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ABSTRACT: Lectins are omnipresent carbohydrate binding
proteins that are involved in a multitude of biological processes.
Unearthing their binding properties is a powerful tool toward the
understanding and modification of their functions in biological
applications. Herein, we present the synthesis of glycopolymers
with a brush architecture via a “grafting from” methodology. The
use of a versatile 2-oxazoline inimer was demonstrated to open
avenues for a wide range of 2-oxazoline/acrylamide bottle brush
polymers utilizing aqueous Cu-mediated reversible deactivation
radical polymerization (Cu-RDRP). The polymers in the obtained
library were assessed for their thermal properties in aqueous
solution and their binding toward the C-type animal lectins
dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) and mannose-binding lectin (MBL) via
surface plasmon resonance spectrometry. The encapsulation properties of a hydrophobic drug-mimicking compound demonstrated
the potential use of glyco brush copolymers in biological applications.

■ INTRODUCTION

Carbohydrate-binding proteins, also known as lectins, are
found across the plant and animal kingdom, encompassing a
myriad of crucial biological functions, such as immune
response, inflammatory response, cell signaling, and cell
growth, among others.1,2 Interactions between lectins and
carbohydrate units of glycan ligands are weak. However,
binding affinity is achieved by the multivalent nature of the
protein and the resulting “glycocluster effect” in combination
with the sugar density of the ligand.3,4 The binding behavior of
carbohydrate-binding proteins is of particular interest because
cancer cells and other pathogens show alterations in the typical
glycosylation patterns on the cell surface (glycocalyx). These
abnormalities in the glycocalyx can be targeted by certain
lectins, paving the way for lectin-based diagnostics and
therapies.5−8 Furthermore, multiple lectins are known to
interact with a number of viruses, making them promising
targets for the treatment and prevention of viral infections.9,10

Dendritic cell-specific intercellular adhesion molecule-3-grab-
bing nonintegrin (DC-SIGN) and mannose-binding lectin
(MBL) are the subjects of extensive research due to their key
role in pathogen response after viral infections, including
HIV.11−15 The tetrameric structure of DC-SIGN leads to great
selectivity toward mannose- and/or fucose-containing glyco-
polymers.16 Furthermore, MBL was found to play an important
role in the immunological defense by binding to numerous
parasites, viruses, and bacteria, such as Neisseria meningitis,

Ebola, and Influenza A.17−20 MBL is presenting different
structural forms ranging from dimers to hexamers based on
oligomers exhibiting three peptide chains with a carbohydrate-
recognition domain, which binds to multiple sugars and
glycopolymers with high affinities.21

Therefore, synthetic lectin ligands in the form of
glycopolymers emerged to be essential components in the
development of an in-depth understanding of lectin−glycan
interactions.22 The development and optimization of “living”
polymerization techniques enables the synthesis of glycopol-
ymers comprising a wide range of monomers and architectures.
In combination with the powerful tool of “click chemistry”,
these parameters are easily adjusted, allowing the versatile
synthesis of tailor-made macromolecules to investigate the
host−guest interaction of lectins with carbohydrates.23,24

There have been numerous reports for the synthesis of
lectin-binding glycopolymers, encompassing linear poly-
mers,11,25−31 glyconanoparticles,32−39 hyperbranched architec-
tures,40−43 star polymers,44−47 and dendrimers.48−50 Further-
more, various sugar-containing copolymers from N-(2-
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hydroxypropyl)methacrylamide (HPMA) have been employed
to study polymer−lectin interactions.51−55 In order to
accelerate the lectin binding, a high sugar density is favorable
to drive the “glycocluster effect”; therefore, branched structures
and graft polymers allow faster kinetics for protein binding.56

Surprisingly, there are only a few examples demonstrating the
lectin-binding of glyco brush polymers, and they mainly
comprise surface-grafted architectures.57,58

