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ABSTRACT 

The physicochemical properties of cyclic polymer adsorbates are significantly influenced by 

the steric and conformational constraints introduced during their cyclization. These translate 

into a marked difference in interfacial properties between cyclic polymers and their linear 

counterparts, when they are grafted onto surfaces yielding nanoassemblies or polymer 

brushes. This difference is particularly clear in the case of cyclic polymer brushes that are 

designed to chemically interact with the surrounding environment, for instance by associating 

with biological components present in the medium, or, alternatively, through a response to a 

chemical stimulus by a significant change in their properties. 

The intrinsic architecture characterizing cyclic poly(2-oxazoline)-based polyacid brushes 

leads to a broad variation in swelling and nanomechanical properties in response to pH 

change, in comparison to their linear analogues of identical composition and molecular 

weight. In addition, cyclic glycopolymer brushes derived from polyacids reveal an enhanced 

exposure of galactose units at the surface, due to their expanded topology, and thus display an 

increased lectin-binding ability with respect to their linear counterparts. 

This combination of amplified responsiveness and augmented protein-binding capacity 

renders cyclic brushes invaluable building blocks for the design of “smart” materials and 

functional biointerfaces.  

 

 

 

 

 

KEYWORDS: polymer topology; cyclic polymers; polymer brushes; nanofilms; atomic force 

microscopy.  
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During the last decade, a variety of synthetic paths have been successfully established to 

produce cyclic polymers with high purity and in good yield, including ring-closure strategies 

starting from chain-end functional precursors,1-3 and ring-expansion techniques that have 

exploited cyclic precursors and/or catalysts.4-8 Simultaneously, experimentalists and 

theoreticians have progressively demonstrated that topology effects in cyclic macromolecules 

substantially alter several fundamental physicochemical properties in bulk, melts and 

solutions, such as molecular dimensions,9-12 rheological characteristics13 and solvation 

properties.14-17  

From this starting point, increasing efforts have been recently devoted to applying the 

distinctive properties of cyclic polymers in materials science, in an effort to translate a 

polymer class that was defined as little more than a scientific curiosity into building blocks 

for the formulation of advanced materials.18  

We have specifically focused on the application of cyclic polymers to generate interfaces 

with broadly tunable properties on organic and inorganic supports, and nanoparticles (NPs).19 

On macroscopic surfaces, the exceptional steric stabilization and molecular compactness 

provided by cyclic macromolecules, coupled with their intrinsic absence of chain ends, can 

generate nanofilms with distinctive biopassive, and tribological properties. In particular, 

cyclic poly(2-alkyl-2-oxazoline) (PAOXA) adsorbates synthesized by a ring-closure method 

have been applied on metal oxide substrates, as well as on cartilage, to yield polymer-brush 

assemblies that provide both superlubricious behavior and enhanced resistance toward 

nonspecific interactions with serum proteins.20-24 Cyclic PAOXAs were additionally applied 

to fabricate inorganic core-cyclic polymer-shell NPs, demonstrating an excellent colloidal 

stability and nearly full bioinertness within aqueous media and protein dispersions.25 

These initial studies highlighted how the intrinsic topology effects of chemically inert, cyclic 

macromolecules can be directly translated into a substantial modification of interfacial 
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physicochemical properties on solid surfaces. However, the steric and conformational 

constraints introduced during cyclization are additionally expected to affect the 

characteristics of polymer assemblies when these feature a functional character. This is the 

case for polymer interfaces that are chemically designed to actively interact with the 

surrounding environment, for instance through covalent or supramolecular associations with 

one or more components present in the medium, or, alternatively, through a response to a 

physical or chemical stimulus (such as light, or pH) by a significant change in their 

properties.26  

Despite their smaller radius of hydration compared to linear analogues of similar molecular 

weight, cyclic polymers show an enhancement in effective intramolecular repulsion between 

their polymer segments. We believe that this phenomenon not only leads to a higher 

excluded-volume effect and greater swelling,27 but would also generate a higher steric 

availability for functional groups that could not be achieved on linear polymer coils. This 

enhancement in the surface exposure of functionalities, simply as a result of polymer-graft 

chain topology, would offer an approach to the design of a large variety of reactive 

biointerfaces, with potential impact in drug delivery systems, bioimaging materials, and 

biosensors, for example.28 

Moreover, since shifting from linear to cyclic topology can change the stimulus-responsive 

behavior of surface-grafted macromolecules, a more precise tuning of polymer topology 

could provide an additional parameter in the modulation of the properties of “smart” surfaces.  

While the distinctive steric restrictions characteristic of cyclic polymers have already been 

demonstrated to alter the temperature-induced transitions of amphiphilic polymers in 

solution,29-31 the presence of a grafting surface as a boundary could further alter or amplify 

any physical transition. Moreover, translating similar topology effects, already observed in 

solution, into surface properties would enable the fabrication of responsive surfaces with 
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potential applications in cell-sensitive platforms,32-34 nanostructured membranes,35-37 or 

optical devices.38-40  

Inspired by these intriguing perspectives, the objective of our study is to demonstrate that 

topology effects in brush-forming cyclic polymer adsorbates enable a broader tuning 

capability for responsive properties on surfaces, and an enhanced functional character with 

respect to commonly employed formulations based on linear grafts.  

Linear and cyclic poly(2-carboxypropyl-2-oxazoline) (PCPOXA) adsorbates incorporating 

disulfide-based anchors were first synthesized by cationic ring-opening polymerization 

(CROP)41 of 2-methoxycarbonylpropyl-2-oxazoline (MCPOXA),42-43 followed by post-

polymerization modification. Their subsequent assembly on Au surfaces generated 

topologically different, weak polyacid brushes that respond to pH by varying their swelling, 

nanomechanical and nanotribological properties. Through a combination of variable-angle 

spectroscopic ellipsometry (VASE), quartz crystal microbalance with dissipation (QCM-D) 

and atomic force microscopy (AFM) methods, we demonstrate that the intramolecular steric 

pressure generated within cyclic grafts upon deprotonation significantly alters the transition 

in their physicochemical properties across the pKa. More generally, we demonstrate that the 

effects of polymer topology coupled with the additional constraint of a grafting surface lead 

to a broader response of the assemblies towards pH variation. 

When the side-chain groups of PCPOXA are derivatised with galactose moieties, functional 

poly(2-N-2-deoxy-D-galactopyranosecarboxamidepropyl-2-oxazoline) (PGalaPOXA) 

adsorbates forming brushes can efficiently act as glycopolymer ligands for proteins.  

A wide variety of cell-adhesion and recognition events, including those involved in cancer, 

inflammation and infection, encompass the specific interaction between carbohydrate-rich 

macromolecules and lectins.44 Therefore an investigation of the effect of chain topology on 



 6 

the protein-binding ability of synthetic glycopolymers on surfaces is a highly relevant 

approach to the development of both sensing and therapeutic materials.45  

In the particular case of PGalaPOXA brushes, the intrinsic steric constraints present along 

cyclic grafts provide an augmented presentation of galactose functions at the interface, 

leading to a markedly higher lectin-binding efficiency with respect to linear brush analogues 

with similar molar mass and comparable surface coverage.  

Although these results are specific for polymer surfaces that show affinity toward a particular 

protein type, they suggest how the translation of topology effects into interfacial properties 

can enhance the functional character of a large variety of reactive platforms and biomedical 

devices.   

 

RESULTS AND DISCUSSION 

Synthesis and Surface Assembly of Linear and Cyclic Polyacid Adsorbates on Au 

Surfaces 

Responsive and functional polymer brushes with different chain topologies were fabricated 

starting from poly(2-methoxycarbonylpropyl-2-oxazoline) (PMCPOXA) species, which had 

been synthesized by cationic ring-opening polymerization (CROP)41 of 2-

methoxycarbonylpropyl-2-oxazoline (MCPOXA)43 using chemically tailored initiator and 

terminator agents (Scheme 1a and Supporting Information). In the case of linear adsorbates, 

CROP was terminated by addition of piperazine, yielding PMCPOXA presenting amine chain 

end with Mn= 8200 Da (DP ~ 50, Supporting Information) and dispersity (Ɖ) = 1.23.  

Subsequent derivatization with (4-(5-(1,2-dithiolan-3-yl)pentanamido)benzoic acid) (BCLA), 

provided PMCPOXA with disulfide end groups that can function as specific anchors for Au 

surfaces (Scheme 1a and Supporting Information). Final basic hydrolysis of the methyl ester 
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side-chains of PMCPOXA-BCLA generated poly(2-carboxypropyl-2-oxazoline) adsorbates, 

yielding linear polyacid brushes on Au (l-PCPOXA) (Scheme 1b). 

