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Abstract
Glycopolymers have been in the focus of intensive research due to their ability to mimic biological functions in recognition processes by interaction with carbohydrate binding proteins, so called lectins. For the same reason, the synthesis of glycosylated surfaces has evolved as a versatile route towards bioresponsive systems which can be used in protein chromatography. Also the detection of pathogens represents an application field of such glycosurfaces. The purpose of this review is to provide a summary of the different ways glycopolymers can be immobilized onto solid supports, thereby only covering the immobilization of synthetic glycopolymers. The emphasis was put on the chemical strategy for the immobilization step, although the synthesis of the glycopolymers is also explained, as well as selected analysis and application aspects of the resulting glycosylated surfaces. 
[bookmark: _Toc416951647][bookmark: _Toc416951823]List of abbreviations
AGET		Activator generated by electron transfer
ATRP		Atom transfer radical polymerization
ConA		Concanavalin A
E. Coli		Escherichia coli
ECL		Erythrina cristagalli
FRP		Free radical polymerization
GAMA		2-Gluconamidoethyl methacrylate
GFP		Green fluorescence protein
HDA		Hetero Diels Alder
HEMA		Hydroxyethyl methacrylate
HPA		Helix pomatia agglutinin
LAMA		Lactobionamidoethyl methacrylate
LCA 		Lens culinaris
NHS		N-Hydroxysuccinimide
PMMA		Poly(methyl methacrylate)
PNA		Peanut agglutinin
PPFS		Poly(pentafluorostyrene)
PS		Poly(styrene)
QCM		Quartz crystal microbalance
RAFT		Reversible addition fragmentation chain transfer
RCA		Ricinus communis agglutinin
SBA		Soy bean agglutinin
SPR		Surface plasmon resonance
WBA I		Winged bean agglutinin (Psophocarpus tetragonolobus)
WGA		Wheat germ agglutinin

[bookmark: _Toc423960244]Introduction
Glycopolymers have been subject of intensive research in the recent decades.[1] This is partly due to advancements of controlled radical polymerization (CRP techniques) such as atom transfer radical polymerization (ATRP)[2] or reversible addition fragmentation chain transfer (RAFT)[3] polymerization, which enabled a controlled glycopolymer synthesis in a straightforward fashion.[4,5] Another reason is the ability of the glycopolymers to mimic the functions of natural saccharides in recognition processes involving naturally occurring sugar-binding proteins, so called lectins.[1] These interactions could be screened in setups using surface immobilized sugars, so called glycoarrays, which have been widely used in research about carbohydrate-lectin interactions.[6] Glycopolymers, on the other hand, can interact in a multivalent fashion, resulting in synergistic effects involved with the cluster glycoside effect.[7] Furthermore, lectins bind to glycopolymers more rapidly than to supports functionalized directly with the monosaccharide and elute under milder conditions.[8] Several applications based on multivalent interactions with glycopolymers require their immobilization onto surfaces, some important examples are, e.g., affinity chromatography,[9] screening of polymer properties in quartz crystal microbalance[10,11] or surface plasmon resonance (SPR) analysis,[12] or tailoring the surface adhesion properties of substrates for cell culturing.[13]
General methods for the functionalization of surfaces are reviewed by A. S. Goldmann et al., who elaborately describe the different ligation strategies to functionalized microparticles by different chemical reactions.[14] These require special methods and analytical strategies, which also have to be taken into account for the study of glycosylated surfaces. The latter are accessible by immobilization of sugars or sugar-carrying polymers, both strategies towards glycosurfaces were shortly reviewed by A. Mateescu et al., also covering the immobilization of non-polymeric sugar moieties and providing a highly informative discourse on the characterization methods and applications of glycosurfaces.[15] 
This review focusses on surfaces which are functionalized with glycopolymers only, excluding glycosurfaces derived from mono- or oligosaccharides. Taking advantage of general strategies for the development of polymer functional surfaces[16] this enables a more detailed treatise of the different methods for the synthesis of glycopolymer-functionalized surfaces.
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Glycopolymers can be prepared in two ways: Polymerization of a glycomonomer (summarized in Table 1) and post-polymerization functionalization of a functional (co)polymer with sugar moieties (summarized in Table 3). Two strategies also exist for the preparation of surface-immobilized polymers in general: Polymerization from the surface or grafting onto the surface. Therefore, four principal strategies towards immobilized glycopolymers result from the combination of these synthetic approaches (Figure 1): 
1) Polymerization of a glycomonomer from the surface;
2) Polymerization of a glycomonomer and subsequent immobilization onto a surface; 
3) Polymerization of a functional monomer and subsequent post-polymerization functionalization with a sugar moiety followed by immobilization;
4) Polymerization of a functional monomer from a surface and subsequent post-polymerization functionalization to yield the immobilized glycopolymer.
As a combination of methods 1 and 2, immobilization of functional polymers can also be achieved by polymerization of glycomonomers with a surface-bound comonomer, a strategy called “grafting through” (Strategy 5 in Figure 1, section 2.2). This was only applied with glycomonomers up to now, not with post-polymerization functionalization (Figure 1).
[image: G:\Projekte\Review\Immobilized glycopolymers\Data - Figures\Figures\Figure 1\Prinzip-verwendet-mit-#5.tif]
[bookmark: _Ref383698051]Figure 1. Schematic overview of the principles of glycopolymer immobilization.
Similarly, a combination of methods 3 and 4 could also be derived, since a functional copolymer can undergo post-polymerization functionalization subsequently to grafting-onto with a functional copolymer (Strategy 6 in Figure 1). However, to the best of our knowledge, the last method has so far not been investigated at all. This may be due to the fact that functionalization before immobilization results in a polymer which is better suited for characterization compared to the analogue reaction product at the surface.
[bookmark: _Toc416951826]
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Irrespective of the applied synthesis method and the vast diversity of different substrates used as carrier for glycopolymers, the same set of methods for analysis of the formed polymeric systems is applied in most cases. Therefore, these methods are shortly explained here. For a more detailed discussion of these methods, the reader is referred to other review articles.[14,15,17] 
One of the most important surface characterization techniques is X-ray photoelectron spectroscopy (XPS).[17] This technique exploits the photoelectric effect: Photoelectrons are emitted by irradiation of the sample with x-rays. The measured energy of the photoelectrons provides a spectrum which contains information about qualitative as well as quantitative elemental composition of the sample. Another very important technique is Fourier transform infrared (FT-IR) spectroscopy, which is generally applied to qualitatively monitor chemical changes like the presence of sugar OH groups of protecting groups at the surface. A macroscopic surface property, the water contact angle, can undergo significant change upon surface functionalization with glycopolymers because the hydrophilic/hydrophobic character of the surface is altered. The latter changes significantly during, e.g., deprotection of surface-immobilized glycopolymers. However, this method is only possible for flat surfaces and only provides information about chemical changes which involve a significant shift in the hydrophilic character. A method which provides more quantitative information about the surface chemistry is elemental analysis. In the case of immobilized glycopolymers, the elemental analysis provides qualitative as well as quantitative information about the chemical changes at the surface before and after functionalization, however, the glycopolymer needs to contain a heteroatom that can be quantified separately. Quantitative information about the immobilized polymer can also be obtained by thermogravimetric analysis (TGA). While the sample is heated, the decomposition of the sample results in a mass loss. Consequently, the immobilized polymer must display a different decomposition temperature than the solid support. The quartz crystal microbalance (QCM) detects the mass change resulting from chemical reactions at the surface as well. In contrast to TGA, the mass change can be monitored in real time, which makes QCM a very useful technique to, e.g. directly monitor the kinetics of a surface initiated polymerization. 
Regarding the spatial dimensions of immobilized glycopolymer films, ellipsometry has to be mentioned. This technique measures the change in polarization of a polarized light beam after interaction with the surface, and, thus, can be utilized to measure the thickness of thin films attached to a surface. Ellipsometry is frequently applied for kinetic investigations of polymerizations from surfaces in order to monitor the film thickness during polymerization.[18] However, rough surfaces are less suitable. Scanning electron microscopy (SEM) represents another commonly applied technique for analysis of the topological surface structure. Highly resolved images (1 nm) are obtained by scanning the probe with a focused beam of electrons. Changes of the samples topography can provide information about chemical reactions applied to the surface. Also atomic force microscopy (AFM) is often used for flat surfaces and can provide information about the surface topography on the nanometer scale. 
All of these surface analysis techniques give either qualitative or quantitative information about the chemical reactions taking place. The most important information about the immobilized polymer obtained from quantitative analysis methods is the amount of immobilized polymer. This is either referred to as degree of grafting (DG) or as grafting density. The degree of grafting (1) refers to the mass difference before and after functionalization divided by the mass before functionalization (i.e. mass increase in weight%):
	(1)
The grafting density, on the other hand, is defined as mass difference before and after functionalization divided by the surface area (2): 
	(2)
The kind of substrate used plays a critical role in terms of analysis by these methods, since some methods need special surface types and topologies. E.g., QCM or contact angle measurement require flat surfaces. Therefore, researchers sometimes perform the same polymerization reactions from different substrates, enabling a greater variety of analytic characterization, as reported by, e.g., Ejaz et al..[19]
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In general, the immobilization of functional molecules onto surfaces has been subject of intensive research,[14] which provides a versatile basis for the immobilization of both, initiators for subsequent polymerization or of polymers with functional end groups. In the latter case, the requirement of defined functional end groups is greatly facilitated by controlled radical polymerization techniques, which are frequently used for the synthesis of glycopolymers.[4] 
The synthesis of glycopolymers often involves protecting groups for the sugar moieties. Most often acetyl groups or isopropylidene groups are used, which have to be cleaved after polymerization under basic or acidic conditions, respectively. As a consequence, the chemistry applied for polymer immobilization has to be compatible with the subsequent deprotection step. This additional restriction is avoided if unprotected glycomonomers are directly polymerized. However, for these polymerizations a polar solvent has to be used due to the hydrophilic character of the deprotected sugar units. 
Table 1 provides a general overview of glycomonomers that have been used for the methods described in sections 2.1 and 2.2. The monomers listed in this table are sorted by sugar type, including glucose, N-acetylglucosamine, gluconamide, galactose, lactose, lactobionamide as well as mannose derivatives. 
First introduced by Narain and Armes, 2‑lactobionamidoethyl methacrylate (LAMA, monomer 35 in Table 1)[20] and 2‑gluconamidoethyl methacrylate (GAMA, monomer 20 in Table 1),[21] are the glycomonomers reported most frequently. This is due to the synthesis under mild reaction conditions which requires no protecting groups. The deprotected monomer 2-methacryloyloxyethyl D‑glucopyranoside (GEMA, monomer 1 in Table 1) is often applied due to its commercial availability.  Also the isopropylidene protected glucofuranoses functionalized with acryloyl- or methacryloyl-moieties at position 3 (MAlpGlc, monomer 10 in Table 1) are often encountered because they can be easily prepared by esterification. However, polymers from these monomers do require a subsequent acidic deprotection.