Poly(2-oxazolines) are a class of biocompatible polymers
that are gaining growing attention due to their unique
physiochemical properties and stealth behavior, outperforming
the gold-standard polyethylene glycol (PEG).59−65 However,
there have been only a few reports in the literature synthesizing
sugar-containing poly(2-oxazolines).66−68 To the best of our
knowledge, bottlebrush glycopolymers consisting of a poly(2-
oxazoline) backbone and polyacrylamide brushes have not
been synthesized to date. The peptidomimetic backbone of
poly(2-oxazolines) equips the materials with a biocompatible
feature, and the chemical composition yields brush copolymers
with polymer chains grafted from every third backbone atom.
Contrarily, a poly(acrylate) pendant would offer grafted
polymer chains from every second backbone atom.
In this work, we demonstrate a versatile approach toward

thermoresponsive glycopolymer brushes by grafting acryl-
amides from a functional poly(2-oxazoline) inimer (InOx)
backbone (Scheme 1). Combined with aqueous Cu-mediated
reversible deactivation radical polymerization (Cu-RDRP),
glycopolymers with random- or block-polyacrylamide brushes
consisting of N-isopropylacrylamide (NIPAM) and 2-(D-
manosyloxy) hydroxylethylacrylamide (ManAA) are rapidly
synthesized, and their lectin interactions with the C-type
lectins DC-SIGN and MBL were assessed. Furthermore, the
potential use of these brush copolymers for drug delivery
purposes was assessed by measuring the encapsulation of a
hydrophobic small molecule via UV−vis measurements. By

varying the amount of NIPAM and its distribution within the
polymers, the thermoresponsive behavior was shown to vary,
allowing one to control the solution behavior and therefore the
polymer properties in terms of encapsulation and particle size.

■ EXPERIMENTAL SECTION
Instruments. Nuclear Magnetic Resonance. Nuclear magnetic

resonance spectra were recorded on a Bruker AV-III at 400 MHz for
1H and at 100 MHz for 13C NMR measurements. CDCl3 was used as
solvent, and the resonance signal of residual CHCl3 at 7.26 ppm (1H)
and 77.16 ppm (13C) served as the reference for the chemical shift, δ.
For DMSO-d6, the resonance signal of residual DMSO at 2.50 ppm
(1H) was used. For D2O, the resonance signal of water at 4.79 ppm
(1H) was used.

Size Exclusion Chromatography (SEC) in DMF. SEC measure-
ments were conducted on an Agilent 1260 Infinity system operating
in DMF with 5 mM NH4BF4 and equipped with refractive index and
variable wavelength detectors, two PLgel 5 μm mixed-C columns
(300 × 7.5 mm), a PLgel 5 mm guard column (50 × 7.5 mm), and an
autosampler. The instrument was calibrated with linear, narrow
PMMA standards. All samples were filtered through 0.2 μm Nylon
filters before analysis.

Surface Plasmon Resonance (SPR). SPR was used for interaction
analysis of DC-SIGN and MBL. The extent of interaction between the
glycopolymers and lectins was evaluated on a BIAcore 2000 system
(GE Healthcare). DC-SIGN and MBL (0.005 mg/mL) were
immobilized via a standard amino-coupling protocol onto a CM5
sensor chip that was activated by flowing a 1/1 mixture of 0.1 M N-
hydroxysuccinimide and 0.1 M N-ethyl-N′-(dimethylaminopropyl)-
carbodiimide over the chip for 5 min at 25 °C at a flow rate of 5 μL/
min. Immobilization of lectins was targeted to 3000 response units
(RU−1), in order to ensure a fair comparison between MBL and DC-
SIGN. Subsequently, all channels were blocked with ethanolamine (1
M pH 8.5) for 10 min at 5 μL/min to remove remaining reactive
groups. All experiments were conducted with HEPES-buffered saline
(HBS) (0.10 M HEPES, 0.9 M NaCl, 1 mM MgCl2, 1 mM CaCl2, 1
mM MnCl2, 0.01% P20 surfactant solution adjusted to pH 7.4) and
filtered using a 0.2 μm regenerated cellulose syringe filter. Sensor-