 

 

Scheme 1. (a) Synthesis of c-PCPOXA and l-PCPOXA by CROP and post-functionalization. 

Reaction conditions for c-PCPOXA are briefly summarized as follows. i) CROP: Propargyl 

p-toluenesulfonate (R=C2H), MCPOXA, dry ACN, 80°C, 16 h under Ar; termination by 3-

azidopropylamine, dry ACN, 25°C, 48 h under Ar. ii) Intramolecular cyclization using 

copper(I)bromide (CuBr), N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA), DCM, 

25°C, 72h, under Ar. iii) BCLA, (1-cyano-2-ethoxy-2-

oxoethylideneaminooxy)dimethylaminomorpholinocarbenium hexafluorophosphate 

(COMU), N,N-diisopropylethylamine (DIPEA), DMF, 25°C, 24 h; hydrolysis using 1M 

NaOH, EtOH:H2O 2:1, 25°C, 24 h. Reaction conditions for l-PCPOXA. i) Methyl p-

toluenesulfonate (R=H), MCPOXA, dry ACN, 80°C, 16 h under Ar; termination by 

piperazine, dry DMF, 25°C, 48 h under Ar. iv) BCLA, COMU, DIPEA, DMF, 25°C, 24 h; 

hydrolysis using 1M NaOH, EtOH:H2O 2:1, 25°C, 24 h. (b) Schematic illustration depicting 

the pH-responsive properties by c-PCPOXA and l-PCPOXA brushes across their pKa.  

 

The corresponding cyclic polyelectrolyte adsorbates (c-PCPOXA) were synthesized 

following a similar general strategy. Cyclic PMCPOXA species were first obtained starting 

from α-alkyne-ω-azide PMCPOXA telechelic precursors with Mn = 8000 Da (DP ~ 50, 
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Supporting Information) and Ɖ = 1.26. These were subjected to intramolecular cyclization by 

Cu(I)-catalyzed alkyne-azide cycloaddition generating cyclic PMCPOXA (Supporting 

Information). Subsequent functionalization with BCLA, followed by final hydrolysis of the 

side chains yielded c-PCPOXA adsorbates (Scheme 1a).  

Deposition of l- and c-PCPOXA onto Au from a 10 mM methanol solution with 1 vol% 

acetic acid46 generated topologically different, dense polyelectrolyte brush assemblies after 

just 1 h of adsorption. In particular, l-PCPOXA brushes showed an average dry thickness 

(Tdry) of 3.2 ± 0.1 nm, as measured by variable angle spectroscopic ellipsometry (VASE), 

corresponding to a grafting density (σ) of 0.27 chains nm-2. c-PCPOXA brushes showed a 

slightly higher Tdry of 3.8 ± 0.1 nm, which indicated a higher polymer surface coverage with 

σ = 0.34 chains nm-2. As was previously observed in the case of neutral PAOXA 

assemblies,20, 21, 25, 47 the formation of denser polyacid grafts by adsorption of cyclic 

adsorbates is presumably due to their more compact molecular dimensions, compared to 

linear analogues of similar molar mass,10, 11, 14 which reduced steric hindrance between 

surface-interacting polymers. 

The formation of PCPOXA brushes was subsequently studied in situ, by monitoring the 

adsorption of l- and c-PCPOXA adsorbates with quartz crystal microbalance with dissipation 

(QCM-D), using Au-coated sensors as substrates. As shown in Figure 1a, the formation of 

both linear and cyclic brushes displayed distinctly rapid kinetics, as witnessed by a quick 

drop in the values of frequency (ΔF) just after injection of PCPOXA solutions in the QCM-D 

cells.  
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Figure 1. (a) Assembly of l- and c-PCPOXA on Au-coated sensors monitored by QCM-D 

recording ΔF and ΔD shifts, following (1) incubation in ultra-pure water, (2) methanol-1% 

acetic acid, (3) 1 mg ml-1 l- and c-PCPOXA solutions in methanol-1% acetic acid, (4) rinsing 

with methanol-1% acetic acid, and (5) final rinsing with ultra-pure water. One representative 

overtone (5th) is shown for l-PCPOXA (5th F linear and 5th D linear, blue and violet traces), 

and for c-PCPOXA (5th F cyclic and 5th D cyclic, green and yellow traces). The red arrows 

highlight the final values of ΔF recorded in ultra-pure water for l- and c-PCPOXA brushes 

(differences between (1) and (5)). (b) A zoomed-in sensogram displaying the variation of ΔF 

during the adsorption of l-PCPOXA (blue trace) and c-PCPOXA (green trace) from 1 mg ml-1 

methanol-1% acetic acid polymer solutions.  

 

For both l- and c-PCPOXA brushes, the observed initial fast adsorption was followed by a 

plateau, suggesting surface saturation by adsorbing polymers (Figure 1b). However, in the 

case of cyclic brushes, ΔF reached a nearly constant value within a few minutes, while the 

assembly of l-PCPOXA was more gradual, with ΔF progressively approaching a steady-state 

value more than 30 min after injection. The assembly of l- and c-PCPOXA brushes was 

followed by washing the sensors with pure solvent, in order to remove any weakly adsorbed 
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polymer from the Au surfaces (point 4 in Figure 1a). During this process, slight but 

significant differences could also be observed by comparing the behavior of the just-formed 

linear and cyclic brushes.  

In particular, a marked increment in ΔF, corresponding to a decrease in adsorbed mass on the 

sensor, accompanied the washing step on l-PCPOXA films, indicating that a relatively large 

amount of physisorbed/weakly attached chains had been present. In contrast, ΔF increased by 

just a few Hz while rinsing c-PCPOXA brushes, suggesting that a more stably grafted layer 

was formed.  

Hence, the analysis of QCM-D results revealed that, although both linear and cyclic 

adsorbates rapidly adsorbed on Au, the more compact character of c-PCPOXA species 

favored a relatively quick surface saturation by polymer grafts, in a similar way as was 

previously described while comparing the assembly of dendron-like and linear poly(ethylene 

glycol)s (PEG) of similar molar mass.48 l-PCPOXA adsorbates also underwent rapid 

assembly on Au, although this was accompanied by a significant physisorption of linear 

chains, which were presumably dangling at the formed brush interface.  

Acquisition of ΔF and dissipation (ΔD) values in ultra-pure water (point 5, Figure 1a) finally 

enabled us to estimate the hydrated thickness (Twet) of the assembled films (Supporting 

Information), which resulted 11.1 ± 0.3 and 9.4 ± 0.2 nm, for l- and c-PCPOXA brushes, 

respectively. The values of Twet obtained by QCM-D could be correlated to the corresponding 

Tdry derived from VASE, finally yielding the swelling ratio of the assemblies (SR = Twet/Tdry), 

which resulted 3.6 and 2.5, for linear and cyclic grafts, respectively.  

The significantly lower value of SR recorded for c-PCPOXA was implicitly determined by 

the structure of cyclic brushes, which cannot vertically extend as much as linear grafts of 

comparable molar mass when immersed in a good solvent. This phenomenon confirms the 

distinctive compactness of c-PCPOXA brushes. On the one hand, cyclic grafts are 
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characterized by slightly higher values of σ, due to their less hindered surface-assembly 

process.21  On the other hand, they feature an intrinsically higher polymer segment density in 

the hydrated state, due to the structural necessity of each polymer chain to loop down to the 

grafting point.20 

 

Effect of Grafted-Polymer Topology on pH-Responsiveness 

In order to systematically investigate how grafted-chain topology determined the responsive 

behavior of PCPOXA brushes, we alternately subjected linear and cyclic assemblies to 

aqueous solutions of different pH values, while recording their swelling properties, and 

nanomechanical/nanotribological characteristics by a combination of QCM-D and AFM-

based methods. 

Topologically different PCPOXA films were subjected to extremely diluted buffer solutions 

(1 mM acetic acid /sodium acetate buffer for pH 3.0, 4.5 and 6.3, and 1 mM phosphate buffer 

for pH 7.4, 8.5, 10.5, Supporting Information), in order to exclude the effect of ionic strength 

on the brush deprotonation-induced swelling.49-51 As reported in Figure 2a, the values of ΔF 

for both l- and c-PCPOXA brushes showed a significant decrease at pH > 6, indicating that 

the deprotonation of polyacid grafts was accompanied by a marked increment in the hydrated 

mass of the films. Interestingly, a very similar, general trend was observed for the two 

different polymer topologies, for which a comparable pKa value between 6 and 6.5 was 

identified.52, 53  

A similar result was recently reported by Veige et al.,54 who demonstrated that linear and 

cyclic polyphenols display nearly the same value of pKa when dissolved in aqueous media. 