0. Grafting-from using glycomonomers
Three possible synthetic routes exist to grow polymer chains by radical polymerization from a surface: Generation of radicals directly at the surface that initiate a free radical polymerization, and the immobilization of an ATRP initiator or RAFT agent, respectively. While the initiation of the ATRP takes place directly at the surface, the RAFT polymerization has to be initiated in solution. However, the immobilized RAFT agent “transfers” the polymer chains to the surface. Hence, in all of these methods a polymer chain is growing from the surface by radical polymerization. The main advantage of such an approach is the high grafting density that can be achieved.[22]
[bookmark: _Toc416951829][bookmark: _Toc423960249]Surface-initiated free radical polymerization
The most straightforward method for glycopolymer immobilization is the surface-initiated free radical polymerization (FRP). Active sites that can initiate the polymerization are created directly on the surface using UV irradiation, or plasma (Figure 2).[23]
[image: G:\Projekte\Review\Immobilized glycopolymers\Data - Figures\Figures\Figures 2-5\exported\tif\Immob-FRP.tif]
[bookmark: _Ref380249680]Figure 2. Schematic representation of surface-initiated free radical polymerization, initiated by UV or plasma with the help of benzophenone. Either a one-step procedure (top) or a two-step procedure (bottom) is applied. 
[bookmark: _Ref416940323]UV-induced FRP 
The UV-induced free radical polymerization makes use of the photoinitiator benzophenone.  Either it is used directly to generate radicals on the surface, or the initiator is first immobilized (two-step procedure). In each case, a FRP of the monomers in the surrounding solution is subsequently performed (Figure 2). 
LAMA (Table 1, monomer 35) was polymerized by Q. Yang et al. from the surface of a polypropylene (PP) membrane.[24] A higher monomer concentration resulted in a higher degree of grafting (DG), which leveled off at an optimum monomer concentration. Increasing irradiation times up to an optimum value increased the DG as well, because more active radicals were generated on the surface. M. Ulbricht and co-workers polymerized GAMA (Table 1, monomer 20) from a polypropylene microporous membrane with the same method, aiming towards antifouling applications and reported similar findings regarding monomer concentration and irradiation time.[25] For the same reason, an increased benzophenone concentration led to a higher DG (up to an optimum concentration). GAMA was also polymerized from a microporous polypropylene membrane by J.-S. Gu et al. for antifouling applications applying the two-step procedure (see above).[26] An optimum benzophenone concentration of 20 wt% was identified; a further increase of the concentration resulted in a decreased DG. This was also described by Z.-K. Xu and co-workers, who polymerized α‑allylglucoside (Table 1, monomer 7) from a PP membrane in the one-step approach.[27,28] The fact that the DG revealed a maximum when the initiator content was varied was ascribed to termination reactions due to a higher density of growing chain radicals and to a decreased accessibility of the membrane due to steric hindrance.[27] The authors also polymerized crosslinked poly(GAMA) inside a porous membrane by copolymerization with acrylic acid.[29]
A. H. E. Müller and co-workers polymerized 3-O-methacryloyl-D-glucose (Table 1, monomer 9) from the surface of PS nanoparticles equipped with a photo-initiator.[30] The initiator produces one surface-bound radical and one free radical. Despite the consequent yield of glycopolymer (bound to the particle) of 50 %, the advantage of producing polymers in solution, which is directly accessible for analysis, has to be stressed. This process was verified by measuring the diameter of the nanoparticles before and after polymerization via DLS. Thus the thickness of the polymerized glycopolymer shell was directly obtained (increase from 60.9 to 91.7 nm).
Plasma induced FRP	
The same glycopolymer setup can be achieved by initiation with plasma. R.-Q. Kou et al. polymerized α‑allylglucoside from a PP-membrane using N2-plasma for initiation. For this purpose, the membrane was dipped into the monomer solution and the solvent was evaporated under reduced pressure. Subsequent plasma treatment resulted in a bulk polymer layer on the membrane surface. This pretreatment might explain the behavior upon increasing the monomer concentration: The DG decreased slightly after reaching a maximum. Increased plasma treatment time led to a raised DG. A slight decrease of the DG upon higher plasma treatment times was ascribed to surface etching.[31] The same functionalization strategy was applied for the construction of a biphasic enzyme membrane bioreactor, in which two immiscible solvents are separated by the membrane functionalized with poly(α-allylglucoside) and a specific enzyme.[23] The analogue α-allyl-galactoside (Table 1, monomer 22) as well as the well-known 2‑methacryloyloxyethyl-D-glucopyranoside (Table 1, monomer 1) were polymerized from poly(ethylene terephthalate) fibers by L. Bech et al..[32] A two-step procedure for this argon-plasma induced polymerization was applied to increase the grafting density. In the first activation step, the fibers were treated under argon plasma in presence of oxygen; the subsequent second step comprised argon plasma treatment in the presence of the monomers. A polymerization without the first activation step yielded significantly lower grafting densities (determined by cleavage of the sugar followed by colorimetric quantification). The grafting densities decreased for substrates with a higher surface area. This was ascribed to a screening effect of the outer fibers, preventing inner fibers from access to reactive plasma species. This is interpreted by the authors as a hint on the strong role of UV radiation during the plasma treatment because the plasma-induced polymerization partly relies on the formation and use of UV-photons which are more shielded in fiber substrates of higher surface-area. 
To conclude, the FRP method for surface functionalization by UV or plasma initiation represents a preparatively straightforward method. The grafting densities increase with monomer concentration and irradiation time and an optimal photoinitiator concentration exists. All reported FRPs involve deprotected glycopolymers, directly leading to the final product. On the other hand, a major disadvantage of the plasma treatment method over the UV-induced polymerization is the “hydrophobic recovery” phenomenon. This denotes the observation that the water contact angle of a PP membrane decreases upon plasma treatment of the unmodified membrane, but  slow recovery to the value of a nascent membrane occurs in the course of three weeks.[31] As a consequence, the physicochemical characteristics of freshly plasma treated membranes can vary with time.[31] Another disadvantage of the surface-initiated FRP is caused by the initiation method itself: The surface, which has to be functionalized with glycopolymer, has to be accessible by light or plasma. Hence, only membrane surfaces or other types of flat surfaces can be functionalized. Finally, the FRP does not result in highly controlled glycopolymers as produced by CRP techniques, e.g., ATRP.  Using CRP, the recombination of growing radical chains for higher grafting densities could be reduced due to lower radical concentrations. Therefore, the most prominent example of CRP techniques for surface functionalization will be discussed in the next section.
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Since ATRP is a very versatile controlled polymerization method, it has already been widely used for the polymerization of brushes from various kinds of surfaces.[16,33] An advantage of surface-initiated ATRP is the straightforward functionalization of various kinds of surfaces with the initiator moiety, as depicted in Scheme 1. 


[bookmark: _Ref423948768][bookmark: _Ref408562588]Scheme 1. Schematic representation of a surface-initiated ATRP via 
1) immobilization of initiator and 2) surface-initiated polymerization.
Although ATRP is a controlled polymerization technique, termination between two neighboring growing radical chains at a surface still occurs to a higher extent compared to ATRP in solution.[22] In order to control the polymerization from surfaces with low amount of immobilized initiator, it is necessary to add an additional deactivator at the beginning of the polymerization.[19,33,34] In this way the concentration of dormant species increases due to the ATRP equilibrium (left side of the equation in Scheme 1).[19,33,35,36] Frequently, the addition of a “sacrificial” initiator to the solution phase is reported for the same reason (Scheme 1). For achieving an increase of the deactivator concentration by addition of the sacrificial initiator, it was pointed out by different researchers that termination of the solution-initiated polymer chains is necessary in order to increase the deactivator concentration.[22,36–38] However, instead of relying on termination reactions to build up more CuII-species, the deactivator could as well be added directly as stated above.[19] This is supported by the finding of C. Gao et al., who did not observe a significant difference in control upon addition of the sacrificial initiator,[39] which may be due to lack of termination reactions in solution.  On the other hand the application of the sacrificial initiator has the advantage that polymer chains are formed in solution, which can subsequently be used for characterization. This is a common practice since properties such as molar mass or polydispersity index of solution-initiated polymer chains have been reported to be comparable to the ones of the chains growing from the surface.[19,33,40] 
In this section, the surface-initiated ATRP (SI-ATRP) is covered only for the preparation of glycopolymers. For a more general information, the reader is referred to the review article of H.‑A. Klok and co-workers on surface-initiated CRP techniques.[16]
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A very versatile approach towards SI-ATRP is based on the functionalization of flat silicon surfaces with silanes (Scheme 1, method 1). A silane functionalized with a moiety suitable for ATRP initiation is readily reacted with the hydroxyl groups of an according surface. The first example for glycopolymer-immobilization of this kind was reported by M. Ejaz et al. in 2000.[19] In this case, a chlorosulfonylphenyl group as ATRP initiator moiety was immobilized by reaction of an appropriately functionalized trimethoxysilane with a silicon substrate (Scheme 2). Polymerization of monomer 10 (“MAlpGlc”, Table 1) in presence of the sacrificial initiator yielded the protected glycopolymer brushes, which were subsequently deprotected with formic acid (confirmed by a change in the water contact angle). The thickness of the grafted layer was determined by ellipsometry and found to increase non-linearly with the polymerization time. On the other hand a linear increase of the layer thickness with respect to the molar mass of the chains formed in solution was observed, suggesting a controlled growth of the surface-initiated polymer chains.[19] Silicon oxide wavers were similarly functionalized with a bromoisobutyryl functionality by N. Ayres et al. for SI-ATRP of the same monomer (MalpGlc, Scheme 1, method 1).[41] In addition to water contact angle measurements and ellipsometry, the authors applied XPS for verification of the synthetic steps. 
Similar initiator-functionalization of a silicon wafer surface (Scheme 2) via a trichlorosilane was applied by S. Muthukrishnan et al. for the polymerization to linear as well as hyperbranched poly(MalpGlc).[36] The inimer 2-(2-bromoisobutyryloxy)ethyl methacrylate, which simultaneously acts as monomer and initiator, was copolymerized to create branching points in the SI-ATRP. The DG was lowered with increasing ratio of glycomonomer to inimer, which was ascribed to steric crowding effects caused by the glycomonomer. A sacrificial initiator was used for the linear grafting-from polymerization to increase the deactivator concentration by persistent radicals. The application of the nickel catalyst ((PPh3)2NiBr2) enabled high grafting densities for the SI-ATRP of linear poly(MalpGlc) (0.26 chains/nm2).[36]
Glass displays hydroxyl groups that are exposed to the surface and can, therefore, be functionalized with an appropriate silane system, such as chloromethylphenyl-substituted trichlorosilane (Scheme 2). Following such a strategy, the deprotected glycomonomer LAMA was grafted from a glass surface by N. Idota et al., who copolymerized this monomer with N-isopropyl acrylamide (NiPAm) to yield thermoresponsive random as well as block copolymers attached to the flat glass surface.[40] The copolymerization was carried out in a water/methanol mixture using CuCl as well as CuCl2 as deactivator and Me6TREN as ligand, which represents an efficient catalytic system for acrylamide type monomers.[40] Additionally, free ATRP initiator was used to adjust the ratio of monomer to initiator and to analyze the polymers formed in solution by 1H NMR spectroscopy and SEC. The thickness of the dried polymer films was determined by ellipsometry, from which a very high grafting density of 0.3 to 0.4 chains per nm2 was calculated, indicating the high versatility of this polymerization strategy for acrylamide monomers with deprotected glyco-comonomers.[40] 