Scheme 1. Schematic Representation of the Synthetic Pathway of Glyco Brush Copolymers Based on 2-Oxazolines and
Acrylamides by Cationic Ring-Opening Polymerization (CROP) (yielding brush initiator BI) and Subsequent Cu-Mediated
RDRP of Acrylamides (yielding brush copolymers)
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grams for each glycopolymer concentration (0.0625−10 μM) were
recorded using a 300 s on period, followed by 600 s of buffer alone
(off period). Regeneration of the sensor chip surfaces was performed
using 10 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM EDTA, and
0.01% P20 surfactant solution. Kinetic data were evaluated using a
single set of sites (1/1 Langmuir binding) model.
Dynamic Light Scattering (DLS). The mean hydrodynamic

diameters (the volume weight diameter of the distribution) were
determined by using a Malvern Zetasizer Nano ZS instrument
equipped with a He−Ne laser at 633 nm. DLS measurements were
performed by taking 1 mL of polymer solution (1 mg/mL). All
measurements were carried out from 25 to 40 °C and repeated three
times.
UV−Vis Measurements. UV−vis measurements were carried out

on an Agilent Cary 100 UV−vis instrument. Solutions were measured
using quartz cuvettes for organic solvents or high temperatures and in
disposable plastic cuvettes for aqueous solutions. For turbidity
measurements, the absorbance at 500 nm was determined over the
desired temperature range.
DHA Uptake Measurement. To a vial with a magnetic follower

were added 3 mL of glycopolymer solution (1 mg/mL) and excess
DHA (15 mg). The mixture was vigorously stirred for 12 h under
ambient temperature or 37 °C and then passed through a 0.45 μm
filter to remove any insoluble DHA. The obtained clear solution was
directly used for UV−vis measurements. The absorbance was
measured at 485 nm. Due to the insolubility of DHA in water, a
calibration line could not be created. Therefore, the encapsulated
amounts were not quantified.
Synthesis and Characterization. One-Pot Synthesis of 2-

Oxazoline Inimer InOx via Mercaptoethanol Thiol−Ene Reaction
and Subsequent DIC-Coupling with Bromoisobuturic Acid. Under
an argon atmosphere, 2-isopropenyl-2-oxazoline (1.00 equiv) and 2-
mercaptoethanol (1.00 equiv) were stirred for 15 min in a round-
bottom flask. The reaction mixture was then diluted with anhydrous
DCM before addition of DMAP (0.10 equiv) and α-bromoisobutyric
acid (1.00 equiv). In a dropping funnel, a solution of N,N′-

diisopropylcarbodiimide (1.00 equiv) in DCM was added slowly to
the ice-cold reaction mixture. After 18 h, the formed urea byproduct
was filtered off and the crude product was washed with NaHCO3
(3×) and brine. Evaporation of the solvents under reduced pressure
yielded a yellow oil that was subjected to flash chromatography on
silica (ethyl acetate/hexanes = 1:9) to obtain the product as a
colorless oil (yield = 61−68%).

General Procedure for the Synthesis of Brush Initiator BI: CROP
of Poly(EtOx40-b-InOx10). Under an inert atmosphere, a glass vial was
loaded with the monomer EtOx (40 equiv), MeOTs (1.00 equiv), and
MeCN to obtain a monomer concentration of 4 M. The reaction
mixture was degassed at ambient temperature for 30 min and placed
in a preheated oil bath at 60 °C. After full monomer conversion, a 4
M solution of InOx (10 equiv) in MeCN was added via a degassed
syringe and the reaction mixture was allowed to stir until full
monomer conversion was observed.