QCM-D was used to evaluate the pH-dependent hydration and swelling of l- and c-PCPOXA 

brushes, by recording and analyzing the variations of ΔF and ΔD at different pH values.  
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Despite the transition of linear and cyclic polyacid grafts occurred at a similar pH values, the 

responsive properties of the films demonstrated a significant dependence on the topology of 

the grafted polymers. In particular, the overall variation of ΔF across the entire pH range was 

clearly broader for c-PCPOXA than for l-PCPOXA (Figure 2a). This phenomenon was 

confirmed by alternately subjecting linear and cyclic grafts to buffer solutions of pH = 3 (well 

below the pKa) and pH = 10.5 (well above the pKa) (Figure 2d).   

 

 

Figure 2. pH-responsive properties of l- and c-PCPOXA brushes studied by QCM-D. (a) 

Changes in ΔF recorded for l-PCPOXA (blue trace, 5th F linear) and c-PCPOXA (green trace, 

5th F cyclic) during incubation in aqueous buffer solutions with different pH values. (b) 

Changes in ΔD recorded for l-PCPOXA (violet trace, 5th D linear) and c-PCPOXA (yellow 
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trace, 5th D cyclic) during incubation in aqueous buffer solutions with different pH values. (c) 

Absolute values of ΔF and ΔD as a function of pH for l-PCPOXA (blue and violet traces, for 

ΔF and ΔD, respectively), and c-PCPOXA brushes (green and yellow traces, for ΔF and ΔD, 

respectively). (d) Variation in ΔF recorded for l-PCPOXA (blue trace, 5th F linear) and c-

PCPOXA (green trace, 5th F cyclic) during alternate incubations in aqueous buffer solutions 

of pH = 3.0 and 10.5.  

 

The broader variation of ΔF with pH for cyclic brushes compared to their linear analogues 

corresponded to a larger shift in their swelling properties. As displayed in Figure 3a, Twet of 

c-PCPOXA showed a relatively broad variation across the entire range of pH studied, 

progressively shifting from 9.0 ± 1.3 nm at pH 3, to 28.1 ± 0.7 nm at pH 10.5. In contrast, 

Twet of l-PCPOXA varied to a lesser extent, increasing from 11.1 ± 0.9 nm at pH 3, to 26.2 ± 

0.6 nm at pH 10.5.  

 

 

Figure 3. (a) Swollen thickness (Twet) estimated from QCM-D for l-PCPOXA (blue trace) 

and c-PCPOXA brushes (green trace) by applying an extended viscoelastic model to ΔF and 

ΔD as a function of pH (Supporting Information). (b) The variation of ΔD/ΔF with pH 
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provides information about the change in viscoelastic properties accompanying a shift in 

hydrated mass of l-PCPOXA (blue trace) and c-PCPOXA brushes. 

 

The observed, amplified pH-responsiveness of cyclic polyacid brushes was presumably due 

to their polymer architecture. Densely surface-grafted linear chains extend vertically toward 

the interface upon deprotonation, due to electrostatic repulsion between charged groups. 

Deprotonation of cyclic grafts, on the other hand, because of the intrinsic intramolecular 

steric constraints, leads to an enhanced electrostatic repulsion between charged polymer 

segments, and a concurrent, more marked expansion and swelling, compared to their linear 

counterparts (Scheme 1b). Hence, while c-PCPOXA brushes in their neutral state (pH < 6) 

show a lower vertical extension (and thus lower Twet) with respect to linear analogues with 

nearly the same surface density and molar mass, upon charging (pH > 6) they experience an 

augmented electrostatic repulsion within their structure, which leads to a more pronounced 

expansion. 

The higher level of hydration for charged cyclic brushes was also confirmed by analyzing 

how ΔD varies as a function of pH of the medium. As reported in Figures 2b and 2c, 

dissipation steadily increased above the pKa for both l- and c-PCPOXA brushes. However, 

when pH > 6 the increment in ΔD recorded for cyclic grafts was twice as large as that 

observed for their linear analogues, suggesting a more significant hydration and degree of 

viscoelastic character in c-PCPOXA films at basic pH values.  

Interestingly, for both l- and c-PCPOXA brushes the values of ΔD did not increase for pH > 

7.4 (Figure 2b and 2c). In addition, the ratio between ΔD and ΔF, which provides an estimate 

of how the dissipative character of the films varies upon a corresponding variation in the 

amount of coupled solvent,55 showed a progressive reduction above pH 7.4 (Figure 3b). 
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These data suggest that the observed increment in swelling by PCPOXA grafts was not 

accompanied by a simultaneous increase in viscoelasticity, probably due to electrostatic 

repulsive interactions within the brushes, which also lead to the formation of more rigid 

films.56 

 

Figure 4. (a-c) Colloidal probe AFM was used to investigate the nanomechanical properties 

of l- and c-PCPOXA brushes. Topologically identical grafts were compressed while 

immersed in aqueous media of different pH values. Representative FS profiles are reported in 

(a) and (b), for linear and cyclic brushes, respectively.  A scanning distance of 1 µm and a 
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scanning rate of 0.25 Hz was used to obtained the FS profiles. (c) Approaching FS curves 

recorded at pH = 4.5 and pH = 8.5 while compressing linear and cyclic PCPOXA brushes. 

The diameter of the Au-coated, silica colloidal probe was 20 μm, normal spring constant of 

the cantilevers,  KN = 0.096 N m-1 for both linear and cyclic PCPOXA brushes. (d-e) Friction 

force-vs-applied load (FfL) profiles recorded by LFM while shearing topologically identical 

brush surfaces immersed in aqueous media presenting different pH, and alternatively 

functionalized with (d) l-PCPOXA and (e) c-PCPOXA brushes. A scanning distance of 2 µm 

and a scanning rate of 0.5 Hz was used for the friction measurements (Supporting 

Information).  

 

The pH-responsive behavior of topologically different PCPOXA brushes could be also 

demonstrated by analyzing their nanomechanical and nanotribological properties by AFM.  

In particular, the interfacial, nanomechanical properties of l- and c-PCPOXA brushes were 

investigated by colloidal probe microscopy (CPM), by compressing the films with an Au-

coated colloidal probe functionalized with an identical PCPOXA brush, while recording 

force-vs-separation curves (FS).57    

As highlighted in Figures 4a and 4b, both linear and cyclic brushes at acidic pH values 

displayed adhesive interactions, with jump-to-contact events along the approaching profiles, 

followed by the occurrence of adhesive forces upon retraction. Under these conditions, the 

rather steep approach curves recorded beyond the contact point were likely due to the reduced 

swelling of linear and cyclic brushes, while adhesion upon retraction was generated by 

hydrogen bonding between protonated COOH groups on the opposing brushes.58 

When pH was raised above the pKa of the grafted polyacids, the highly swollen character of 

charged PCPOXA brushes, coupled with the electrostatic repulsive interactions between the 

opposing surfaces, dominated the FS profiles. On both brush types, the approach curves 
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showed repulsive behavior, although this was relatively more pronounced in the case of c-

PCPOXA brushes, especially at high pH values. The amplified responsive behavior of cyclic 

grafts is highlighted when comparing the approach FS curves recorded on topologically 

different brushes below and above the pKa (Figure 4c). At pH = 4.5, the FS curves recorded 

on cyclic brushes showed a steeper profile than that observed by compressing their linear 

counterparts, while the contact point between the opposing cyclic-brush surfaces was 

recorded at lower values of separation with respect to that observed by compressing linear 

analogues. These results agree well with the lower values of Twet estimated by QCM-D on c-

PCPOXA brushes, and their more compact morphology in the neutral state (acidic 

conditions). Conversely, at pH 8.5 a more pronounced repulsive behavior characterized the 

FS approach curves obtained on cyclic grafts, suggesting increased hydration with respect to 

their linear analogues. Overall, CPM analysis confirmed how c-PCPOXA films are more 

compact below, and more expanded above the pKa, with respect to linear brushes (as depicted 

in Scheme 1b).  

The more pronounced transition by cyclic polyacid brushes in response to a pH variation 

corresponds to a direct translation of topology effects typically observed in solution into 

surface properties, and it is determined by the intrinsically constrained configuration of cyclic 

grafts.  

Lateral force microscopy (LFM) further illustrated how the variation in swelling and 

interfacial properties by l- and c-PCPOXA across the investigated pH range determined the 

friction between two opposed, topologically identical brushes shearing against one another.  