[bookmark: _Ref420429821]Scheme 2. Schematic representation of the different possibilities for 
initiator-functionalization prior to surface-initiated ATRP.
The catalytic system CuCl/Me6TREN was applied for acrylamide glycomonomers by J. N. Kizhakkedathu and co-workers, who polymerized the glucose-, galactose- and mannose derived acrylamides 2, 24 and 38 (Table 1) from flat silicon wafer surfaces, as confirmed by water contact angle and ellipsometry.[42,43] The molar masses of the formed polymers were analyzed by SEC after cleavage of the polymers from the surface using NaOH, revealing a molar mass which was 36% smaller than the molar mass of the polymer formed in solution.[43] This contradicts the common assumption that the polymer in solution represents the surface-grafted polymer.[40] The thickness of the grafted polymer layer was decreased (determined by ellipsometry) when the concentration of the sacrificial initiator was increased (since more monomer is polymerized in solution). At the same time the grafting density remained almost constant at 0.17 chains/nm2, since the amount of initiating sites was constant.[42] Also for the deprotected glucosamine-derivative 14 (Table 1) the silane-functionalization of a silicon wafer was applied for SI-ATRP in presence of sacrificial initiator.[44] 
Micro-porous glass membranes, glass slides and silicon wafers could be functionalized with ATRP initiators via reaction with a silane as well.[45] The acetylated N-acetylglucosamine acrylamide derivative 15 (Table 1) as well as the acetylated mannose acrylamide derivative 39 (Table 1) were polymerized from these surfaces, followed by deprotection of the immobilized glycopolymers.[45]
Surfaces functionalized by esterification
Due to the easy preparative implementation, the most straightforward approach for surface functionalization prior to SI-ATRP is the esterification of surface hydroxyl groups with acid bromides or chlorides of the corresponding ATRP initiator (Scheme 1, 2nd method). Several surfaces have been functionalized in this way, including carbon nanotubes,[39,46] polymeric membranes,[47,48] polymer films,[34] silicon[49] as well as silicate surface (Scheme 2).[35] 
Carbon nanotubes were used as substrate for the surface-initiated ATRP after immobilization of the ATRP initiator by esterification with 2-bromo-2-methylpropionyl bromide.[46] No sacrificial initiator or CuII was added in the subsequent ATRP of MAlpGlc. This study is an example where quantification of the immobilized polymer was achieved by TGA (revealing 10% immobilized glycopolymer), given that the attached polymer has a different decomposition temperature than the solid support. A similar polymerization of LAMA in water proceeded in an uncontrolled fashion.[46] Following the same synthetic strategy, multiwalled carbon nanotubes were functionalized with poly(MAlpGlc) by C. Gao et al.. The nickel catalyst (bis(triphenylphosphine)nickel(II) bromide) yielded good polymerization control for both the linear glycopolymer and a hyperbranched poly(MalpGlc), which was synthesized via addition of the inimer 2-(2-bromoisobutyryloxy)ethyl methacrylate.[39] Although the polymerization proceeded smoothly in solution, coupling of the polymer chains was observed during the SI-ATRP, which shows that the carbon nanotubes exert a significant effect.[39]
Polymeric membranes are a substrate encountered often for glycopolymer functionalization due to a variety of possible applications. Q. Yang and M. Ulbricht investigated the polymerization of LAMA from a PET membrane functionalized with 2-bromoisobutyryl bromide.[48] When water was used as solvent, the polymerization was not well controlled. This could be improved by addition of CuII in NMP. The grafting density increased linearly with time, which was interpreted as well-controlled polymerization behavior. Also 2‑hydroxyethyl methacrylate (HEMA) was grafted from the same membranes by surface-initiated ATRP in a controlled fashion.[48] Subsequent functionalization with 2‑bromoisobutyryl bromide and polymerization of LAMA yielded comb-like glycopolymers attached to the surface. The grafting density did not increase linearly with time for the latter polymerization, which was ascribed to steric hindrance of the comb polymers.[48] A similar polymeric architecture based on GAMA is reported as well.[47] To this end, HEMA was polymerized from a PP membrane in a first step by UV‑induced surface initiated FRP. Subsequent esterification with initiator and SI-ATRP of GAMA afforded comb like glycopolymer chains on the surface. The control of the polymerization was improved by addition of CuII, which was concluded from a more linear relationship between the degree of polymerization (DP) and the reaction time.[47] 
Very dense comb-shaped glycopolymer brushes on a silicon surface could be obtained by a “double” SI-ATRP of LAMA.[49] In a first grafting-from step, LAMA was polymerized in a pyridine/water mixture. The sugar hydroxyl groups of the grafted poly(LAMA) were converted to ATRP initiators by a second esterification, followed by a second ATRP of LAMA initiated by the already attached glycopolymer. This report represents the only example where polymerization of a glycopolymer was performed from the already attached glycopolymer, which represents an interesting method if high grafting yield and film thickness are required. 
Honeycomb patterned films represent another kind of porous surface. Such films composed of PS-b-PHEMA were functionalized with ATRP initiators by esterification.[34] Subsequent ATRP of the glucose bearing methacrylate 3 (Table 1) was conducted with 10 mol% of CuII as deactivator and yielded grafted glycopolymer inside the pores, as confirmed by AFM and SEM. 
The silicate montmorillonite was functionalized via SI-ATRP of MalpGlc using a sacrificial initiator after functionalization of the silicate surface with bromoisobutyryl bromide.[35] The isopropylidene groups were subsequently subjected to acidic deprotection using 80% formic acid. Since this mineral has different geometric characteristics than the flat silicon or polymeric membrane surfaces, different characterization techniques were applied, namely FTIR, TGA and XRD. In addition, the glycopolymer was cleaved from the surface to allow characterization by 1H NMR spectroscopy.[35]
Thiol-gold
Another straightforward way to functionalize surfaces with glycopolymers is the reaction of a thiol with a gold surface, which is applicable to attach an ATRP initiator. A gold surface was functionalized in a two-step procedure by functionalization with a hydroxyl-functional thiol and subsequent esterification with bromopropionyl bromide.[50] The resulting initiator-functionalized surface was used for the SI-ATRP of MalpGlc. The gold-sputtered surface of a SPR chip was functionalized by the same strategy to graft LAMA from this surface, using a methanol/water mixture as solvent and CuBr2 as deactivator.[12] Also GAMA was polymerized in an analogue manner by Q. Yang et al.[51] 
Omitting the esterification step requires a thiol functional ATRP initiator (Scheme 1, 3rd method). For this purpose, A. Mateescu et al. used an undecenol ester of bromoisobutyryl bromide with a thiol functionality at the chain end to graft poly(LAMA) and poly(GAMA) from a gold‑coated silicon substrate.[37] Similarly, a disulfide bridged bifunctional ATRP initiator can be applied to act as initiator‑dimer, reported by K. R. Yoon et al. for gold nanoparticles.[52] SI-ATRP of LAMA in methanol afforded the gold-immobilized glycopolymers. Likewise, J. N. Kizhakkedathu and co-workers polymerized glucose-, galactose- and mannose-functional acrylamides (Table 1, monomers 2, 24 and 38) from the gold surface.[43,53]
Other methods
The addition of an ATRP inimer during the (co)polymerization of a solid support can result in residual initiation sites of the inimer that can be utilized for a subsequent SI-ATRP   (Scheme 1, 4th method). T. Taniguchi et al. prepared such initiator-functionalized PS nanoparticles to polymerize a styrene derivative of a deprotected lactose derivative (Table 1, monomer 35, which is similar to LAMA) from the surface by activator generated by electron transfer (AGET) ATRP.[54,55] This method relies on the formation of the active catalyst in situ from stable CuII species by addition of a reducing agent such as ascorbic acid and was applied for the according S-linked lactose monomer 30 (Table 1) and the analogue S-linked glucose monomer 4 as well.[56] These reports of T. Nakahira and co-workers represent the majority of the few reports where AGET-ATRP was applied. A. Pfaff et al. used the same inimer strategy to polymerize the glucosamine analogue monomer 12 (Table 1) from the surface by addition of sacrificial initiator for a better control.[30] A combination of SEM and elemental analysis data with the absolute molar mass of the polymer formed in solution (obtained by MALS-SEC) gave access to the DG, which was very high compared to other reports (0.54 chains/nm2). Likewise, J. N. Kizhakkedathu and co-workers polymerized mannose, galactose as well as glucose bearing acrylamides.[43,57]
[bookmark: _Ref416768549]Some surfaces already possess moieties which can initiate an ATRP process. Thus, SI-ATRP from a chloromethylated polysulfone microporous membrane was reported, using the chloromethyl groups as initiator.[58] This is one of the rare cases where the authors applied 1H NMR spectroscopy for quantification of the initiator loading. Likewise, a poly(vinylidenedifluoride) surface was used for SI-ATRP of GAMA, exploiting the surface-exposed fluorine atoms as ATRP initiator for AGET ATRP.[59] In contrast to other reports,[12,37,40,46,47,52] addition of methanol as co-solvent did not improve the control, which was ascribed to more difficult fracture of the C-F bond in less polar solvent mixtures.[59] 
[bookmark: _Ref416704726][bookmark: _Toc416951831][bookmark: _Toc423960251]RAFT polymerization
Another CRP method is RAFT polymerization (also discussed in section 2.3.1 for grafting-onto), which has also been applied for polymerization of glycomonomers from a surface. In practice the initiator is added to the solution phase and not immobilized on the surface. However, when the RAFT agent is immobilized onto the surface via the R-group (Figure 3) this results in immobilized radicals propagating from the surface. Because an excess of RAFT agent to initiator is used, only a very small amount of polymer is formed in solution (derived from initiator). If the RAFT agent is immobilized via the Z‑group, the strategy would resemble a grafting-onto method (see section 2.3.1). Like for SI-ATRP, polymers derived by surface RAFT have been reported to yield the same molar mass as in solution.[60]
[image: ]
[bookmark: _Ref423952791]Figure 3. Schematic representation of the grafting-from approach via RAFT polymerization.
A surface RAFT polymerization of glycomonomers was reported by A. Pfaff et al., who attached a RAFT agent to the surface of poly(divinylbenzene) (PDVB) microspheres by radical addition to polymerize the mannose monomer 46 (Table 1) as well as the galactose monomer 28 (Table 1).[61] A sacrificial chain transfer agent in solution was used to access the molar mass of the formed polymers. This represents the only report about a grafting-from method by RAFT polymerization for glycopolymers published so far. More often “grafting-through” (section 2.2) and grafting-onto approaches with the same polymerization system were investigated. But the grafting-from approach yielded a 1.6 times higher grafting density (0.35 chains/nm2) compared to the grafting-through approach (section 2.2, 0.22 chains/nm2) and the grafting-onto approach (section 2.3) by thiol-ene chemistry, which resulted in the lowest grafting density (0.20 chains/nm2).[61]
In summary, in particular the grafting-from approach by ATRP using glycomonomers is the most widely used approach for the glycopolymer functionalization of surfaces with glycopolymers. The surface-initiated ATRP has been studied extensively due to the convenient methods for the attachment of initiator to a variety of different kinds of surfaces combined with the robust and controlled polymerization if the correct catalytic and solvent systems are used. Due to the nature of sugar monomers, which often require protection of the hydroxyl groups, glycopolymers were only polymerized from surfaces via radical polymerization techniques. Anionic or cationic polymerization techniques,[62] which were rarely used for synthesis of glycopolymers,[63] up to now have not been applied for the grafting-from synthesis of surface-immobilized glycopolymers.
[bookmark: _Ref381082733][bookmark: _Toc416951832][bookmark: _Toc423960252]Grafting-through of glycomonomers
Another approach for glycopolymer-immobilization is the polymerization of a glycomonomer in solution by either FRP, ATRP or RAFT in the presence of an immobilized comonomer. Incorporation of this comonomer automatically leads to immobilization of the growing glycopolymer chain (Figure 4). Therefore, in this “grafting through” approach the polymer chains can grow in solution and continue growing from the surface as soon as the surface-attached comonomer is incorporated. As a consequence, the resulting glycopolymer can be attached to the surface at more than one point, depending on the density of immobilized comonomer on the surface.