Subsequently, 2 mL of water was added to quench the reaction and
the reaction mixture was allowed to stir for 2 h. The obtained crude
was placed in a dialysis membrane and dialysis was carried out against
deionized water. After freeze-drying, the pure block copolymer was
obtained as a white powder and was analyzed by SEC (DMF + 5 mM
NH4BF4) and

1H NMR.
General Procedure for the Synthesis of Brush Polymers via

Cu(0)-RDRP with Chain Extension Using Brush Initiator BI. In a
glass vial, Me6TREN (0.40 equiv) was mixed with 2 mL of deionized
water and degassed at 0 °C for 20 min. The solution was added to a
second vial containing CuBr (0.40 equiv) and a magnetic follower via
a gastight syringe at 0 °C. In the meantime, another glass vial with the
brush initiator BI (1.00 equiv, calculated from the molecular weight of
the monomer unit) and the first monomer (desired degree of
polymerization) dissolved in 2 mL of H2O was purged with nitrogen
at 0 °C. In order to start the polymerization, the monomer/initiator
solution was transferred in a gastight syringe to the glass vial
containing the disproportionate copper/ligand suspension. For
random copolymers from two different monomers, both monomers
were dissolved in one glass vial. In order to conduct chain extension

Table 1. Summary of SEC Results, Turbidity, and DLS Results for the Synthesized Polymer Library

SEC results cloud pointa (°C)
DLS in H2O

c Z-average
diameter (nm)

code monomer and DP Mn,theo(Da) Mn,SEC (Da) Đ H2O HBSb 25 °C 37 °C

Linear Arms Architecture
L1 NIPAM10-b-ManAA10 4 100 10 700 1.10 − − nd nd
L2 NIPAM50-b-ManAA10 8 400 13 000 1.10 − − nd nd
L3 NIPAM10-r-ManAA10 4 100 16 400 1.42 − − nd nd
L4 NIPAM50-r-ManAA10 8 400 16 700 2.52 − 47 nd nd

Brush Initiator Architecture
BI EtOx40-b-InOx10 7 500 11 100 1.11 70 nd nd nd

Brush Homo Architecture
BP1 NIPAM10 18 700 22 000 1.38 − nd 14 24
BP2 NIPAM50 63 900 84 000 1.50 36 nd 19 189
BP3 ManAA10 35 200 16 400 1.38 − − 45 74
BP4 ManAA25 76 800 18 100 1.44 − − 50 57

Brush Random Architecture
BP5 NIPAM10-r-ManAA10 46 500 276 200 1.85 − − 42 42
BP6 NIPAM50-r-ManAA10 91 700 88 700 1.66 68 48 24 36

Brush Block Architecture
BP7 NIPAM10-b-ManAA1 21 600 28 500 1.23 66 48 14 25
BP8 NIPAM10-b-ManAA10 46 500 27 900 1.52 − − 14 25
BP9 NIPAM50-b-ManAA1 66 800 89 600 2.28 37 21 30 221
BP10 NIPAM50-b-ManAA10 91 700 79 800 1.67 − − 33 74
BP11 ManAA10-b-NIPAM10 46 500 35 700 1.24 − − 33 30
BP12 ManAA10-b-NIPAM50 91 700 97 900 1.42 − 29 25 52

aCloud points were measured at 500 nm and values were determined at a transmission of 50%; polymer concentrations in water and HBS buffer
were at 30 μM. nd = not determined. bHEPES-buffered saline (10 mM HEPES pH 7.4, 150 mM NaCl, 5 mM CaCl2) (HBS). cPolymer
concentration for the solutions was set at 1 mg/mL.
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experiments, the second monomer (desired degree of polymerization)
was dissolved in 2 mL of deionized water and degassed with nitrogen
at 0 °C. After full monomer conversion for the first block (confirmed
by 1H NMR), the degassed solution of the second monomer was
added to the polymerization reaction. The reaction was monitored by
SEC (DMF with 5 mM NH4BF4) and 1H NMR, and after full
monomer conversion, the reaction mixture was filtered over cotton
wool followed by dialysis against deionized water. The pure polymers
were obtained as white powders upon freeze-drying of the dialyzed
solution.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Glyco Brush
Copolymers. With the intention to synthesize glycopolymer
brushes densely decorated with carbohydrates, our very
recently reported 2-oxazoline inimer approach was employed
to tailor mannose-containing bottlebrushes.69 In order to
obtain a water-soluble oxazoline brush initiator BI, the α-
bromoisobutyric acid containing 2-oxazoline inimer (InOx, DP
= 10), which is equipped with a tertiary alkyl bromide function,
was copolymerized via CROP with 2-ethyl-2-oxazoline (EtOx,
DP = 40) to yield a well-defined diblock copolymer (Đ = 1.11,
Mn,SEC = 11 100 Da). The water-soluble macroinitiator BI was
utilized in aqueous Cu-mediated RDRP to synthesize a library
of bottlebrush polymers with different monomer compositions.
The monomers of choice were 2-(D-manosyloxy) hydrox-
ylethylacrylamide (ManAA) for the interaction with mannose-
binding lectins and NIPAM in order to introduce thermores-
ponsiveness. Employing a thermoresponsive monomer allows
one to modulate the solution behavior of the synthesized
polymers, which is a useful tool for possible applications in
drug delivery and protein interaction, among others. The
polymer library comprised brushes of NIPAM only (BP1 and