As displayed in the friction force-vs-applied load (FfL) plots reported in Figures 4d and 4e, 

both linear and cyclic grafts showed high friction for pH < pKa, with relatively high 

coefficients of friction (µ), which lay between 0.3 and 0.4. Friction significantly decreased 

around the pKa  (pH = 6.3), and reached extremely low values for pH ≥ 7.4, with µ dropping 
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to 10-3-10-4 at pH = 10.5. Under these conditions, incorporation of water by linear and cyclic 

grafts provided a substantial increment in the amount of fluid lubricant, while increasingly 

repulsive electrostatic interactions between the sheared surfaces hindered collision between 

opposing polymer chains, and thus suppressed dissipation of mechanical energy.59 

Interestingly, no significant differences were observed when comparing the frictional 

properties of l- and c-PCPOXA brushes. Previous studies focusing on neutral, hydrophilic 

cyclic grafts have demonstrated that the absence of linear chain ends extending at the 

interface suppresses interdigitation between sliding brushes, and thus leads to extraordinary 

lubricity when compared to their linear counterparts. However, this effect could not be 

observed while analyzing the nanotribological properties of topologically different 

polyelectrolyte brushes, presumably due to partial charging of the films, especially at pH > 

pKa, i.e. when these become “lubricious”. Electrostatic repulsion significantly reduces 

interpenetration between opposing grafts, for both linear and cyclic brushes, and appears to 

be the principal parameter determining the suppression of dissipative forces between sliding 

surfaces, rather than grafted-chain topology. 

 

Protein Binding by Linear and Cyclic Polymer Brushes  

Having established how topology effects can substantially alter the responsive properties of 

surface-grafted-polymer assemblies, we subsequently investigated their application as 

functional platforms for the selective immobilization of proteins.  

In particular, linear and cyclic PCPOXA adsorbates were first modified by coupling 

galactosamine to their COOH functions (Scheme 2a and 2b, and Supporting Information), 

yielding poly(2-N-2-deoxy-D-galactopyranosecarboxamidepropyl-2-oxazoline) 

(PGalaPOXA) with ~ 40 mol% of sugar moieties distributed along the polymer backbones 

(Supporting Information). Linear and cyclic PGalaPOXA (l-PGalaPOXA and c-PGalaPOXA, 
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respectively) were subsequently assembled on Au surfaces from 1 mg mL-1 aqueous 

solutions. Unexpectedly, the dry thickness of linear grafts was slightly higher than that 

recorded on cyclic analogues, as measured by VASE, namely Tdry(l-PGalaPOXA) = 3.7 ± 0.2 

nm, while Tdry(c-PGalaPOXA) = 3.0 ± 0.1 nm, resulting in σ of 0.21 and 0.18 chains nm-2 for 

l-PGalaPOXA and c-PGalaPOXA, respectively. This was a rather surprising result, since, in 

common with other polymer types c-PGalaPOXA adsorbates show smaller hydrated 

dimensions with respect to their linear counterparts of comparable molar mass (Supporting 

Information), and thus should be sterically less hindered while assembling on surfaces, finally 

yielding denser and thicker films in the dry state. However, QCM-D confirmed the formation 

of slightly thicker l-PGalaPOXA brushes compared to c-PGalaPOXA films, although the 

assembly kinetics observed for linear and cyclic adsorbates showed similar behaviors 

(Supporting Information). 

 

 

Scheme 2. Synthesis of c-PGalaPOXA (a) and l-PGalaPOXA (b) through modification of l-

PCPOXA and c-PCPOXA, respectively. Conditions applied in (i): galactosamine 

hydrochloride, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC-HCl), 

2-morpholinoethanesulfonic acid hydrate (MES) buffer, pH = 4.7, 25°C, 24 h. (c,d) 

Schematic illustrations displaying the more efficient exposure of functional groups and the 



 20 

consequent increased protein binding ability of cyclic brushes (c), compared to their linear 

counterparts (d).   

 

Glycopolymers featuring multiple sugar functions have been demonstrated to strongly bind to 

lectins, due to the cluster glycoside effect.44 In addition to binding-unit concentration,60 the 

chain microstructure of multi-block copolymers61-64 and controlled branching65-69 are factors 

that determine the exposure of sugar moieties, and thus further influence the strength and 

kinetics of association with proteins. The effect of macromolecular topology on the reactivity 

of synthetic glycopolymers toward lectins however remains basically unexplored, especially 

in the case of surface-grafted polymer assemblies. 

The specific binding of lectins to topologically different PGalaPOXA brushes was 

investigated by a combination of VASE and QCM-D. We specifically focused on the 

adsorption of Jacalin (0.1 mg mL-1 in phosphate buffer saline solution, PBS, with pH = 7.4), a 

relatively small protein that binds to human serum and secretory immunoglobulin A (sIgA), 

and which is reactive toward the Thomsen-Friedenreich antigen—a tumor-associated antigen 

that is linked to malignancy.70 

Jacalin strongly bound to PGalaPOXA surfaces due to its high affinity toward galactose 

functions,71 forming uniform protein layers with dry thickness (TJacalin) ≥ 5 nm (inset in 

Figure 5a). The attachment of proteins followed rapid kinetics, both on l-PGalaPOXA and c-

PGalaPOXA brushes, as monitored by QCM-D (Figure 5b), although both VASE and QCM-

D showed a significantly higher amount of proteins adsorbing on cyclic grafts. Namely, 

TJacalin was 4.9 ± 0.2 and 6.0 ± 0.1 on linear and cyclic brushes, respectively (p < 0.001, inset 

in Figure 5a), while the hydrated mass of proteins (mJacalin) extracted from ΔF values of 

QCM-D data indicated 913 ± 40 and 1330 ± 25 ng cm-2 bound to l-PGalaPOXA and c-

PGalaPOXA, respectively (Supporting Information). 
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Since VASE data can be directly translated into dry mass of adsorbed proteins, by 

considering the surface coverage of linear and cyclic brushes, we could estimate the relative 

binding capacity of each graft type, which resulted 0.29 and 0.42 proteins chain-1 (p < 0.05) 

for l-PGalaPOXA and c-PGalaPOXA, respectively (Figure 5a).  

Hence, a nearly 45% increment in protein binding was achieved by substituting linear brushes 

for their cyclic analogues that featured a similar content of galactose units, and this result was 

confirmed both by QCM-D and VASE.   

 

 

Figure 5. (a) Jacalin binding per polymer graft (expresses as no. of proteins chain-1) obtained 

from VASE data for l-PGalaPOXA and c-PGalaPOXA brushes. Binding of Jacalin on l-

PCPOXA and c-PCPOXA was measured as control. In the inset, the dry thickness by VASE 

of Jacalin layer formed on l-PGalaPOXA and c-PGalaPOXA brushes was reported. The 

corresponding l-PCPOXA and c-PCPOXA were applied as controls, together with bare Au 

surfaces. (b) Variation of ΔF recorded with QCM-D on Au sensors coated with l-

PGalaPOXA (blue trace) and c-PGalaPOXA brushes (green trace), and subjected to 0.1 mg 

mL-1 PBS solution of Jacalin. Brush-coated Au sensors were first flushed with PBS (1), 

followed by 1 h incubation in Jacalin solution (2), rinsing with PBS (3) and final washing 
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with ultra-pure water (4). * and # indicate statistically significant differences between the set 

of data (* p < 0.001; # p < 0.05). 

 

Although a slightly lower polymer surface crowding (-17%) could favour a more pronounced 

protein association to cyclic brushes with respect to that observed on their denser, linear 

counterparts, the significantly augmented affinity of Jacalin toward c-PGalaPOXA brushes 

(+45%) was likely a direct effect of polymer topology. In particular, due to the intramolecular 

steric constraints generated within cyclic glycopolymers, functional groups are more exposed 

when compared to those on linear-brush analogues. As galactose moieties along a cyclic graft 

tend to interact more favorably with their surrounding rather than coiling or associating with 

neighboring functions,27 they are more accessible to the galactose-binding pockets of Jacalin.  

Similarly, functional glycopolymers capable of forming folded, “loop”-like segments through 

supramolecular junctions have recently been shown to increase the exposure of sugar 

moieties in solution, interacting more efficiently with different proteins.72 

On surfaces, the distinctive configuration of cyclic polymer brushes, where functional chains 

extend from the grafting surface and loop back to their anchor, enables an enhancement of 

multivalent binding interactions with lectins.  

 

CONCLUSIONS 

The translation of the topology effects in functional, cyclic polymer adsorbates into surface 

properties of brush assemblies leads to an amplification of their responsive properties and an 

enhancement in their bioreactivity. The distinctive architecture of cyclic polyacid brushes 

limits their swelling properties below the pKa, while the steric tension intrinsic in their 

constrained topology triggers an augmented expansion and increased hydration upon 

deprotonation, when compared to their linear counterparts. The amplified pH-responsiveness 
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of cyclic polyelectrolyte brushes thus enables the tuning potential for interfacial 

physicochemical and nanomechanical properties on surfaces to be broadened, enabling the 

future application of topological polymer chemistry in the design and functionalization of 

“smart” materials. 