[bookmark: _Ref380249245]Figure 4. Schematic representation of the glycomonomer polymerization 
in presence of an immobilized comonomer.
The most straightforward method for the preparation of an immobilized comonomer is the emulsion polymerization of divinylbenzene (DVB) to yield microparticles, which display residual styrenic double bonds on the surface (Figure 4 a). These can act as comonomer in the polymerization of glycomonomers. Consequently, A. Pfaff et al. polymerized the acetyl protected glucose-derived glycomonomer 12 (Table 1) by ATRP, which was initiated in solution by ethyl-2-bromoisobutyrate.[64] The inimer 2‑(2‑bromoisobutyryloxy)ethyl methacrylate was also added to the polymerization solution in order to yield branched glycopolymers.[64] Thus, the “cluster glycoside” effect was enhanced but the accessibility of the sugar moieties was impeded. Likewise, the mannose monomer 46 (Table 1) as well as the galactose monomer 28 (Table 1) were polymerized by the grafting through approach by the same research group.[61] Due to the steric crowding induced by already attached glycopolymers, the grafting density was found to be lower than in a similar grafting from approach.
Another method for the immobilization of a monomer onto a surface is the reaction of a silicon surface with a silane (Figure 4 b), as described by T.-Y. Guo et al. for a methacryloyl-functionalized trimethoxy silane.[65] Subsequent FRP of the lactose monomer 29 (Table 1) yielded a glycopolymer shell on silica spheres, which was subsequently deprotected with sodium methoxide. Remarkably, this deprotection step was reported to not interfere with the methacrylate linkage of the immobilized comonomer.[65] 
The same strategy was also applied for functionalization of a fused-silica capillary to yield a monolithic column for affinity chromatography of lectins. A crosslinked film of different glycopolymers was obtained by polymerization of allyl-functionalized sugar units in presence of two different crosslinkers.[66]
The reaction of a thiol with a gold surface as one of the most straightforward and reliable methods for immobilization has also been used for the attachment of comonomers to surfaces. First, the gold surface of a quartz crystal microbalance (QCM) sensor chip was functionalized with 1-thiol-2-propene by L. Yu et al. (Figure 4 c) to polymerize the α-D-mannose derivate 41 (Table 1) by FRP.[67] This is one of the rare examples for a deprotected mannose that is attached O-glycosidically in 1-position of the sugar ring, which is necessary for interactions with lectins. The polymerization was performed using acrylamide as comonomer and an additional crosslinker, leading to an immobilized crosslinked film of glycopolymer on the surface. The formed glycopolymer layer was shown to interact with the lectin ConA.[67] 
In addition, a substitution reaction was applied to immobilize a comonomer for the grafting-through approach. The oleic acid molecules at the surface of magnetic nanoparticles were replaced by dopamine methacrylamide (Figure 4 d) for the subsequent FRP of the unprotected N-substituted glucosamine derivative 17 (Table 1).[68] Successful polymerization was confirmed by IR spectroscopy, DLS and SEM and quantified by TGA.[68]
In conclusion, only a few reports on the grafting-through approach for the glycopolymer-synthesis exist. This is rather surprising since this approach represents a very convenient way for surface modification, since any of the reactions for surface modification can be used to immobilize a comonomer and any radical polymerization in solution can be applied for the subsequent polymerization. 
[bookmark: _Ref381375231][bookmark: _Toc416951833][bookmark: _Toc423960253]Grafting-onto of glycopolymers
This approach covers the covalent immobilization of preformed glycopolymers onto a surface. The glycopolymers referred to were prepared by polymerization of a glycomonomer as well as post-polymerization functionalization (analogue to sections 2.3 and 2.4, respectively). Different methods have been applied for the subsequent immobilization, including RAFT, radical addition, click reactions, the reaction between thiol groups with a gold surface, silane coupling, amide bond formation, isourea bond formation and boronic ester formation (Table 2).  Due to steric hindrance induced by thy polymer chains that are already attached to the surface, the grafting-onto approach results in a lower grafting density (approximately 0.2 chains/nm2) compared to the two methods described before (grafting-from in section 2.1 and grafting-through in section 2.2). However, the major advantage of the grafting-onto approach is the possibility to analyze the glycopolymer in solution prior to immobilization.
[bookmark: _Ref416707955]Table 2. Overview of the chemical strategies used for the grafting-onto approach of glycopolymers.
	Polymer endgroup
	Surface
	Reference

	

	

	[18,69]

	

	gold
	[70–73]

	

	

and carbon nanotubes
	[74–76]

	

	

	[77]

	

	

	[78]

	

	

	[61]

	

	

	[79]

	

	

	[80]

	

	

	[9,81]

	

	

	[82,83]

	

	

	[84]


[bookmark: _Ref416693786][bookmark: _Toc416951834][bookmark: _Toc423960254]RAFT equilibrium
If a RAFT polymerization is conducted using a RAFT agent immobilized via the Z-group, the polymer chains propagate in solution. Since the RAFT agent stays immobilized during the whole procedure, the growing polymer chains are immobilized by the addition to the RAFT agent as part of the RAFT equilibrium. For this reason, this method can be seen as grafting-onto approach. Block copolymers prepared as such will display the second block directly at the surface. In contrast, a RAFT agent attached via the R-group (grafting-from method by RAFT) will result in a polymer growing away from the surface.[18] A significant advantage of the Z-group immobilization is the attachment of the polymer chains via the RAFT agent, which can be cleaved easily using nucleophiles enabling the utilization of analytical techniques in solution.


Figure 5. Grafting-onto approach applying a RAFT agent immobilized via the Z-group.
The research using this approach was conducted in the group of M. H. Stenzel.[69] Honeycomb patterned films were functionalized by RAFT polymerization of N‑acryloyl glucosamine 18 (Table 1) via the Z-group approach.[69] Temperature responsive glycopolymers were obtained by copolymerization with N-isopropyl acrylamide. Here a special synthetic challenge of the RAFT process for thermoresponsive polymers comes into play: Water cannot be used as solvent, since temperatures above the cloud point temperature are necessary. Therefore, solvent mixtures of water with acetone were used.[69] A sacrificial RAFT agent was added to the solution phase to compare the grafted chains (subsequent to cleavage using butyl amine) to those formed in solution. The fingding that the grafted polymer was significantly larger than the polymer formed in solution was explained by a geometric disconnection of surface and solution polymerization leading to a Trommsdorff-type effect.[69] Furthermore, the attached polymer chains were reported to cause steric hindrance to the radical chains that need to react with the RAFT agent, which is close to the surface and therefore shielded. This represents a disadvantage of this approach, however, this is the case for all grafting-onto strategies using polymers.
In addition, the surfaces of silicon wafers were functionalized with poly(2-N-acryloyl glucosamine) using this strategy. Also in this case, a fine-tuning of the aqueous solvent mixture was required  to prevent precipitation during polymerization (water:ethanol 5:1). The linear increase of the film thickness versus with the monomer conversion confirmed the presence of a controlled polymerization.[18]


[bookmark: _Toc423960255]Immobilization of a glycopolymeric radical
 Besides their fundamental role in various types of polymerizations, polymeric radicals can be applied to couple a glycopolymer to a suitable surface. Two different approaches are depicted in Figure 6 and will be described in the following.