BP2, DP = 10 and 50, respectively) as control polymers,
ManAA only (BP3 and BP4, DP = 10 and 25, respectively),
and copolymer brushes of different ratios of NIPAM and
ManAA consisting of random or block monomer sequences
(Table 1). An identical synthesis protocol was followed for the
synthesis of all brush copolymers, utilizing water as a solvent,
Me6TREN as a ligand, and CuBr as the copper source. In a
conventional reaction setup, reactant ratios were maintained at
[monomer]/[initiator]/[Me6TREN]/[CuBr] = DP/1/0.40/
0.40. Block polymer brushes were synthesized via sequential
monomer addition after full conversion of the first segment.
Linear control polymers with the same composition as the
polymer brushes were synthesized with the same reaction
procedure, utilizing 2,3-dihydroxypropyl-2-bromo-2-methyl-
propanoate as the monofunctional initiator (L1−L4). For all
synthesized polymers, quantitative monomer conversions were
obtained.
Molecular weight distributions (Đ) were relatively low for

brush polymers consisting of only NIPAM or brush block
copolymers from NIPAM and ManAA, when low degrees of
polymerization (DP) were targeted (Đ = 1.21−1.52), and
elevated for block copolymer brushes with higher degrees of
polymerization (Đ = 1.50−2.28). Nonsymmetrical SEC traces
with high molecular weight shoulders and therefore high
molecular weight distributions were obtained for random
copolymers in general, when equal amounts of NIPAM and
ManAA were copolymerized (Đ = 1.66−1.85). This trend was
confirmed by the random copolymerization of linear NIPAM
and ManAA (L3, L4), which led to increased polydispersity
values (Đ = 1.42−2.52). Contrarily, linear block copolymers
from NIPAM and ManAA (L1, L2) resulted in well-defined
macromolecules (Đ = 1.10). The generally increased Đ is
explained by the rapid polymerization kinetics and the fact

Figure 1. Size exclusion chromatography (SEC) traces of glyco brush copolymers BP3 (a) and BP4 (b), including 2-oxazoline-based brush initiator
BI (black traces). (c) A representative 1H NMR spectrum of a glycol brush copolymer BP3 showing resonances of both monomers.
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that, during brush polymer synthesis, initiating sites and
growing chains are in close proximity to one another, which
might result in termination by combination. The decreased
control for random copolymers is thought to result from the
different propagation rates of NIPAM (polymerizing fast) and
ManAA (polymerizing slow) [Figure S4, Supporting Informa-
tion (SI)]. The successful chain extension experiments were
confirmed by 1H NMR and SEC measurements (Table 1).
The clear shift of SEC traces was observed when NIPAM and
ManAA were polymerized in equal amounts (both DP = 10,
BP3). In the case of higher NIPAM content (DP = 50), the
polymer brush SEC traces showed a very minor shift to higher
molecular weight upon chain extension with ManAA (DP =
10, BP4). Apparently, the very hydrophilic sugar segment
results in a decrease of hydrodynamic volume (Figure 1a,b).
The kinetic data also suggests that random copolymers obtain
a gradient distribution of ManAA and NIPAM due to the stark
difference in reactivity, which resulted in very different
properties when compared to their blocky counterparts.