When polyacid adsorbates were partially derivatised with galactose functions, the 

subsequently generated assemblies showed a topology-dependent affinity toward sugar-

binding proteins. In particular,  concentrating on the interaction with Jacalin—a tumor-

specific lectin—the expanded structure of cyclic grafts provides an augmented exposure of 

galactose functions toward surface-approaching proteins, leading to ~ 45% higher Jacalin-

binding capacity per polymer graft with respect to sugar-decorated linear analogues of 

comparable composition and molar mass.  

The increased availability of ligands for lectins on cyclic grafts suggests that a topology-

dependent enhancement in reactivity towards biological entities can be generalized to 

different types of substrates, and diverse polymer chemistries. While the validation of this 

hypothesis is currently being carried out in our laboratories, the application of cyclic 

polymers as synthetic supports for biological recognition can be realistically envisioned as a 

tool for improving the performance of nanomedical devices and biosensors.    

 

METHODS 

Materials 

Glutaric anhydride (95%), methyl p-toluenesulfonate (MeOTs, 98%), (2-

chloroethyl)trimethylammonium chloride (99%), 4-(dimethylamino)pyridine (DMAP, 99%), 

3-bromopropylammonium bromide (98%), piperazine (≥99.0%), magnesium sulfate (MgSO4, 

anhydrous, ≥99.5%), sodium carbonate (Na2CO3, anhydrous, ≥99.5%) potassium hydroxide 

(KOH, ≥98.5%), lithium bromide (LiBr, >99%), sodium phosphate dibasic dihydrate 
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(Na2HPO4, 99%), calcium hydride (CaH2, 95%), sodium azide (NaN3, ≥99.5%), sodium 

methoxide (NaOMe, 95%), thionyl chloride (SOCl2, ≥99%), trifluoroacetic acid (TFA, 

≥99.0%), hydrochloric acid (HCl, >37%), N,N-diisopropylethylamine (DIPEA, 99.5%), 

acetonitrile (ACN, 99.9+% HPLC grade), methanol (MeOH, >99.9% HPLC grade), N,N-

dimethylformamide (DMF, >99%), diethyl ether (Et2O, ≥99.8), ethyl acetate (EtOAc, 99.8+%), 

acetic acid (AcOH, >99.8%), copper(I) bromide (CuBr, 99.999% trace metals basis), barium 

oxide (BaO, ≥99.5%) were purchased from Sigma Aldrich. 1-Hydroxy-7-azabenzotriazole 

(HOAt, >98%) was purchased from TCI chemicals. Ethanol (EtOH, ≥99.8%), toluene 

(≥99.5%), sodium hydroxide (NaOH, ≥98.5%), and ammonium chloride (NH4Cl, 99.5%) were 

purchased form VWR Chemicals. Propargyl p-toluenesulfonate (propargyl tosylate, 97%), 

triethylamine (TEA, 99%), dichloromethane (DCM, 99.8% extra dry over MS), DCM (>99% 

extra pure+Amylene), ACN (99.8%, extra dry over MS), MeOH (99.8%, extra dry over MS), 

DMF (99.8%, extra dry over MS), (±)-α-Lipoic acid (>98%), N,N,N',N'',N''-

pentamethyldiethylenetriamine (PMDETA, >99%) were purchased from Acros Organics. 2-

morpholinoethanesulfonic acid hydrate (MES hydrate), 1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide hydrochloride (EDC HCl), galactosamine 

hydrochloride, (1-cyano-2-ethoxy-2-

oxoethylideneaminooxy)dimethylaminomorpholinocarbenium hexafluorophosphate (COMU, 

99%) were purchased form Fluorochem. Deuterium oxide (D2O, 100%), chloroform-d (CDCl3, 

99.8%) and dimethyl sulfoxide-d6 (DMSO-d6, 99.8%) were purchased from Cambridge 

Isotope Laboratories. TEA was distilled over KOH prior to use, and stored under argon. MeOTs 

and propargyl tosylate were distilled under high vacuum over CaH2, and stored under argon. 

CuBr was purified by stirring in AcOH overnight, followed by washing with copious amounts 

of MeOH and Et2O, vacuum filtration and drying under high vacuum for 24 h. All the other 

chemicals were used as received. 
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Surface Assembly of PCPOXA and PGalaPOXA adsorbates on Au  

Silicon wafers presenting 100 nm-thick Au layer were prepared by reactive magnetron 

sputtering (Paul Scherrer Institute, Villigen, Switzerland). The substrates (10 x 20 mm2) were 

cleaned for 1 min in Piranha solution (3:1 mixture of concentrated H2SO4 and H2O2), and later 

on extensively washed with ultra-pure water and absolute ethanol. Surface assembly of l-

PCPOXA and c-PCPOXA was performed by immersing Au-coated substrates for 2 h in 1 mg 

mL-1 polymer solutions in MeOH + 1% AcOH at  room temperature (RT). The functionalized 

samples were subsequently rinsed with ultra-pure water and absolute ethanol to remove 

physisorbed species, and finally dried under a stream of N2. Surface assembly of l-PGalaPOXA 

and c-PGalaPOXA was performed following a similar protocol, but using 1 mg mL-1 polymer 

solutions in ultra-pure water. All solutions were filtered over 0.2 μm filters (Spartan 13/0.2 RC, 

Whatman) prior to surface grafting. 

 
Lectin Binding on PGalaPOXA Brushes 

l-PGalaPOXA and c-PGalaPOXA-coated substrates were immersed in water for 1 h for 

rehydration, and then incubated in 0.1 mg mL-1 Jacalin solutions (Sigma-Aldrich®, USA) in 

PBS for 1 h, in a 24-well tissue culture plate (TPP®, Switzerland). Following incubation in 

protein solutions, the samples were rinsed with PBS and ultra-pure water, dried under N2 and 

finally analyzed by VASE. Bare Au-coated wafers and PCPOXA-functionalized substrates 

were used as positive and negative controls, respectively. 

 
Variable Angle Spectroscopic Ellipsometry (VASE) 

The values of dry thickness (Tdry) of PCPOXA, PGalaPOXA and protein layers were measured 

with a variable-angle spectroscopic ellipsometer (M-2000F, Woollam Co., Inc., Lincoln, NE, 

USA). The measurements were performed in the spectral range of 290 – 900 nm using focusing 

lenses at three different angles of incidence from the surface normal (60°, 63°, and 69°). Each 
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data point resulted from an average of 20 measurements, and the obtained raw ellipsometric 

data were fitted with a bilayer model (Au and organic layer) using the analysis software 

WVASE32. The optical constants of the Au substrate (n and k) were experimentally obtained 

by analyzing a freshly cleaned, sputtered Au layer with known thickness. The organic layers 

(polymer brushes and/or protein films) were fitted using a Cauchy model n = A + B λ-2, where 

n is the refractive index, λ is the wavelength and A and B were assumed to be 1.45 and 0.01, 

respectively, as values for transparent organic films.73 The values of Tdry for the polymer-brush 

layers were used to calculate the grafting density (σ), by applying the equation; σ = ρ Tdry NA 

Mn
-1, where ρ is the density of the dry polymer, NA is the Avogadro number, and Mn is the 

number average molecular weight of the adsorbate. A homogeneous mass distribution of the 

organic layer perpendicular to the Au surface was assumed, with a constant density (ρ) of 1.14 

g cm-3 for PCPOXA and PGalaPOXA brushes and 1.35 g cm-3 for Jacalin.74  

For all VASE experiments, mean values and standard deviations were calculated using three 

replicates per sample and measuring six points on each of them. Statistical significance was 

assessed by one-way ANOVA and Tukey’s multiple comparison post-hoc test. 

 

Quartz Crystal Microbalance with Dissipation (QCM-D) 

The assembly of linear and cyclic adsorbates on Au surfaces, their pH-responsive properties 

and interaction with proteins were monitored in situ by QCM-D, using an E4 instrument (Q-

Sense AB, Göteborg, Sweden) equipped with dedicated Q-Sense AB software. Au-coated 

crystals (LOT-Oriel AG) with a fundamental resonance frequency of 5 MHz were used as 

substrates. Before the experiment, the substrates were cleaned by sonication in toluene and 2-

propanol, and UV-ozone treatment. After cleaning, the crystals were dried under a stream of N2 

and immediately used. The values of hydrated thickness (Twet) of topologically different 

PCPOXA and PGalaPOXA brushes were obtained by applying an extended viscoelastic 
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model,75 fitting the frequency (ΔF) and dissipation shifts (ΔD), by using three different 

overtones (5rd, 7th and 9th) for each sample. Four crystals for each film were used to calculate 

the mean values of Twet and their standard deviations. The input parameters for the fitting were 

fluid density (997 Kg m-3), layer density (1100 Kg m-3) and fluid viscosity (0.009 kg m-1 s-1). 