[image: G:\Projekte\Review\Immobilized glycopolymers\Data - Figures\Figures\Figures 2-5\exported\tif\Radical onto.tif]
[bookmark: _Ref420665288]Figure 6. Schematic representation of grafting polymer radicals onto a surface.
T.-Y. Guo et al. used silica particles as substrate, which were functionalized with methacrylic acid.[74] A glycopolymer with a dithioester endgroup, which had been synthesized by RAFT polymerization of the acetyl protected lactose-derived methacrylate 29 (Table 1), was added to this functional support during continued RAFT polymerization, thus immobilizing the polymer chains (in analogy to the preparation of block copolymers with the immobilized monomer as “second block”).[74]
An alternative approach is the direct trapping of polymeric radicals by the solid support as reported by H. Kitano et al.[75] In order to obtain polymer chains with a radical chain end, the authors polymerized the deprotected glucose monomer 1 (Table 1) by FRP and subsequently coupled the resulting glycopolymer to an activated azo-type initiator. The resulting symmetric macro-azoinitiator was reacted with single‑walled carbon nanotubes (SWNT) acting as radical trap to yield an immobilized glycopolymer. 
[bookmark: _Ref416271872][bookmark: _Toc416951835][bookmark: _Toc423960256]Thiol-gold
The reaction of a thiol with a gold surface is most conveniently applied for the immobilization of glycopolymers because of the direct availability of substrates such as gold nanoparticles or gold chips for surface plasmon resonance (SPR) characterization, which enables straightforward analysis of protein interaction.[85] Three main routes towards thiol-functional glycopolymers for immobilization onto Au-surfaces exist, as outlined in Figure 7. The first and most straightforward possibility is the RAFT polymerization of glycomonomers. Subsequent cleavage of the RAFT end group directly provides access to thiol end groups. Other approaches involve disulfide coupled polymer chains or the introduction of pendant thiol functionalities (Figure 7).
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[bookmark: _Ref420912569]Figure 7. Different methods of glycopolymer immobilization onto gold surfaces.
Following the RAFT approach (Figure 7 a), M. Toyoshima et al. polymerized the deprotected mannose monomer 41 (Table 1) as well as the analogue glucosamine bearing acrylamide with phenyl spacer (monomer 15, Table 1).[70] Subsequently, the dithioester end group was converted to the thiol, which was used to immobilize the glycopolymer onto the surface of gold nanoparticles.[70–73] Also the protected glycomonomer was polymerized and immobilized following the same strategy.[86] Similarly, the deprotected mannose monomer 42 (Table 1) as well as the lactose glycomonomer 31 were polymerized by RAFT polymerization and immobilized onto gold nanoparticles.[87] These two monomers are very interesting since they possess a thioglycosidic linkage and, therefore, should be more stable towards enzymatic degradation, analogue to the already mentioned thioglycosidic glycomonomer.[56] Furthermore, these two glycomonomers can be readily synthesized in a one-pot synthesis procedure without protection of the hydroxyl groups in the starting materials.[87] In addition, it was shown that glycopolymers derived from thioglycosidic monomers and NiPAm could be attached to gold NP’s directly via a trithiocarbonate RAFT end group.[88]
The immobilization of glycopolymers prepared by RAFT polymerization onto gold coated QCM sensor chips for studies of lectin and bacteria interaction is possible as well.[10] For this statistical copolymers of aminoethyl methacrylamide hydrochloride with LAMA were used. Also a thermoresponsive block copolymer with LAMA was synthesized and immobilized in the same way onto a QCM sensor chip.[11]
The disulfide approach (Figure 7 b) was applied, e.g., by V. Vázquez-Dorbatt et al. by ATRP of the N‑acetylglucosamine derived monomer 14 (Table 1) using a functional ATRP initiator, which possesses a pyridyl disulfide group.[89] The resulting polymer was then coupled to siRNA as well as on a gold surface via microcontact printing. Attachment to the gold surface was confirmed by an antibody assay with fluorescent staining and fluorescence imaging.[89] A disulfide bridged bifunctional ATRP initiator was utilized by K. Mizukami et al. to polymerize LAMA.[90] The resulting symmetrical disulfide bridged glycopolymer was directly coupled onto a gold surface without previous reduction. Similarly, the mannose monomer 37 (Table 1)[91,92] and the deprotected glucopyranoside 1 (Table 1)[93] were used for this strategy. H. Kitano et al. also used a disulfide group containing iniferter for copolymerization of methacrylic acid with monomer 1.[94] The resulting glycopolymer was subsequently immobilized onto gold electrodes as well as silver colloid, as was verified by cyclic voltammometry. This approach was extended by using a photo-iniferter, the glucosamine methacrylamide derivative 13 (Table 1) and gold nanoparticles.[95] An alternative way towards  a disulfide bridged  glycopolymer is the FRP of GEMA in the presence of aminoethanethiol, followed by coupling of two amino terminated polymer chains onto an activated disulfide.[76] The coupling of the glycopolymer onto a silver colloid was verified by surface enhanced Raman spectroscopy (SERS), a technique perfectly suited for the analysis of patterned functionalized gold surfaces. Triblock copolymers with a polyester-based middle block were prepared by polymerization of -caprolactone with a disulfide-bridged diol as initiator.[96] Subsequent to functionalization of the chain ends with an ATRP initiator, GAMA was polymerized, the disulfide-bridged triblock-copolymer was reduced with DTT and immobilized onto gold nanoparticles.[96] 
A third way to provide thiol groups for coupling with gold (or silver) surfaces is the introduction at the repeating units instead of the chain end. This was performed by M. Huang et al., who introduced an alkanethiol linker as side groups of a sugar carrying copolymer (Figure 7 c).[97] These thiol groups were used to immobilize the glycopolymer on the gold surface of a QCM chip. In contrast to the methods discussed before, such a presentation of multiple thiol groups per polymer chain results in multiple attachment points per glycopolymer chain instead of an attachment at the chain end.
The thiol-gold coupling methods presented hitherto are suitable for different kinds of gold surfaces, including flat surfaces (SPR chips), gold electrodes, SERS substrates as well as gold nanoparticles. The latter can also be prepared in situ by reducing an aqueous solution of HAuCl4 in the presence of a glycopolymer with thiol or disulfide functionality (Figure 7 d). This was investigated by N. R. Cameron and co-workers for a galactose carrying glycopolymer synthesized by RAFT polymerization of monomer 23 (Table 1).[98] Nanoparticle formation, evident by color change from orange-yellow to brown without precipitation, was directly assisted by stabilization through the glycopolymer. The polymeric shell around the core particles (diameter of 1 to 3 nm) was revealed by a combination of TEM and DLS measurements (DH = 11.5 nm).[98] Shortly afterwards, R. Narain and co-workers reported a similar approach using GAMA. The reduction of the RAFT endgroup took place together with the reduction of the gold during the nanoparticle synthesis, minimizing the formation of disulfide linkages.[99] Similar approaches were reported for the protected mannose acrylamide 38 (Table 1) and the protected glucosamine acrylamide derivative 16 (Table 1) with a tri(ethyleneglycol) spacer, taking advantage of the thiol end group, which was generated in situ during the deprotection step.[100] 
R. Narain et al. reported the RAFT copolymerization of the isopropylidene protected galactose acrylamide 27 (Table 1) using a biotinylated CTA.[101] Subsequent to deprotection, a photochemical reduction procedure yielded the glycopolymer gold nanoparticles presenting biotin groups at the outside of the polymer shell. This approach had the advantage of reducing the formation of disulfide bridges between the polymer chains. In addition, cationic block copolymers were applied for this approach.[102,103] One example is the block copolymer of 3-aminopropyl methacrylamide and LAMA, which, immobilized onto gold nanoparticles, was used for gene transfection studies in HeLa cells. 
In summary, the immobilization of thiol-terminated glycopolymers onto gold surfaces represents a very straightforward and preparatively easy way for glycopolymer immobilization, in particular in combination with the RAFT polymerization process, the most convenient preparation being the in situ synthesis of the gold nanoparticle in the presence of the glycopolymer derived from RAFT polymerization. Some researchers took care to prevent the formation of disulfide bridges while following this approach, however, this is not even necessary, since the disulfide bridged glycopolymers can directly be coupled to the gold surface. Even the cleavage of certain chain transfer agents is not always necessary for a direct coupling onto a gold surface,[104] rendering this approach one of the most appealing for glycopolymer immobilization onto functional nanoparticles.
[bookmark: _Ref381096982][bookmark: _Toc416951837][bookmark: _Toc423960257]Click reactions
Most reports based on “click”-type grafting of end functional glycopolymers onto surfaces rely on functional end groups accessible from RAFT. As depicted in Figure 8, both thermini of the polymer can be utilized for this purpose. The most versatile methods are based on thiol functionalities prepared by amionlysis of the dithio- or trithiocarbonyl groups inherent to the RAFT process itself. However, the application of specially designed CTA’s offers further oppurtunities.
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[bookmark: _Ref421025503]Figure 8. Schematic representation of immobilization of RAFT polymerization-derived 
glycopolymers by different types of “click” reactions.
A radical type of thiol-ene immobilization is reported by A. Pfaff et al., who polymerized the isopropylidene protected galactose methacrylate 28 (Table 1).[61] Subsequently, the RAFT endgroup was cleaved by the nucleophile hexylamine while AIBN as radical source in situ enabled the reaction of the emerging thiol endgroups with residual double bonds at the surface of divinylbenzene microspheres. A grafting density of 0.20 chains/nm2 was achieved which is a typical value for grafting-onto approaches.[78] Deprotection of the sugar moieties of the glycopolymer was performed on the functionalized microspheres.[61]
A copolymer of MAIGal and 4-(pyrenyl)butyl methacrylate was immobilized onto magnetic silica particles using the nucleophilic type of thiol-ene reaction.[79] For this purpose, the two monomers were first copolymerized by RAFT to yield a fluorescent block copolymer. This was subsequently treated with hexylamine to yield the free thiol endgroup. The magnetic silica particles were prepared by attaching a silica shell onto iron nanoparticles, followed by reaction with a methacrylate-functionalized silane. These functional particles were subsequently reacted with the thiol-terminated glycopolymer via Michael addition using dimethylphenylphosphine as catalyst.[79] This approach represents a very straightforward method for immobilization of any type of polymer derived by RAFT polymerization.
The well-known copper catalyzed azide alkyne cycloaddition (CuAAc) “click-reaction” was used to couple a glycopolymer onto a silicon wafer in a synthetically challenging approach that involved multiple post-polymerization functionalization steps, all based on delicately balanced carbonyl / nucleophile chemistry.[77] The final alkyne end functional polymer was subsequently “clicked” onto an azide functionalized silicon wafer by microcontact printing using copper sulfate and sodium ascorbate in a water:DMSO mixture.
When a suitable CTA is chosen, RAFT polymerization can directly result in a polymer endgroup that is applicable as dienophile in a hetero-Diels-Alder (HDA) reaction. For this purpose, M. Kaupp et al. polymerized the protected glycomonomer MAIpGlc.[78] The crucial end group functionality was ensured by conversion control (20 to 30%), as proven by ESI mass spectrometry. As solid support for immobilization porous poly(glycidyl methacrylate) microspheres were synthesized via suspension polymerization and functionalized with cyclopentadiene groups. The subsequent HDA reaction with the glycopolymer was followed by direct acidic deprotection of the glycopolymer. The grafting density was determined to be 0.16 chains / nm2, which is in the expected order of magnitude for the grafting-onto approach. 
[bookmark: _Ref416945199][bookmark: _Toc416951838][bookmark: _Toc423960258]Other reactions
Besides following modern trends such as “click” chemistry, long-established coupling methods that result in the formation of amide bonds are still frequently utilized for immobilization of glycopolymers onto surfaces. X. Jiang et al. copolymerized 2-gluconamidoethyl methacrylamide (the amide analogue to GAMA) with a biotinylated monomer and an amine-functional monomer via RAFT. The resulting amine-functionalized copolymer was immobilized by EDC/NHS mediated amide bond formation onto carboxyl-functionalized quantum dots (CdS-capped CdTe nanoparticles).[81] The glycopolymers attached to the nanoparticles thus displayed pendant biotin groups. In a reverse immobilization strategy, H. Yamanaka et al. used an amine functional support and an activated carboxylic acid functionalized polymer.[9] Therefore, N-(acryloyloxy)succinimide (NAS) was polymerized by FRP to obtain an activated ester polymer (PNAS). Subsequently, 90% of the activated ester groups were substituted with N‑isopropylamine to obtain PNiPAm, a polymer known for its lower critical solution temperature (LCST) behavior. To maintain the desired temperature responsive properties, the addition of hydrophilic lactosylamine (1 mol%) and RCA120 was balanced with addition of 0.5% of hydrophobic hexylamine. Using the residual succinimide groups, the temperature responsive glycopolymer was immobilized onto an amine-functionalized sepharose resin. This coupling reaction could be monitored by UV absorbance of the N-hydroxysuccinimide, which is released through the substitution reaction. 
A similarly robust reaction for glycopolymer immobilization is the isourea bond formation, as shown by S. N. Narla et al.[105] Glycopolymers with cyanate endgroups were prepared by cyanoxyl-mediated FRP and grafted onto amine functionalized glass slides.[82,83,105] This reaction proved in particular suited for the preparation of microarrays.
The reaction between trimethoxysilyl groups and silicon surfaces was also used for grafting a mannose glycopolymer onto a silica surface. H. Seto et al. copolymerized the α‑glycosidically linked acetylated mannose monomer 39 (Table 1) with 3‑(trimethoxysilyl) propyl methacrylate by FRP followed by deacetylation.[80] The resulting mannose copolymer was immobilized onto a silica-deposited cell for QCM using the pendant trimethoxysilyl groups. Thus, the selective interaction of the glycopolymer immobilized QCM cell with the lectin concanavalin A could be shown. Immobilization of this polymer on nickel meshes resulted in efficient biosensors for the detection of ConA and E. Coli bacteria.[106]
A method for grafting-onto, which involves the sugar moieties of glycopolymers, was reported by  H. Mokhtari et al..[84] The reaction of saccharides and, thus, glycopolymers with boronic acids leads to boronic esters due to the polyol structure of the pendant monosaccharides. This reaction was employed for the immobilization of a galactose carrying glycopolymer onto a silica surface functionalized with boronic acid (Figure 9).[84] 


[bookmark: _Ref373152672]Figure 9. Boronic ester formation between a glycopolymer 
and a silica surface functionalized with boronic acid. 
Reproduced from Ref. [84].
[bookmark: _Ref413680281]In conclusion, the grafting-onto approach was applied mostly for glycopolymers obtained by polymerization of glycomonomers (Strategy 2 in Figure 1). Post-polymerization-functionalization reactions with functional polymers are rarely used for grafting-onto approaches (Strategy 3 in Figure 1). Instead it is mainly applied subsequent to grafting a functional polymer from a surface (Strategy 4 in Figure 1), which is in the focus of the next section. 

[bookmark: _Ref416884786][bookmark: _Toc416951839][bookmark: _Ref420571955][bookmark: _Toc423960259]Post-polymerization functionalization with carbohydrates
Besides the possibility to directly polymerize glycomonomers, several post-polymerization functionalization methods can be applied for the preparation of glycopolymers. A general overview of the related publications is provided in the detailed review from C. R. Becer and co-workers.[107] Here, we address specific challenges that have to be taken into account with respect to the surface immobilization of glycopolymers. This section includes immobilization strategies of functional (co)polymers via all of the methods described so far. However, the sugar moieties are attached subsequent to immobilization benefiting from pendant functional moieties on the (co)polymers (Strategy 4 in Figure 1 and Figure 10). Consequently, the grafting densities that can be achieved depend on the immobilization method used.
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[bookmark: _Ref416699531]Figure 10. Schematic representation of sugar attachment 
to immobilized functional polymers.
A general advantage of the approach is the possibility to immobilize different sugar moieties on the same functionalized substrate, which enables a straightforward comparison of different sugar types while ensuring comparability by usage of exactly the same substrate. 
However, the fact that a reactive (co)monomer is required to attach the sugar moieties imposes severe limitations on the versatility of this approach. Prior to synthesis, the reactivities of all chemical functionalities have to be considered carefully for at least three complementary / orthogonal steps: a) Attachment to the substrate, b) polymerization and c) functionalization with the carbohydrate. As an example, a monomer perfectly suited for sugar attachment via radical thiol-ene reaction would not interfere with the nucleophilic surface chemistry but makes a radical polymerization from the surface difficult to perform. In addition, the sugar itself has to be taken into account: Either the final sugar attachment chemistry has to be applicable in the presence of hydroxyl-moieties, or protected carbohydrates must be used.  E.g., simple esterification reactions using unprotected sugar moieties are not applicable while leaving all (potentially biologically active) sugar moieties intact. If subsequent (i.e. final) sugar deprotection is performed, the stability of all other functionalities needs to be taken into account. For instance, a range of ester bonds can easily be degraded during deprotection of acetyl-protected sugars. In general, “click” reactions like CuAAc are orthogonal to any protecting group removal and, thus, well suited.