Cloud Point and Hydrodynamic Size Measurements.
After purification, the polymers were analyzed for their cloud
points (CP) via UV−vis spectroscopy. Poly(NIPAM) is known
for its thermoresponsive solution properties, showing phase
separation at around 31−33 °C, depending on the molecular
weight and architecture.70 The CP of poly(EtOx) was shown
to be ∼61−65 °C, depending on its chain length.71 The
thermoresponsive behavior of the brush copolymers introduces
the possibility to control the solution behavior of the brush
copolymers by varying the amount and distribution of NIPAM.
This temperature-induced aggregation of the polymers will
affect the investigated properties of lectin binding and
encapsulation of hydrophobic small molecules.
As expected, the brush-initiator (BI), consisting of 80%

EtOx and 20% InOx, exhibited a slightly higher cloud point of
around 70 °C. Furthermore, the expected absence of a CP for
the brush polymers consisting only of ManAA (BP3, BP4),
due to the highly hydrophilic character, was confirmed.
Surprising results were obtained for linear and brush
copolymers consisting of both NIPAM and/or ManAA.

Figure 2. UV−vis spectroscopy measurements of aqueous solutions from brush polymers consisting of brushes with 50 NIPAM units and 10
ManAA units: (a) random monomer distribution (BP6) and (b) block copolymer (BP10). DLS measurements for a temperature range from 25 to
40 °C: (c) random monomer distribution (BP6) and (d) block copolymer (BP10).
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Depending on the NIPAM ratio and polymer chain sequence
(random, block, or reverse block order), the thermoresponsive
behavior varied severely (Table 1). Brush polymers consisting
of 10 NIPAM units per brush (BP1) showed no thermores-
ponsive behavior over the measured range, whereas 50 NIPAM
units per brush (BP2) exhibited a CP of 35.7 °C. Therefore, a
threshold content of NIPAM in the brush polymer is required
in order to result in detectable aggregation using the UV−vis
method. In general, thermoresponsive properties were not
observed for polymers with a 50/50 ratio between NIPAM and
ManAA, which is again expected, due to the highly hydrophilic
character of the mannose moieties.
The brush copolymer with a random distribution of NIPAM

(DP = 50) and ManAA (DP = 10) (BP6) exhibited a CP of
67.5 °C (Figure 2a). Altering the monomer distribution to
NIPAM as the first block (DP = 50) and ManAA (DP = 10) as
the second block (BP10) gave a minor increase in absorbance
around the temperature of the usual CP of poly(NIPAM),
where the transmittance dropped to ∼90% (Figure 2b). Upon
swapping the block sequence of NIPAM and ManAA (BP12),
no decrease in transmittance was observed over the measured
temperature range.
Interestingly, the sequence of the polymer brushes has a

tremendous impact on their solution behaviors. The decrease
in transmittance for BP10 can be explained by the hydro-
philicity of the flanking sugar blocks, which mediate sufficient
solubility for the polymer even though the CP of NIPAM is
reached. In the case of a very low sugar ratio (average of one
mannose unit per chain, BP7, BP9), the expected results were
obtained. The brush polymer with 50 units of NIPAM (BP9)
showed a slightly increased CP of 37.5 °C compared to the
NIPAM homopolymer (BP2). Surprisingly, BP1, which has a
theoretical composition of NIPAM10-b-ManAA1, exhibits a CP
at 65.5 °C, although the NIPAM homopolymer (DP = 10)
BP1 displays no decrease in transmittance.
According to their cloud points, the particle size of the glyco

