
< -1500F
l 24 ng/mL Nanoparticles
-2000F
-4500}F 0.11% Man
-2500 L L L L L 0 200 400 600
0 1000 2000 3000

Time (s) Time (min)

Figure $4. a. Typical frequency changes of QCM in the Con A immobilization step on the surface of the gold sensor with activated
carboxylic acid groups. 600 nM and 1200 nM Con A (in the cell) was injected into the cells at 350 s and 2500 s respectively. b.
Immobilization of ManNPs on the surface of the Con A-immobilized gold sensor. Con A was injected into the cell with activated
acid groups at 0 min. After washing with the phosphate buffer at 80 min, NPs with (blue) and without (black) 0.11% Man were
injected into the cells at 160 min, 380 min, and 500 min. The concentrations of NPs in the cells after each injection were 4 ug-mL™,

8 ug'mL™, and 24 pg'mL", respectively.
Observation of ManNPs on the surface of gold by AFM

The surface of the Au (111) on mica disks (Phasis) was cleaned under UV-ozone for 30 min. Soon after

cleaning, 3,3'-dithiodipropionic acid (0.2 mL, 1 mM in water) was loaded onto the Au surface and the
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disks were incubated for 30 min. The disks were then washed with pure water and the carboxylic acids of
3,3"-dithiodipropionic acid on the gold surface were activated for 30 min by loading 0.1 mL of a 1:1 v/v
aqueous solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (100 mgmL"') and N-
hydroxysuccinimide (100 mg'-mL") to form N-hydroxysuccinimidyl (NHS) esters. After rinsing the
activated surfaces 3 times by 10 mM HEPES buffer (pH 7.4, 1.8 mM CaCl,, 0.49 mM MgCl,), a solution of
Con A (600 nM in the HEPES buffer) was loaded on the disks and incubated for 60 min. The surfaces
were washed 3 times using the HEPES buffer and a solution of ManNPs was loaded on the disks and
incubated for 90 min. The surface was washed twice with the HEPES buffer, once with pure water, and
then dried. The topographic image was acquired using the tapping measurement mode of the atomic force
microscope (Dimension Icon, Digital Instruments) before (Figure S5a) and after (Figure SS5b)

immobilization of ManNPs (40% TBAm, 2% BIS, 5% AAc, 0.11% Man).

50 nm 50 nm

ﬁ‘pm 5um
Figure S5. An AFM image of the Con A-immobilized Au (111) surface on mica before (a) and after (b) immobilization of ManNPs

(40% TBAm, 2% BIS, 5% AAc, and 0.11% Man).
Observation of Con A binding on ManNPs on the surface of the gold sensor on QCM cells

After rinsing the ManNP-immobilized cells to remove the non-immobilized NPs, the cells were filled
with the phosphate buffer and set on the QCM system. Next, various concentrations of Con A
(concentration in the QCM cells: 5 to 240 nM) were injected into the cells and the time dependent

frequency change was monitored.
Analysis of binding/dissociation rate constants

In the Langmuir adsorption model, the binding process is defined as eq. (1), and the increasing amount of

Con A/binding-site complex per unit time is given by eq. (2). In this study, the number of Con A in the
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solution is in large excess relative to the number of binding sites on the surface of the QCM (eq. (3)), so
the number of Con A/binding-site complexes at time ¢ after injection is given by eq. (4). Then, eq. (2) is
rewritten as eq. (5); here, we defined 7 as eq. (6). Thus, the amount of Con A/binding-site complex
formed at time ¢ after injection is given by eq. (7). In the QCM measurement, the frequency change at
time o (AF,,,) corresponds to eq. (8) and the frequency change at time ¢ after injection (4F) corresponds
to the number of Con A/binding-site complexes. Thus, eq. (7) is used synonymously with eq. (9).
Therefore, the relaxation time (7) of Con A binding can be obtained from the curve fitting by the single
exponential function using eq. (9) at different Con A concentrations (5-240 nM). Association and
dissociation rate constants (k,, and k. respectively) are given as the slope and y-intercept of the linear
correlations between Con A concentration and the reciprocal of the binding relaxation time according to

eq. (6). The dissociation constant (Kp) is given as Koj/koy.

Frequency changes in the Con A binding processes were fit very well by the single exponential function
(Figure 2a). The reciprocals of the binding relaxation times (7), which were obtained from the exponential
function, were proportional to the concentrations of Con A (Figure 2b). From those results, we analyzed

the binding kinetics by approximating them to the Langmuir adsorption model.

k
Con A + Binding site & Con A + Binding site Q)
k
of

(2
d[Con A « Binding site | / dt =k, |Con A || Binding site | - km[ Con A + Binding site |

(3)
| Con A |,>> | Binding site |,

)
| Binding site | = | Binding site ], - | Con A = Binding site |

5
d[Con A« Binding site | / di = -1/t ([ Con A * Binding site ] -k [Con A |, | Binding site ],/ (k [ConA], +kv0,) ) &
o=k, [Cond ], +k,, ®
|Con A -« Binding site | =(1-exp (-t/t))k [Cond] | Binding site | /(k  [Cond] +koy) (@)}
AF, =k, [ConA] | Binding site ],/ (k,, [Con A1, +k ) ®
AF=AF (1-exp(-t/1)) )
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Volume change measurement

The diameter of the NPs was measured by dynamic light scattering (DLS, Malvern Instruments Ltd.).
Light with a wavelength of 633 nm from a He-Ne ion laser was used as the incident beam and all
measurements were performed at 25 °C. The solution of NPs (4 pg'mL™" NPs in 1000 pL HEPES buffer,
pH 7.4) was inserted in the DLS cell. The diameter of the NPs was measured 10 times at 25 °C (the
interval between each measurement was 120 s). To obtain the diameter of the NPs in the presence of Con
A, Con A (30120 nM) was added to a solution of NPs (4 ug-ml™ NPs in 1000 uL HEPES buffer, pH 7.4)
in the DLS cell. After incubating for 30 min at 25 °C, the diameter of the NPs was measured 10 times at
25 °C (the interval between each measurement was 120 s). Then, the volume change of the NPs was

defined as eq. (10).

Diameter / Diameter = Relative shrink ratio (-) (10)

each Con A conc, without Con A
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