[bookmark: _Ref413680369]Table 3. Methods of sugar attachment to immobilized functional polymers.
	
	Polymer repeating unit
	Sugar
	Surface type
	Reference

	CuAAc 
	

	

	PP membrane
	[108]

	
	

	


	Wang resin,
Silicon
	[109,110]

	Thiol-yne 
and 
Thiol-ene
	

	

	PP membrane
	[111]

	
	

	

	Glass
	[112]

	
	

	

 
	Poly(2-oxazoline)
	[113]

	Penta-fluoro-styrene
	

	

	SiO2 particles
	[114]

	Amide bond formation
	

	

	Glass
	[115]

	
	

	

	Silicon
	[116]

	
	

	

	PP membrane
	[117]

	
	

	

	PP membrane
	[118]

	Substi-tution
	

	


	PP membrane
	[119,120]

	
	

	



	PP beads
	[121]


[bookmark: _Toc423960260]Attachment using double and triple bonds
C. Wang et al. polymerized acrylic acid from the surface of a polypropylene membrane by UV‑induced free radical polymerization.[108] Afterwards, three post-polymerization-functionalization steps were conducetd on the substrate: Propargylamine treatment yielded alkyne functional polymer brushes, which were subsequently reacted with an acetyl protected azide derivative of β-D-glucose in a CuAAc reaction, followed by deprotection (Figure 11).[108] 
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[bookmark: _Ref353534640]Figure 11. Immobilization of sugar molecules onto immobilized functional polymer by CuAAc 
and lectin interaction visualized by confocal laser scanning microscopy. 
Reproduced from Ref. [108].
Omitting one post-polymerization-functionalization step, G. Chen et al. polymerized trimethylsilyl (TMS)-propargyl methacrylate by SI-ATRP from accordingly functionalized Wang resin. Subsequent to removal of the TMS protection groups, unprotected 2-azidoethyl α-D-mannopyranoside was attached via CuAAc.[109] W. Song et al. reduced the number of necessary steps on the substrates to one by (co)polymerization of unprotected propargyl methacrylate by SI-ATRP from an accordingly functionalized silicon surface. Unprotected mannose and glucose azides were directly attached to the immobilized polymer by CuAAc.[110]
Similar pendant propargyl residues were accessible by grafting trimethylsilyl-propargyl methacrylate from a PP utilized membrane by UV-induced FRP and applied in a thiol-yne reaction to attach acetylated thioglucose.[111] 
In addition, the thiol-ene reaction was applied for the sugar attachment onto immobilized alkene-bearing polymers. Since glass represents a common inorganic substrate for the preparation of carbohydrate microarrays, A. Bertin et al. used glass as substrate for such a strategy.[112] Thiol groups were attached to the glass surface using (3‑mercaptopropyl) trimethoxysilane and subsequently  reacted with polybutadiene double bonds (grafting-onto). A second thiol-ene reaction between residual double bonds and tetra‑O‑acetyl‑1‑thio-β-D-glucose resulted in a β-D-glucose functionalized surface, which was able to bind the lectin ConA. 
A very uncommon type of surface was reported by C. Diehl and H. Schlaad who prepared crystalline particles from a thermoresponsive copolymer of 2‑isopropyl‑2‑oxazoline and 2‑(3‑butenyl)-2‑oxazoline by annealing above the cloud point temperature in D2O.[113] Thiosugars (glucose and galactose) were attached to the resulting double bond functionalized microspheres via photo-induced radical thiol-ene reaction in the absence of a photosensitizer. A degree of functionalization of 58% was determined by elemental analysis and 1H NMR spectroscopy. 
[bookmark: _Toc416951842][bookmark: _Toc423960261]Amide bond formation
The first literature example of an immobilized glycopolymer was presented in 1993 by N. V. Bovin. for the preparation of affinity sorbents based on macroporous glass substrates.[115] Poly(4‑nitrophenylacrylate) was obtained by FRP and immobilized to an amine functionalized glass substrate. Subsequently, a fraction (5-10%) of the remaining activated ester groups were reacted with ω‑aminoalkylglycosides. Residual activated ester groups were reacted with an excess of ethanolamine. In general, this represents a very elegant strategy, since glycopolymers with different sugar content (or any other type of substituent) can be easily prepared from the same polymeric precursor, which can be immobilized without additional activation steps. Quenching of residual activated ester groups amines or other nucleophiles provides the corresponding copolymer repeating unit in a statistical (random) distribution. R. Grombe et al. reported a similar approach, based on the substitution of spin-coated films of a poly(propylene-alt-maleic anhydride) copolymer and subsequent reaction with amino-functionalized glucose.[116] 
A minor disadvantage is the need for amino-functionalized sugar derivatives, which require multi-step synthesis. However the role of both reactands can be exchanged by using amino-functional polymer and (activated) ester groups on the sugar. Therefore, Q. Yang et al. converted polyacrylamide to polyvinylamine by Hoffmann degradation and subsequently attached D‑gluconolactone by transamination of the ester bond with the amine groups on the polymer backbone (Figure 12 a).[117]
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[bookmark: _Ref353283278]Figure 12. Attachment of D-Gluconolactone to immobilized amino functionalized polymers 
derived from a) acrylamide (reproduced from Ref. [117]) and 
b) derived from 2-aminoethylmethacrylate hydrochloride (reproduced from Ref. [118]).
This synthetic strategy was further simplified by polymerization of aminoethyl methacrylate hydrochloride via FRP from a membrane surface to directly yield the amino-functional surface for attachment of D-gluconolactone (Figure 12 b).[118] 
[bookmark: _Toc423960262]Other reactions
Surfaces displaying hydroxyl groups can be used in a similarly straightforward approach. For this purpose, poly(2‑hydroxymethyl methacrylate) was grafted from microporous polypropylene membranes[119,120] or polypropylene beads[121] by FRP. The hydroxyl groups of the immobilized polymer were reacted with α-glucose pentaacetate using BF3 diethyl etherate,[119,120] β-galactose pentaacetate[120] as well as lactose octaacetate.[121] Since this approach was even successful with the α-anomer of glucose, specific interaction of the α‑glucose functionalized substrates with ConA could be shown. 
A recently reported route for glycosylation is the reaction of poly(pentafluorostyrene) (PPFS) with thiosugars via a nucleophilic substitution of the fluorine atom in p-position of the aromatic ring. This approach was applied for PPFS attached to the surface of silica particles by two methods, grafting-from via RAFT as well as grafting-onto.[114] As generally observed, the grafting-onto approach yielded a lower grafting density than the grafting-from approach.
[bookmark: _Toc416951844][bookmark: _Ref416959071][bookmark: _Toc423960263]Particle surface formation during/after glycomonomer polymerization
The only route towards glycopolymer-surfaces not discussed so far is represented by reactions where the solid surface is made of the glycopolymer itself, thus no coupling reactions between glycopolymer and surface are involved. Such a strategy involved either the polymerization of a glycomonomer with a crosslinker (Figure 13 a) or a glyco-macromonomer (Figure 13 b), the latter being in particular used for emulsion polymerization. 
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[bookmark: _Ref381601850]Figure 13. Crosslinking polymerization with glycomonomers (top) and glyco-macromonomers (bottom).
PS nanoparticles were functionalized with poly(GEMA) by use of the glycopolymer as macromonomer. For this purpose, the unprotected glycomonomer GEMA was first polymerized by free radical polymerization in the presence of ethanethiol, resulting in an amino-functionalized glycopolymer, which was subsequently reacted with 4-vinylbenzoic acid.[122] FRP of styrene with this hydrophilic macromonomer resulted in core-corona nanospheres with glycopolymer in the corona.[122] Likewise, PS microparticles were functionalized with a glycomonomer derived from the methacrylic lactose monomer 29 (Table 1) by polymerization with ethylene glycol dimethacrylate and polystyrene seeds, yielding a crosslinked glycopolymer shell around the polystyrene particles.[123] As shown by the authors, this synthetic approach can be used to perform “molecular imprinting” (with phenobarbital as template), leading to a recognition ability for this substance. Similarly, PMMA beads were functionalized accordingly, achieving molecularly imprinted PMMA beads with the protein BSA as template.[124] Another versatile strategy for particle synthesis is the emulsion polymerization, which was applied by A. Munoz-Bonilla et al. for the preparation of butyl methacrylate particles. A block copolymer of the unprotected N-substituted glucosamine derivative 17 (Table 1) and butyl methacrylate (synthesized by ATRP) was used as stabilizer.[125] The size of the resulting particles can be tuned by the glycopolymer concentration. Similarly, Y. Miura and co-workers prepared nanoparticles consisting of a mannose-bearing glycopolymer.[126]
A very uncommon polymerization technique was applied by T. L. Kelly et al. for the polymerization of acetylated mannose-, glucose- and galactose monomers 6, 25 and 44 (Table 1) possessing two iodines bound to an aromatic ring. Sonogashira coupling reaction with a dialkyne in presence of 1,2,4-tribromobenzene as crosslinker from a monomer emulsion of toluene in aqueous solution yielded glycopolymer beads, which was followed by deprotection with sodium methoxide.[127]

[bookmark: _Toc416951845][bookmark: _Toc423960264]Non-covalent immobilization
Non-covalent immobilization strategies are applicable to immobilize glycopolymers as well. The very strong interaction between the protein streptavidin and biotin (Ka ~ 1015 M−1)[95] gives rise to the most common method for non-covalent immobilization by incorporation of this moiety into a polymer chain. The fact that streptavidin displays low unspecific binding to carbohydrates represents a special advantage when considering the immobilization of glycopolymers. Thus, several reports show successful immobilization of glycopolymers via streptavidin-biotin interaction (Figure 14 a). For this purpose, glycopolymers featuring a biotin end group were prepared by FRP[128–130] or RAFT[131] using biotinylated CTAs or initiators as well as by ROMP.[132] In addition, functional monomers were polymerized by RAFT[133] or FRP[134] using a biotinylated CTA or an initiator with subsequent sugar attachment in a post polymerization step as well as biotin attachment to the repeating unit.[134] The resulting biotin-functionalized glycopolymers were immobilized onto streptavidin-coated glass,[131,133] streptavidin-coated polystyrene 96-well‑plates,[134] streptavidin-functionalized PET membranes,[128] streptavidin-coated lipid membranes[129] as well as streptavidin-derivatized magnetic beads (Figure 14).[130]
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[bookmark: _Ref421004113]Figure 14. Schematic representation of immobilization by 
a) biotin-streptavidin interaction and b) ionic self-assembly.
Ionic interactions are much weaker but are utilized for glycopolymer immobilization in layer by layer (LBL) approaches (Figure 14 b). It was used for the assembly of positively charged PEI and negatively charged poly(acrylic acid) around gold nanoparticles, with the outer layer of poly(acrylic acid) possessing carbohydrate comonomers (Figure 14, right).[135] The LBL approach was applied by H. Uzawa et al. for immobilization of a polyanionic glycopolymer carrying carboxyl groups to cover a layer of cationic polymer on a negatively charged gold surface.[136,137] These functional gold surfaces were used for the detection of shiga toxins by SPR.[136]