brush copolymers in water was analyzed by dynamic light
scattering (DLS) measurements. In general, polymers with a
cloud point below 40 °C formed large aggregates above 35 °C,
showing an increase of average size distribution from 19 to 189
nm and 30 to 221 nm for BP2 and BP9, respectively (Table
1). The increase in average size was much smaller for polymers
with a NIPAM to ManAA ratio of 50/10. Due to their higher
hydrophilic character, the block polymers BP10 and BP12
resulted in an increased particle size from 33 to 74 nm and 25
to 52 nm, respectively. The average size of the random brush
copolymer BP6 only increased from 24 to 36 nm (Figure 2).
Therefore, the sequence of the brush is demonstrated as an
adjustable feature to fine-tune thermoresponsiveness. Gen-
erally, brush polymer particle sizes remained unchanged or
only increased marginally for higher ratios of ManAA (Figure
3).
Encapsulation Studies with DHA. In order to investigate

the drug delivery potential of the synthesized polymer library,
aqueous polymer solutions (concentration = 1 mg/mL) were
incubated with the hydrophobic compound 1,4-dihydroxyan-
thraquinone (DHA). DHA was used as an inexpensive, water-
insoluble drug mimic to assess the uptake behavior of each
polymer for hydrophobic small molecules. Depending on the
amount of NIPAM and the polymer architecture, the detected
amount of incorporated DHA varied drastically (Figure 4).
Generally, the encapsulated amount of DHA in solution
increased at elevated temperature (37 °C). The linear

polymers L1−L3 showed minor encapsulation, whereas the
random copolymer L4 with 50 NIPAM units resulted in a
strong increase of DHA uptake compared to the block polymer
counterpart L2. However, brush polymers demonstrated
contrasting results, showing a higher DHA uptake for block
polymer structures (BP8, BP10) over their randomly
distributed counterparts (BP5, BP6).
Brush polymers carrying NIPAM at the periphery (B11,

B12) encapsulated only a very small amount of the
hydrophobic compound. Therefore, the ratio of NIPAM is
not crucial for efficient encapsulation of DHA, but the polymer
architecture is important. The uptake efficiency is also
dependent on the 2-oxazoline backbone. Although showing
only a minor response in the UV−vis measurement, the brush
initiator (BI) solubilizes a small amount of DHA. More
impressively, the highly hydrophilic brush polymer BP3 with
10 mannose units per brush demonstrates a significant increase
in DHA encapsulation at 37 °C. The combination of the BI
brush initiator backbone with the hydrophilic mannose
moieties suggests the establishment of an amphiphilic

Figure 3. Bar diagram showing the average particle diameter size of an
aqueous 1 mg/mL polymer solution at 25 and 37 °C determined by
DLS (data are shown as mean + SD).

Figure 4. Bar diagram showing the absorbance values at 485 nm of
aqueous polymer solutions (1 mg/mL) after incubation with DHA for
12 h at 25 and 37 °C.
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environment, promoting DHA uptake. Consequently, the
character of the brush backbone seems to be critical for
efficient DHA encapsulation. These preliminary findings
provide a promising molecular design for a protein-binding
polymer with the ability to deliver a cargo to a specific
biological environment. The follow up studies will focus on the
uptake measurements with bioactive compounds.
C-Type Lectin Binding Studies via SPR Measure-

ments. The lectin binding behavior of the synthesized
polymer library was investigated via SPR measurements. It is
important to obtain an in-depth understanding of the
interactions between carbohydrate ligands and sugar-binding
proteins because this may relate to the biological significance
of lectins. The C-type lectins DC-SIGN and MBL were chosen
due to their scientific relevance in many biological processes,
such as immune response and disease.13,72 In general, all
polymers carrying mannose units showed some binding, and
binding was faster toward DC-SIGN compared to MBL
(Figure 5). The absence of lectin binding to NIPAM brush
polymers (BP1, BP2) was expected.
Linear polymers showed much slower association kinetics