The following parameters were fitted whilst constrained to physically meaningful boundaries: 

layer viscosity (0.009 – 0.05 kg m-1 s-1), layer shear thickness (104 - 108 Pa), and layer thickness 

(10-9 – 2 10-8 m). 

The values of hydrated mass of Jacalin adsorbed on PGalaPOXA layers were obtained by 

applying a similar fitting procedure.  

 
Atomic force microscopy (AFM) 

Normal and lateral force measurements were carried out using a MFP3D AFM (Asylum 

Research, Oxford Instruments, Santa Barbara, USA). Experiments were performed in a liquid 

cell filled with buffered solutions presenting different pH. Two tipless cantilevers (HQ:CSC38-

C/tipless/Cr-Au, Mikromasch, Bulgaria) were chosen from the same box, and their normal (KN)  

and torsional (KT) spring constants were measured by applying the thermal noise2 and Sader’s 

method,76 respectively (Table S1). Later on, silica microparticles (EKA chemicals AB, 

Kromasil R, Sweden) with a diameter of ~ 20 µm were glued onto the end of the calibrated 

cantilevers by using a two-component epoxy glue, using a custom-made micromanipulator. In 

order to functionalize the prepared colloidal probes with PCPOXA adsorbates, 3 nm-thick W 

and 20 nm-thick Au layers were deposited by using a metal evaporator (MED020 coating 

system, BAL-TEC, Balzers, Lichtenstein). l-PCPOXA and c-PCPOXA brushes were later on 

grafted following the same procedures applied for the flat Au-coated substrates.  

Friction force measurements were carried out by acquiring 5-6 ‘friction loops’ along the same 

line for each applied load over 3 different positions on each substrate. From this set of 

measurements average values and standard deviations of friction forces were calculated. A 
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scanning distance of 2 µm and a scanning rate of 0.5 Hz was used during the measurements. 

Lateral force calibration was performed using the method described by Cannara et al..77 

In order to estimate the adhesion properties of the different brush surfaces 40 force-vs-

separation (FS) curves were recorded over 3 different positions for each substrate. A scanning 

distance of 1 µm and a scanning rate of 0.25 Hz was used to record each FS curve. 

Force maps were recorded over an area of 20x20 µm2 at three different positions for each 

sample (Figure S1a). Each force map consisted of 40 deflection-vs-Zsensor curves (Figure 

S1b). Later on, deflection-vs-Zsensor curves were analyzed by using the Asylum research 

AR13 software. Deflection was converted into force, while Zsensor was converted into 

separation by measuring the deflection sensitivity and KN for the particular cantilever used 

(Figure S1c).  

We assumed separation = zero as the point where the AFM colloidal probe fully compressed 

the two opposing brushes and was sensing the underlying substrate (i.e. hard-wall repulsion). 

At this point, the slope of a force-vs-separation profile was maximum and became constant 

(Figure S1d). 

Brush-to-brush contact could be estimated for l and c-PCPOXA brushes immersed in aqueous 

media at acidic pH. Under these conditions, the FS profiles showed jump-to-contact events 

(Figure 4c), which could be directly correlated to the vertical separation at which the two 

opposing brushes come into contact (also corresponding to the swollen thickness). 

 

NMR Spectroscopy 

1H- and 13C-NMR spectra were recorded on a Bruker Avance III HD 400 MHz and a Bruker 

Neo 500 MHz spectrometer at RT using D2O, CDCl3, or DMSO-d6 as solvents. 

 

Size Exclusion Chromatography (SEC) 
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SEC of the precursor PMCPOXA species was performed at 45 °C with a Malvern VISCOTEK 

SECmax VE-2001 instrument, equipped with two D5000 columns (300 × 8.0 mm) in series, 

refractive index (RI), viscometry, and light scattering (15° and 90° angles) detectors. The eluent 

used was DMF containing LiBr (1 g L-1), at a flow rate of 1 mL min-1. The values of Mn, Mw, 

and dispersity (Ɖ) of the synthesized polymers were determined by conventional calibration 

with poly(methyl methacrylate) (PMMA) standards using Malvern’s OmniSEC software. 

Aqueous SEC analysis of l- and c-PGalaPOXA was performed on an Agilent 1260 Infinity II 

HPLC system equipped with a refractive index detector over a PL aquagel-OH 20 (300 x 7.5 

mm, 5 um) column. A mixture of H2O:MeOH 7:3 (v/v) + 0.1 M LiBr was used as the eluent at 

40 °C with a flow rate of 0.8 mL min−1, calibrated using PEG standards. 

 
Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectra were recorded under vacuum using an infrared spectrometer (IFS 66 V, Bruker 

Optik GmbH, Germany) equipped with DTGS detector in transmission mode, in the 400-4000 

cm-1 range at a resolution of 2 cm-1 and collecting 64 scans for each sample. The samples were 

measured as KBr pellets at a concentration of 2 mg g−1. 

The FT-IR spectrum of 3-azidopropylamine was recorded using a Bruker ALPHA FT-IR 

spectrometer in ATR (Ge crystal) mode in the 400-4000 cm-1 range at a resolution of 2 cm-1 

and recording 64 scans.  

 

Preparative Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC) 

Preparative RP-HPLC was performed on an Agilent Infinity 1260 prep-HPLC system with 

an Agilent C18 preparative HPLC column (50 x 150 mm, 10 µm) at a flow rate of 80 mL min-

1 at RT using H2O:ACN with 0.1% TFA as eluent. 
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Synthesis of (Ethyl 4-(5-(1,2-dithiolan-3-yl)pentanamido)benzoate) (BCLE, Figure S2, 

step i) 

To a stirred solution of (±)-α-lipoic acid (2.0 g, 9.8 mmol, 1 eq.) in dry DCM (25 mL) were 

added HOAt (0.6 g, 4.4 mmol, 0.5 eq.) and DMAP (1.4 g, 30.0 mmol, 3 eq.) at RT and under 

inert atmosphere. After 30 minutes, benzocaine (1.6 g, 9.8 mmol, 1 eq.) was dissolved in dry 

DCM (5 mL) and added to the reaction solution. The reaction was monitored by using thin 

layer chromatography (TLC) (95/5 DCM:EtOAc). After 20 h, the reaction solution was diluted 

with DCM (150 mL) and the organic phase extracted with 1M HCl solution (2 x 100 mL), 

followed by 10% aqueous NaHCO3 (100 mL), brine (100 mL) and finally dried using 

anhydrous MgSO4. Removal of DCM provided the crude compound, which was purified by 

silica gel (SiliaFlash® P60 40-63µm) flash column chromatography using 95/5 DCM:EtOAc 

as eluent. The obtained compound was further purified by C18 preparative HPLC using a 

gradient from 50 to 100% ACN in water with 0.1% TFA as eluent. BCLE was obtained as a 

light yellow oil in moderate yield (2.4 g, 6.8 mmol, 70%). HPLC-MS-SQ [M+H]+ (355 m/z).  

1H-NMR (500 MHz, CDCl3) δ = 9.08 (b, 1H), 8.04 – 7.89 (m, 2H), 7.69 – 7.56 (m, 2H), 4.34 

(dq, J = 20.5, 7.1 Hz, 2H), 3.56 (dq, J = 8.7, 6.3 Hz, 1H), 3.22 – 3.06 (m, 1H), 2.70 (s, 3H), 

2.51 – 2.37 (m, 2H), 1.96 – 1.62 (m, 4H), 1.59 – 1.45 (m, 2H), 1.37 (dt, J = 18.4, 7.1 Hz, 4H) 

ppm; 13C-NMR (126 MHz, CDCl3) δ = 171.8, 166.3, 142.3, 130.7, 127.9, 118.9, 60.9, 56.4, 

40.2, 38.5, 37.4, 34.6, 28.8, 25.1, 14.4 ppm. (Figure S7). 

 

Synthesis of (4-(5-(1,2-dithiolan-3-yl)pentanamido)benzoic acid) (BCLA, Figure S2, step 

ii) 

12 mL of 1 M NaOH solution (480 mg, 12.0 mmol, 2 eq.) were added to a solution of BCLE 

(2.1 g, 5.9 mmol, 1 eq.) in 40 mL EtOH and 30 mL H2O, and the mixture was heated to reflux. 

After 3 h (TLC showed quantitative hydrolysis of the ethyl ester), the reaction solution was 
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cooled down to RT, and 15 mL of 1 M HCl were added dropwise while a precipitate formed. 

Later on, the solution was poured in 200 mL of a stirred solution of water and ice, the precipitate 

was collected by vacuum filtration and washed with additional 200 mL of water. The solid was 

dried under high vacuum yielding a light yellow powder (1.75 g, 5.4 mmol, 90.5%). 