[bookmark: _Toc423960265]Applications of glycopolymer-functionalized surfaces
Glycopolymers attached to a surface possess the ability to bind to certain carbohydrate-binding proteins (lectins) in a highly specific manner. This interaction has a significantly increased binding constant compared to the attached monosaccharides due to the “cluster glycoside effect”.[7] Because of this, immobilized glycopolymers have found applications involving increased interaction with selected proteins (section 4.1). These proteins, which have been isolated from different sources, occur in natural environments, where they have to accomplish the task of recognition processes.[138] One example are pathogens, which often display lectins on their outer parts. Like the isolated lectins in solution, these pathogen-lectins have been targeted by surface-immobilized glycopolymers (section 4.2). Sometimes, the special attachment of the sugar moieties hampers the ability of the glycopolymer to interact with a lectin. However, the resulting coated surfaces are still useful materials due to the increased hydrophilic character of deprotected glycopolymers. Thus, such materials have often been proposed for the application of decreasing nonspecific adhesion, which is exploited in anti-fouling coatings (section 4.3). Finally, the glycopolymer-surfaces displaying   additional thermo-responsive properties are discussed in section 4.4. 
[bookmark: _Ref421026057][bookmark: _Toc423960266]Binding glycopolymers to proteins
Lectin interactions with glycopolymers in general were discussed in an excellent review of M. H. Stenzel and co-workers for glycopolymers.[1] Thus, specific attention is paid to the results obtained with immobilized glycopolymers. These are interesting for applications where solid supports are required.  
J. Ishii et al. used glycopolymer-functionalized gold nanoparticles, which were immobilized onto a ConA-functionalized electrode for electrochemical detection of ConA.[71] In addition, the binding interactions between surface-immobilized glycopolymers and lectins can be applied for the chromatographic separation of different proteins.[45,48,66] However, prior to fabrication of special devices the interaction between the glycopolymer surface and the lectin has to be investigated in qualitative as well as quantitative manner. In this respect, the immobilization of the glycopolymer is advantageous because the amount of lectin present in solution can simply be quantified by spectroscopic methods before and after treatment with the functional solid support, which enables an easy access to the amount which was removed from the solution via surface-binding. A very direct method is to use the absorbance of the protein itself applying UV/Vis spectroscopy.[30,61,64,70,90,113] Colorimetric assays such as the Bradford[27,59,80,118] and the BCA assay rely on the absorbance of special dyes added for protein detection.[48] Similarly the fluorescence intensity of an accordingly labeled lectin (e.g. FITC-ConA) can be utilized.[42,68,125,127,131,133] Microscopy techniques such as fluorescence microscopy[34,77,128–130] or TEM[30] provide rather qualitative but locally resolved information (Figure 15). E.g. fluorescently labeled ConA can be localized in honeycomb patterned, glycopolymer-functionalized films by fluorescence microscopy (Figure 15, top) or the interaction between WGA and the glycopolymer-functionalized surface of nanoparticles can be visualized by TEM (Figure 15, bottom).
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[bookmark: _Ref421022005]Figure 15. Top: Fluorescence images of honeycomb films after adsorption of a) fluorescently labeled ConA on PS-b-PHEMA film, b) FL‑ConA on glycosylated film, c) adsorption of fluorescently labeled PNA on glycosylated film (scale bars 5 μm). Reprinted from Ref. [34]. 
Bottom: TEM images of WGA interacting with a glycopolymer surface, a) unstained, b) stained WGA/protein aggregate, c) loose complexes (scale bars a: 500 nm, b: 1000 nm, c: 200 nm). 
Reprinted from Ref. [30].
Phenomena occurring at the surface are used in specialized devices for quantification of protein interactions, e.g. via surface plasmon resonance (SPR)[12,37,48,67] or diffraction grating (dotLab®).[100,103] Direct access to the amount of bound protein is possible with a quartz crystal microbalance (QCM), which measures the change in vibration frequency due to mass increase of the analyte attached to the surface.[67,80,84,97,126]
Applications of immobilized glycopolymers aim towards specific binding of a certain lectin. This interaction is directed by the type of carbohydrate and the type of attachment to the polymer (Table 4). In particular the position of the sugar carbon atom, which is substituted, plays a crucial role. Consequently, the lectin interaction of disaccharides is mainly influenced by the outward displayed sugar ring.  However, the interaction to be expected cannot always be predicted in a straightforward manner.  E.g. modification of mannose at the 6-position for attachment of polymerizable groups prohibits ConA binding, but galactose modified in 6-position can bind to the lectin RCA.[61] Sometimes even controverse findings are reported for the same glycopolymer (e.g. for PolyGAMA).[42,103,139] 


[bookmark: _Ref421026288]Table 4. Lectin interactions of immobilized glycopolymers.
	Sugar type
	Lectin
	References

	α-Glucose
	ConA
	[27,28,131]

	β-Glucose
	ConA
	[34,56]

	N-Acetylglucosamine
	WGA, GS-II, ConA
	[30,44,45,64,68,125]

	α-Mannose
	ConA
	[45,53,66,70,71,80,127,131]

	β-Galactose
	PNA, ECL, RCA120,
RCA I,
WBA I
	[44,61,66,90,98]
[113,131]
[128–130]

	α-N-acetylgalactosamine
	SBA, HPA
	[77,131,133]

	Lactose
	RCA120, PNA
	[12,40,48,56]



[bookmark: _Toc423960267]Interaction with cells and pathogens 
The discussed protein interactions also occur between pathogens and cells, which can be exploited for applications in a biological context. A cell culture substrate based on a fluorocarbon surface functionalized with a branched glycopolymer based on 3-O-acryloyl glucopyranoside was successfully applied to culture L929 mouse fibroblasts as well as human umbilical vein endothelial cells.[13] K. Mizukami et al. showed that a successful binding to the galactose specific lectin to RCA120 correlated with growth of HepG2 cells on a poly(LAMA) functional glass substrate.[90] Poly(LAMA) attached to a silicon substrate also revealed affinity to HepG2 cells.[49]
Such selective binding to certain cells can also be applied for improving cellular uptake of a glycopolymer modified carrier. A. Pfaff et al. proposed the possibility to utilize magnetic silica particles functionalized with a galactose-carrying glycopolymer for targeted drug delivery applications, based on the specific uptake into the nuclei of mammalian A549 cells.[79]
Bacteria represent another type of cells, which can be targeted by glycopolymers. Glucosamine‑functionalized nanoparticles were shown to cluster GFP E. Coli bacteria due to their selective binding to the nanoparticle surface, as shown by fluorescent microscopy.[140] 
The selective adhesion of E. Coli on a silicon surface functionalized with a mannose-glycopolymer was reported, in contrast to S. Aureus, which did not bind to the glycopolymer.[110] Remarkably, neither bacteria bound to the analogue surface functionalized with a galactose-carrying glycopolymer.[110] 
PP membranes functionalized with poly(LAMA) represent promising devices for selective capture of bacteria.[24] Bacteria with galactose binding lectins (E. faecalis) were bound with a 39 times higher cell density than bacteria that do not possess the lectin (S. maltophilia). The bound E. faecalis could not be removed from the surface by washing with pure buffer or glucose solution. Incubation with a competing galactose sugar resulted in partial detachment. 
R. Narain and co-workers investigated the bacterial interaction using a poly(LAMA) functionalized QCM sensor chip. For such investigations, the QCM setup is perfectly suited. Pendant lactose derivatives interacted with the bacterium P. aeruginosa PAO1 (galactose binding) to a significantly higher extent than with E. Coli K-12 (mannose binding), showing the crucial role of carbohydrate-lectin interactions compared to nonspecific interactions.[10] 
A mannose copolymer immobilized onto nickel meshes was applied as biosensor to probe the selective interaction of the glycopolymer with the lectin concanavalin A.[106] Furthermore, E. Coli bacteria could be very efficiently detected with this metal mesh device (MMD) biosensor, which shows great potential for label-free detection of pathogens. 
[bookmark: _Toc423960268]Functional membranes
The functionalization of surfaces with deprotected glycopolymers increases its hydrophilicity and, therefore, decreases the nonspecific adsorption of proteins. Thus, PP membranes functionalized with poly(α-allylglucoside)[31] and poly(GAMA)[26] were investigated with respect to anti-fouling properties and proposed for waste water treatment. Indeed, both membranes revealed a significantly increased pure-water flux compared to bare PP. The observed effect was more pronounced when the amount of glycopolymer that was attached was increased, because both a higher DG and length of the grafted polymer chains increase the hydrophilic character of the membranes. However, a reduction in water flux relative to the initial water flux could be observed after incubation with a solution containing the protein BSA. The fact that this occurred to a lesser extent for membranes with higher DG hints towards the anti-fouling property of the glycopolymer layers. 
Also for mannose-glycopolymer modified silicon substrates, decreased nonspecific adsorption of fluorescently labeled BSA and fibronogen was reported.[42]
[bookmark: _Toc423960269]Thermo-responsive glycopolymers
In addition to the lectin binding properties, immobilized glycopolymers can possess additional thermo-responsive properties. This is based on the lower critical solution temperature (LCST) behavior of poly(NiPAm) which remains applicable as long as the amount of hydrophilic comonomer is low enough. Poly(NiPAm) undergoes a coil-to-globule transition in aqueous solution when a certain exact temperature is exceeded, which makes it possible to trigger the interaction with lectins by temperature.
M. H. Stenzel and co-workers investigated the interaction of ConA with honeycomb patterned films grafted with a thermo-responsive copolymer of N-acryloyl glucosamine and NiPAm.[69]  The lectin was only bound above the LCST of the glycopolymer, whereas decreased interaction could be detected below the LCST. As depicted in Figure 16 (top), upon collapse of the polymer chains the hydrophilic carbohydrates are exposed to the solution, enabling ConA binding. In contrast, the hydrated polymeric coils interfere with this interaction at low temperature.[69]
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[bookmark: _Ref421026433]Figure 16. Thermoresponsive  glycopolymers on solid support applied for thermally 
responsive affinity chromatography. Reproduced from Refs. [69] and [9].
An immobilized thermoresponsive glycopolymer was applied as solid phase for temperature dependent affinity chromatography by H. Yamanaka et al..[9] For this purpose, a terpolymer containing NiPAm, a lactose-based glycomonomer and the corresponding lectin RCA was used (Figure 16, bottom). The analyte asialotransferrin can interact with the RCA moieties of the functional support as long as the LCST polymer is hydrated at low temperature. At elevated temperature, the polymer chains collapse and the lactose moieties “occupy” the RCA. Therefore, 95% of the asialotransferrin was eluted 40 °C. A comparable RCA column without PNiPAm could only elute 36% asialotransferrin upon temperature increase to 40°C, which proves the thermally triggered desorption of the analyte. 
Another example for switchable interaction implemented via an immobilized thermo-responsive glycopolymer was reported by N. Idota et al..[40] Copolymers from LAMA and NiPAm were attached to a glass surface. As depicted in Figure 17, the polymer chains are collapsed and the hydrophilic sugar residues are exposed to the surrounding solution above the LCST, which resulted in selective adhesion of hepatocytes. In contrast, the polymer chains extend by hydration upon temperature decrease, leading to detachment of the cells. 
[bookmark: _Ref421026527][image: ]
[bookmark: _Ref424057355]Figure 17. Temperature dependent binding of cells to the glass surface functionalized with a 
thermoresponsive glycopolymer. Reprinted from Ref. [40].
R. Narain and co-workers applied a thermo-responsive block copolymer of LAMA and NiPAm on gold‑coated QCM sensor chips to show that a significantly higher number of P. aeruginosa PAO1 adhered to the surface at elevated temperature (37 °C) compared to room temperature (20 °C).[11] 
[bookmark: _Toc423960270]Summary and outlook
A wide range of synthetic methods has been developed for the synthesis of immobilized synthetic glycopolymers, resulting in numerous different synthetic approaches. As for other polymers, also glycopolymers are immobilized onto surfaces by grafting-from, grafting-through as well as grafting-onto techniques. Generally, the grafting-onto approach has some disadvantages like loss of polymer, if the coupling efficiency is lower than 100%. Also a lower grafting density (approximately 0.2 chains nm-2) can be expected compared to the two methods (grafting-from in section 2.1 and grafting-through in section 2.2). In comparison, the grafting-from approach leads to the highest grafting densities,[61] which is mostly due to lower steric hindrance. However, the major advantage of the grafting-onto approach is the possibility to analyze the glycopolymer in solution prior to immobilization, whereas the other two approaches require cleavage of immobilized polymer or the use of sacrificial initiator. Thus, the grafting-onto approach might the method of choice for applications where low grafting densities are sufficient.
Despite the numerous different synthetic approaches resulting from the presented chemical classification of the different routes, most strategies rely on the same chemical reactions, which are applied in different order: The use of immobilized monomers is found for the grafting-through approach during glycomonomer (co)polymerization as well as for the grafting-onto approaches involving Michael addition as well as the thiol-ene approach. Another example is the reaction between thiol groups and disulfides with a gold surface, which is applied for the immobilization of ATRP initiators, grafting-through-comonomers as well as for the grafting-onto of polymers possessing a thiol end group. The same is also true for the esterification and amidation reactions.
The most prominent and well-studied reaction in respect to surface-immobilized glycopolymers is the ATRP procedure. However, this CRP-technique is mainly applied for the grafting-from approach. Grafting-onto approaches for glycopolymers prepared by ATRP are not as popular, except for the introduction of disulfide linkages and the subsequent immobilization onto gold surfaces. In contrast, the RAFT polymerization technique is employed in a much wider range of synthetic strategies. In particular since the number of diverse commercially available functional RAFT agents has been increasing during the last years, RAFT is encountered more often recently. Another reason is the great versatility of this method which tolerates the presence of almost any functional moietiy. Thus, it has been applied with increasing popularity for grafting-from approaches, grafting-through as well as grafting-onto strategies. In particular for the latter the RAFT polymerization technique is very advantageous, since the conversion of the RAFT end group to a thiol end group is very straightforward and the latter can be used in several strategies. The limitation of the ATRP technique to the grafting-from approach for immobilization of glycopolymers is the more surprising, since the conversion of the ATRP endgroup to azide with subsequent immobilization onto an alkyne-functional surface seems to be a versatile strategy, which has been investigated only rarely for glycopolymers. On the other hand, the application of such “click” reactions is well-investigated for the attachment of sugar moieties onto immobilized functional (co)polymers, revealing the high potential of this approach to be used in combination with the grafting-onto method as well.
Since ATRP is a CRP technique, a common theme for the SI‑ATRP reactions is the investigation of polymerization control by plotting the polymer layer thickness versus the polymerization time. Thus, a nonlinear slope of this plot is observed,[12,42,44,51,59] which has been explained by bimolecular coupling, chain arrest or disproportionation,[42] loss of living chain ends,[51] copper bromide disproportionation,[44] termination reactions,[12,44,59]  or to the fact that the linear chains had enough space to collapse in dry state.[48] The practice to plot the film thickness versus the polymerization time instead of the conversion in order to investigate polymerization control may seem inadequate at a first glance, however, it has to be taken into account that for surface-initiated polymerizations in general the concentration of surface-attached initiator is very low compared to a polymerization in solution (lower by a factor of 10-6 in some cases[141]). As a consequence, even for very large degrees of polymerization the conversion of monomer may be negligible, thus a linear increase of film thickness with time can be expected for a controlled polymerization. However, in cases where high conversions are obtained, the investigation of polymerization control can be performed via plotting the film thickness versus the conversion, as applied by, e.g., M. H. Stenzel et al.[18] 
Irrespective of the polymerization method or immobilization approach, the polymerizations are not limited to homopolymers. Frequently, statistical copolymers are used in order to incorporate the beneficial properties of the comonomer, e.g., pyrene moieties for fluorescence,[79] pendant thiol groups[97] or silyl groups[80,106] as linker for immobilization, amino-functional comonomers,[10,103] which were also used for gene transfection[102] or immobilization,[81] activated comonomers for post-polymerization-functionalization[116] or special repeating units to introduce thermo responsiveness.[9,11,40,113] Also block copolymers have been prepared in order to exploit the phase separation properties of two blocks with different hydrophilic character.[34,125,142] Thus, incorporating certain comonomers enables fine-tuning of the desired glycopolymer properties, affording a variety of promising applications for the surface-immobilized glycopolymers. Based on the interactions of these glycopolymers with naturally occurring proteins, the most important area of application is the one where these interactions are exploited in a biological context. For investigation of these, a plethora of techniques has been established, enabling research on the emerging applications like pathogen detection systems, cell culture devices or affinity chromatography. Anti-fouling properties of glycopolymer-functionalized surfaces represent another well-investigated research topic. However, the most recently emerging area of application involves thermo-responsive glycopolymers. Thus, the aforementioned applications like cell culture devices or affinity chromatography systems can be equipped with the possibility to trigger the interaction by temperature change, going one step further towards increasingly complex engineered materials for high-tech applications. In addition to emerging areas of application like drug delivery, such a combination of specially designed glycopolymer properties might as well lead to other new and unprecedented areas of application.
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Table 1. Glycomonomers polymerized for preparation of immobilized glycopolymers.
	monomer
	Structure
	Polymeri-zation method
	Immobilization method
	remarks
	Protein interactions studied
	Solid support
	Sugar attachment position
	Ref.