compared to their brush polymer counterparts, which was
expected due to the lower sugar density. Remarkably, the linear
polymers L1−L4 showed very slow dissociation rates (kd) for
MBL. Similar results were obtained for the binding of L1 to
DC-SIGN, although L2−L4 resulted in somewhat increased kd
values (Figure 5). It has to be noted that improved binding
(increased Rmax, Table S1, SI) was observed for the linear block
copolymer L1 over the randomly distributed equivalent (L3)
for both lectins. This result is in accordance with literature
findings, which report better lectin binding for DC-SIGN when
the sugar density is high.11 However, linear glycopolymers with
NIPAM/ManAA ratios of 50/10 showed very similar binding
behavior for linear block and random copolymers (L2 and L4,
Figure 6). It is suggested that the hydrophilicity of the polymer
chain and the length of the nonbinding segment are pivotal in
linear architectures.
On the other hand, glyco brush copolymers showed less

pronounced effects of the monomer sequence on lectin
binding. As expected, polymers with brushes consisting of
only ManAA (BP3, BP4) resulted in very good binding for
both lectins, showing increased kinetic values for longer

ManAA segments (BP4) binding DC-SIGN. The association
kinetics toward MBL of brush polymers with blocky
architectures (BP8, BP10, BP11, BP12) was higher compared
to that of polymers with random brush sequences (BP5, BP6).
Furthermore, brush polymers with ManAA segments at the
periphery (BP8, BP10) resulted in faster binding than
polymers with NIPAM blocks flanking the sugary segments
(BP11, BP12). This result was expected since the binding
epitopes of the polymers are less accessible when blocked by
NIPAM segments. Remarkably, this effect was not observed for
DC-SIGN. The binding results for DC-SIGN suggest an
independence between sequence and binding strength,
showing very similar association and dissociation constants
for random and blocky architectures. Dissociation rate
constants (kd) are in general very low for glyco brush
copolymers with both lectins, indicating that interactions
with mannose units on the side chains tend to persist or that
rebinding of released mannose units occurs more rapidly than
dissociation of the complex during the buffer wash period. The
SPR sensorgrams in Figure 6 reveal strong and similar binding
characteristics for most glycopolymers to both lectins,
dominated by very slow dissociation rates. Overall, we have
concluded that an increase in the carbohydrate valency on the
side chains is leading to an increase in binding affinity. Polymer
brushes with blocky structures bind better to the lectins
compared to brushes with randomly distributed monomers.
Furthermore, for polymer brushes with a block sequence, the
position of the sugar block affects the binding properties
according to KD values. By positioning the carbohydrate blocks
in proximity to the brush polymer backbone, lectin binding
was decreased due to the binding epitopes being less accessible
for the lectins. Hence, BP8 and BP10 present better binding
affinity than BP11 and BP12, respectively (Figure S26, SI).

■ CONCLUSION
In this study, a set of mannose-containing copolymers,
covering a wide range of linear and bottle brush polymers,
was synthesized via a “grafting from” approach. We have
observed that the sequence of the polymer brushes has a large
impact on the thermal properties of the polymers in aqueous
solution. Furthermore, we have demonstrated that polyacryla-
mide bottle brush polymers containing NIPAM and ManAA

Figure 5. Summary of ka (orange) and kd (blue) values for the binding of the glyco brush copolymer library to (a) DC-SIGN and (b) MBL. SPR
sensorgrams are presented in Supporting Information (Figure S23−25).
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with a poly(2-oxazoline) backbone show very strong binding

to the C-type lectins MBL and DC-SIGN due to the high

carbohydrate density and very slow dissociation rates in all

cases. The kinetics of the lectin binding assessed via SPR

measurements showed accelerated association kinetics of brush

architectures compared to their linear counterparts for both

lectins. Interestingly, MBL binding association rates depended

strongly on the brush sequences, whereas the effects were

smaller with DC-SIGN, which showed good binding regardless

of the brush constitution. Finally, the integration of a

thermoresponsive NIPAM block resulted in an increased

incorporation of the drug-mimicking compound DHA, and the

cloud point behavior could be tuned by changing monomer

ratios and polymer architecture.
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Pelantova,́ H.; Konefał, R.; Etrych, T.; Krěn, V.; Bojarova,́ P.;
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