1H-NMR (500 MHz, DMSO-d6) δ = 12.67 (s, 1H), 10.18 (s, 1H), 7.91 – 7.81 (m, 2H), 7.73 – 

7.64 (m, 2H), 3.63 (dq, J = 8.7, 6.2 Hz, 1H), 3.18 (ddd, J = 11.0, 6.9, 5.5 Hz, 1H), 3.11 (dt, J = 

11.0, 6.8 Hz, 1H), 2.47 – 2.36 (m, 1H), 2.35 (t, J = 7.4 Hz, 2H), 1.88 (dp, J = 12.8, 7.0 Hz, 1H), 

1.76 – 1.52 (m, 4H), 1.48 – 1.34 (m, 2H) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 171.7, 

166.9, 143.3, 130.4, 124.9, 118.2, 56.1, 39.9, 38.1, 36.3, 34.2, 28.3, 24.8 ppm. (Figures S8 and 

S9). 

 

Synthesis of 3-Azidopropylamine (Figure S3) 

3-Bromopropylamine hydrobromide (14.0 g, 64.0 mmol, 1 eq.) was dissolved in 100 mL water. 

NaN3 (13.7 g, 211.0 mmol, 3.3 eq.) was added to the solution, and the mixture was heated to 

reflux and stirred for 24 h. Upon completion of the reaction, half of the water was evaporated 

under vacuum, and the remaining solution was cooled down using an ice/water bath. The pH 

of the solution was raised to 14 by slowly adding KOH pellets while keeping the temperature 

below 10 °C. Subsequently, Et2O (200 mL) was added. The organic layer was separated and 

the aqueous phase was extracted with Et2O (2 x 100 mL). The combined organic phases were 

dried with MgSO4 and filtered, and the solvent was carefully removed under vacuum yielding 

the crude compound as an off white oil (6.0 g, 59.9 mmol, 93.7%). The compound was stored 

at -20°C in the dark, and used without further purification for the termination of CROP. 

1H-NMR (500 MHz, CDCl3) δ = 3.36 (t, J = 6.7 Hz, 2H), 2.79 (t, J = 6.8 Hz, 2H), 1.71 (p, J = 

6.8 Hz, 2H) ppm; 13C-NMR (126 MHz, CDCl3) δ 49.1, 39.3, 32.4 ppm. ATR-FTIR (thin, cm-

1): 2925, 2105, 1631, 1398, 1117, 618. (Figures S10 and S11). 
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Synthesis of methyl 5-chloro-5-oxopentanoate (Figure S4, step i) 

A catalytic amount of NaOMe (474 mg, 8.8 mmol, 0.02 eq.) was added to a solution of glutaric 

anhydride (50.0 g, 438.2 mmol, 1 eq.) in dry MeOH (200 mL), and the mixture was heated to 

reflux for 6 h. After solvent removal under vacuum 5-methoxy-5-oxopentanoic acid (64.0 g, 

437.9 mmol, 99.9%) was obtained, and used without further purification. 

1H-NMR (400 MHz, CDCl3): δ = 3.67 (s, 3H), 2.46 (t, J = 7.5 Hz, 2H), 2.40 (t, J = 7.5 Hz, 2H), 

1.96 (m, J = 7.5 Hz, 2H) ppm; ¹³C-NMR (100 MHz, CDCl3): δ = 179.1, 173.6, 51.5, 32.8, 32.7, 

19.6 ppm. 

SOCl2 (38 mL, 525.5 mmol, 1.2 eq.) and few drops of dry DMF (cat.) were added to a solution 

of 5-methoxy-5-oxopentanoic acid (64.0 g, 437.9 mmol, 1 eq.) in DCM (200 mL), and the 

mixture was heated to reflux for 7 h until the formation of gases ceased. The solvent was 

removed under reduced pressure, and the excess SOCl2 was co-evaporated with 50 mL of 

toluene. The resulting brownish residue was purified by fractional distillation (110°C, 40 

mbar), yielding a colorless oil (64.6 g, 392.3 mmol, 89.6%). 

1H-NMR (400 MHz, CDCl3): δ = 3.68 (s, 3H), 2.99 (t, J = 7.0 Hz, 2H), 2.40 (t, J = 7.0 Hz, 2H), 

2.09-1.95 (m, 2H) ppm; ¹³C-NMR (100 MHz, CDCl3): δ = 173.0, 172.5, 52.10, 41.8, 33.4, 22.0 

ppm. 

 

Synthesis of methyl 5-((2-chloroethyl)amino)-5-oxopentanoate78 (Figure S4, step ii) 

Methyl 5-chloro-5-oxopentanoate (50.0 g, 303.8 mmol, 1 eq.) and 2-chloroethylammonium 

chloride (37.0 g, 319.0 mmol, 1.05 eq.) were suspended in dry DCM (400 mL) under N2, and 

cooled down to 0 °C with an ice bath. TEA (53 mL, 380.0 mmol, 2.2 eq.) was added dropwise 

to the mixture over a period of 2 h. The suspension was warmed up to RT, and stirred overnight 

under an argon atmosphere. Later on, water (100 mL) was added and two phases separated. 
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The organic phase was washed with 1 M HCl, water (2x) and brine (each 100 mL), and finally 

dried over anhydrous MgSO4. After filtration and solvent removal, the residual yellow oil was 

distilled under high vacuum (bp. 122°C, 4.8 x 10-2 mbar) to yield a light yellow oil (54.6 g, 

262.9 mmol, 86.5%). 

1H-NMR (500 MHz, CDCl3): δ = 6.33 (s, 1H), 3.65 (s, 3H), 3.61 – 3.49 (m, 4H), 2.64 (t, J = 

6.8 Hz, 2H), 2.49 (t, J = 6.7 Hz, 2H) ppm; 13C-NMR (126 MHz, CDCl3) δ = 173.45, 171.78, 

51.94, 43.91, 41.36, 30.89, 29.30 ppm. (Figures S12 and S13). 

 
Synthesis of 2-methoxycarbonylpropyl-2-oxazoline5 (MCPOXA, Figure S4, step iii) 

Methyl 5-((2-chloroethyl)amino)-5-oxopentanoate (54.6 g, 262.9 mmol, 1 eq.) and anhydrous 

Na2CO3 (25.1 g, 236.6 mmol, 0.9 eq.) were reacted in a 500 mL round-bottom flask mounted 

on a rotary evaporator (60°C, 50 mbar, 150 rpm) for 16 h, until the formation of CO2 ceased. 

Later on, 200 mL of DCM were added, and the mixture was washed with 50 mL of brine. The 

two phases were separated, the organic phase was dried over MgSO4, and the solvent was 

removed under reduced pressure. The crude product was obtained as a yellow oil, which was 

purified by distillation from BaO under high vacuum (bp. 81°C, 6.1 x 10-2 mbar), finally 

yielding a colorless oil (30.0 g, 175.2 mmol, 66.7%). 

1H-NMR (500 MHz, CDCl3): δ = 4.3 (t, 9.5 Hz, 2H), 3.8 (t, 9.5 Hz, 2H), 3.7 (s, 3H), 2.7 (t, 7.3 

Hz, 2H), 2.6 (t, 7.3 Hz, 2H), 1.97 (quint, 7.3 Hz, 2H) ppm; 13C-NMR (126 MHz, CDCl3) 

δ = 173.6, 167.8, 67.3, 54.5, 51.7, 32.9, 27.2, 21.3 ppm. (Figures S14 and S15). 

 

Synthesis of PMCPOXA (Figure S5, step i) 

To an oven-dried 50 mL Schlenk flask dry ACN (7 mL) and MCPOXA (3.51 g, 20.5 mmol, 

50 eq.) were added under N2. Later on, MeOTs (76.4 mg, 0.4 mmol, 1 eq.) was added at RT 

under N2, and stirred for 10 min. The polymerization mixture was subsequently heated to 80 

°C, and stirred for 16 h under argon. After this time, polymerization was cooled down to RT 
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and terminated by adding an excess of piperazine (706 mg, 8.2 mmol, 20 eq.) in 5 mL of dry 

DMF. The mixture was left stirring for additional 48 h under argon. The solvent was 

subsequently removed under reduced pressure, and the crude polymer was precipitated three 

times from DCM in Et2O. The polymer was later on re-dissolved in H2O:EtOH 1:1, and 

dialyzed in the same solvent using membranes with a molecular weight cut-off (MWCO) for 2 

days at 4°C. After this time, EtOH was evaporated and the polymer was freeze-dried to yield 

PMCPOXA (3.1 g, 88% yield) as a white sticky polymer. The chemical structure and the purity 

of the synthesized polymer were determined by 1H-NMR (500 MHz) (Figure S16).  SEC 

analysis provided Mn = 8200, Mw = 10100 and Ɖ = 1.23 (Figure S25). 

 
Synthesis of l-PMCPOXA-BCLA (Figure S5, step ii) 

PMCPOXA (550 mg, 0.06 mmol of secondary amine groups, 1 eq.), BCLA (100 mg, 0.3 mmol. 

5 eq.) and COMU (140 mg, 0.33 mmol, 5.5 eq.) were dissolved in 5 mL of DMF in a 10 mL 

Schleck flask. The flask was purged with a stream of N2, DIPEA (200 µL, 1.2 mmol, 20 eq.) 

was added, and the reaction mixture was stirred at RT for 24 h under argon. Later on, 5 mL of 

EtOH were added to the mixture, the flask was washed with further 10 mL of EtOH and the 

crude was finally purified by dialysis (3.5 kDa MWCO) in EtOH for 48 h. After dialysis, the 

solution was filtered through a 0.45 µm filter (Chromafil® PTFE), and the solvent was 

removed under reduced pressure yielding l-PMCPOXA-BCLA (490 mg, 88% yield) as a 

yellow viscous solid. The chemical structure and the purity of the synthesized polymer were 

determined by 1H-NMR (500 MHz) (Figure S17). 

 
Synthesis of l-PCPOXA (Figure S5, step iii) 

To a solution of l-PMCPOXA-BCLA (200 mg, 1.1 mmol of CO2H groups, 1 eq.) in EtOH (2 

mL) 4 mL of 1 M NaOH (4.0 mmol, 3.6 eq.) solution were added, and the obtained mixture 

was stirred at RT for 24 h. The pH of the solution was neutralized with 1M HCl and the polymer 
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was subsequently purified by dialysis (3.5 kDa MWCO) in water for 24 h. The solution was 

passed through a 0.2 µm filter (Spartan 13/0.2 RC, Whatman®) and finally freeze-dried 

obtaining l-PCPOXA (170 mg, 94% yield) as a light yellow powder. The chemical structure 

and purity of l-PCPOXA were determined by 1H-NMR (500 MHz) (Figure S18).  

 

Synthesis of l-PGalaPOXA (Figure S5, step iv) 

l-PCPOXA (100 mg, 0.6 mmol of CO2H groups, 1 eq.) and galactosamine HCl (390 mg, 1.8 

mmol, 3 eq.) were dissolved in 5 mL of MES buffer (150 mM). EDC-HCl (230 mg, 1.2 mmol, 

2 eq.) in 1 mL of H2O was added dropwise to the reaction mixture at RT, and the solution was 

left stirring for 24 h. After this time, the polymer was purified by dialysis (3.5 kDa MWCO) in 

H2O for 48 h, and finally freeze-dried to yield l-PGalaPOXA (130 mg, 90% yield) as a slightly 

yellow powder. The chemical structure and the purity of l-PGalaPOXA was determined by 1H-

NMR (500 MHz) (Figure S19), and by aqueous SEC (Figure S26). 

Synthesis of α-alkyne-ω-azide poly(2-methoxycarbonylpropyl-2-oxazoline) (PMCPOXA) 

(Figure S6, step i)  

To an oven-dried 50 mL Schleck flask dry ACN (13 mL) and MCPOXA (6.44 g, 37.6 mmol, 

50 eq.) were added under N2. Propargyl tosylate (158 mg, 0.8 mmol, 1 eq.) was added to the 

mixture at RT under N2, and the solution was stirred for additional 10 min before the 

polymerization mixture was heated to 80 °C and stirred for 16 h under argon. Simultaneously, 

3-azidopropylamine was stirred overnight in dry ACN over BaO at RT. The polymerization 

was terminated by adding an excess of 3-azidopropylamine (750 mg, 7.5 mmol, 10 eq.) through 

a filter (0.45 µm, Chromafil®, PTFE), and the mixture was left stirring for additional 48 h 

under argon. The solvent was removed under reduced pressure, and the crude polymer was 

precipitated three times from DCM in Et2O. The polymer was dried under high vacuum to yield 

α-alkyne-ω-azide PMCPOXA (5.5 g, 85% yield) as a white viscous polymer. The chemical 
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structure and the purity of the synthesized polymer were determined by 1H-NMR (500 MHz) 

(Figure S20). SEC analysis (Figure S25) provided Mn = 8000, Mw = 10100 and Ɖ = 1.26. 

 

Synthesis of cyclic-PMCPOXA (Figure S6, step ii) 

Cyclic-PMCPOXA was synthesized by intramolecular ring-closure method via copper(I)-

catalyzed alkyne-azide cycloaddition of α-alkyne-ω-azide PMCPOXA under high dilution. α-

alkyne-ω-azide PMCPOXA (400 mg, 0.05 mmol, 1 eq.) was dissolved in 200 mL of DCM, 

and in a separate round-bottom flask PMDETA (700 µL, 3.4 mmol, 68 eq.) was dissolved in 

1.2 L of DCM. The two solutions were deoxygenated by argon bubbling for 30 min. After this 

time, Cu(I)Br (400 mg, 2.8 mmol, 56 eq.) was added to the solution of PMDETA, and the two 

flasks were bubbled with argon for other 30 min. The degassing process was stopped and the 

solution of α-alkyne-ω-azide PMCPOXA was slowly added to the PMDETA/Cu(I)Br mixture 

over 48 h, using a high-precision tubing pump (IPC-N4, ISMATEC, Switzerland) at a rate of 

45 μL min-1 at  RT under an argon atmosphere. When the addition was completed, the reaction 

was kept under argon and stirred for additional 24 h. The volume of the obtained mixture was 

reduced to 100 mL, and it was stirred for 2 h with 150 mL of saturated solution of NH4Cl. The 

two phases were separated and the organic layer was washed once with saturated NH4Cl, dried 

with MgSO4 and filtered. Residual copper was removed using a plug of basic alumina 

(Ecochrom™ Alumina B Activity: I, VWR) eluting with DCM. Cyclic-PMCPOXA was 

obtained after solvent removal as a light yellow polymer (320 mg, 80% yield). 1H-NMR 

spectroscopy showed the disappearance of the peaks at δ = 4.05 – 4.10 ppm (denoted as l in 

Figure S20) corresponding to the two protons at the alpha terminus in the linear precursor (α-

alkyne-ω-azide PMCPOXA). Additionally, a new peak appeared at δ = 8.05 ppm (denoted as j 

in Figure S21), corresponding to the proton of the 1,2,3-triazole heterocycle that characterized 

the cyclized product (cyclic-PMCPOXA). SEC analysis showed a slight but significant shift to 
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larger retention volume (RV) in the cyclic-PMCPOXA with respect to its linear precursor 

(Figure S25). This shift to higher RV is typically observed for a successful cyclization reaction. 

Moreover, FT-IR spectroscopy confirmed the formation of the cyclic product (Figure S27). 

 
Synthesis of c-PMCPOXA-BCLA (Figure S6, step iii) 

Cyclic-PMCPOXA (235 mg, 0.03 mmol of secondary amine groups, 1 eq.), BCLA (50 mg, 

0.15 mmol. 5 eq.) and COMU (70 mg, 0.17 mmol, 5.5 eq.) were dissolved in 3 mL of DMF in 

a 10 mL Schleck flask. The mixture was purged with a stream of N2, DIPEA (100 uL, 0.6 

mmol, 20 eq.) was added, and reaction mixture was stirred at RT for 24 h under argon. 

Subsequently, 15 mL of EtOH were added to the solution, and the mixture was purified by 

dialysis (3.5 kDa MWCO) in EtOH for 48 h. After dialysis, the solution was passed through a 

0.45 µm filter (Chromafil® PTFE), and the solvent was removed to yield c-PMCPOXA-BCLA 

(215 mg, 90% yield) as a yellow viscous polymer. The chemical structure and the purity of the 

synthesized polymer was determined by 1H-NMR (500 MHz) (Figure S22). 

 

Synthesis of c-PCPOXA (Figure S6, step iv) 

The synthesis of c-PCPOXA was performed similarly to that of l-PCPOXA. The chemical 

structure and purity of c-PCPOXA were determined by 1H-NMR (500 MHz) (Figure S23). 

 

Synthesis of c-PGalaPOXA (Figure S6, step v) 

The synthesis of c-PGalaPOXA was performed similarly to that of l-PGalaPOXA. The 

chemical structure and purity of c-PGalaPOXA were determined by 1H-NMR (500 MHz) 

(Figure S24). 
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	In order to estimate the adhesion properties of the different brush surfaces 40 force-vs-separation (FS) curves were recorded over 3 different positions for each substrate. A scanning distance of 1 µm and a scanning rate of 0.25 Hz was used to record ...