	Glucose monomers

	[bookmark: _Ref417474021]
	


	FRP
	Grafting-onto
	Radical trapping of macroinitiator
	ConA
	Carbon nanotubes
	1
	[75]

	
	
	FRP
	Grafting-from
	SI-polymerization initiated by argon plasma
	-
	PET fiber
	1
	[32]

	
	
	ATRP
	Grafting-onto
	Disulfide + gold colloid, 
gold colloid immobilized onto glass
	β-amyloid protein, lysozyme,
BSA
	Gold colloid on glass
	1
	[93]

	
	
	FRP
	Grafting-onto
	Disulfide + Silver
Disulfide + Gold
	ConA
	Silver nanoparticles
Gold surface
	1
	[76]

	
	
	FRP
	Grafting-onto
	Disulfide + Gold
Disulfide + Silver
	ConA
	Gold, silver
	1
	[94]

	
	
	FRP
	Particle formation
	-
	ConA
	PS particle
	1
	[122]

	[bookmark: _Ref381274466]
	

	ATRP
	Grafting-from
	SI-ATRP
	-
	Silicon waver
Gold surface
PS particles
	1
	[43]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	PS particles
	1
	[57]

	[bookmark: _Ref381274212]
	

	RAFT
	Self-assembled vesicles
	E. Coli interaction studied
	ConA
	Vesicles
	1
	[142]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	ConA,
PNA
	Honeycomb patterned film
	1
	[34]

	[bookmark: _Ref417475327]
	

	ATRP
	Grafting-from
	Surface-initiated AGET ATRP
	ConA,
PNA
	PS particles
	1
	[56]

	[bookmark: _Ref381275080]
	

	FRP
	Crosslinking polymerization
	Affinity chromatography of lectins
	ConA,
LCA,
PNA
	Fused silica capillary
	1
	[66]

	[bookmark: _Ref417477463]
	

	Sonoga-shira coupling
	Crosslinking polymerization
	Microparticles composed of glycopolymer
	ConA
	Glycopolymer particles
	1
	[127]

	[bookmark: _Ref381788651]
	

	FRP
	Grafting-from
	SI-FRP initiated by N2-plasma from microfiltration membrane for biphasic bioreactor
	-
	PP membrane
	1
	[23]

	[bookmark: _Ref381273984]
	
	FRP
	Grafting-from
	SI-FRP initiated by UV
	ConA
	PP membrane
	1
	[28]

	
	
	FRP
	Grafting-from
	SI-FRP initiated by UV
	ConA
	PP membrane
	1
	[27]

	
	
	FRP
	Grafting-from
	SI-FRP initiated by N2-plasma,
proposed for anti-fouling
	BSA
	PP membrane
	1
	[31]

	
	

	RAFT
	Grafting-onto
	Thiol-gold
	ConA
	Gold nanoparticles
	1
	[88]

	[bookmark: _Ref417474509]
	

	FRP
	Grafting-from
	Photo initiation
	_
	PS nanospheres
	3
	[30]

	[bookmark: _Ref381273542]
	
	ATRP
	Grafting-from
	SI-ATRP,
Sulfonation of deprotected sugars for improved in vitro blood compatibility
	-
	Silicon oxide waver
	3
	[41]

	[bookmark: _Ref381273734]
	

	ATRP
	Grafting-from
	SI-ATRP
	-
	Carbon nanotubes
	3
	[46]

	
	
	[bookmark: _Ref381265126]ATRP
	Grafting-from
	SI-ATRP,
Chlorosulphonylphenyl initiator
	-
	Silicon
	3
	[19]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	Carbon nanotubes
	3
	[39]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	Silicat (montmorillonite)
	3
	[35]

	
	
	ATRP
	Grafting-from
	SI-ATRP
Hyperbranched glycopolymer
	-
	Silicon waver
	3
	[36]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	Gold
	3
	[50]

	
	
	RAFT
	Grafting-onto
	Hetero Diels Alder reaction
	-
	Poly(glycidyl methacrylate) microspheres
	3
	[78]

	[bookmark: _Ref381352982]
	


	ATRP
	Crosslinking polymerization
	Plasma treatment after spin coating
Substrate for cell cultivation
	-
	PTFE surface on silicon or glass
	3
	[13]

	N-Acetylglucosamine monomers

	[bookmark: _Ref417475021]
	

	ATRP
	Grafting-from
	SI-ATRP
	BSA, PNA, WGA
	PS nanospheres
	1
	[30]

	[bookmark: _Ref381274346]
	
	ATRP
	Grafting-through
	SI-polymerization
Hyperbranched glycopolymer
	WGA
	PS nanospheres
	1
	[64]

	[bookmark: _Ref417476577]
	

	CRP
	Grafting-onto
	Disulfide + gold
Gold nanoparticles were immobilized on glass to construct sensor chips
	WGA
	Gold nanoparticles
	1
	[95]

	[bookmark: _Ref381710993]
	

	ATRP
	Grafting-onto
	Disulfide + gold
ATRP with pyridyl disulfide initiator
	-
	Gold surface
	1
	[89]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	GS-II
ECL
	Silicon wafer
	1
	[44]

	[bookmark: _Ref381271878]
	

	ATRP
	Grafting-from
	SI-ATRP
Affinity separation of lectins
	ConA
WGA
	Glass
	1
	[45]

	[bookmark: _Ref381274777]
	
	RAFT
	Grafting-onto
	Thiol-gold
	ConA
WGA
BSA
	Gold nanoparticles
	1
	[70]

	[bookmark: _Ref417476735]
	

	RAFT
	Grafting-onto
	Thiol-gold
	ConA
WGA
	Gold nanoparticles
	1
	[100]

	[bookmark: _Ref417476096]
	

	ATRP
	Particle formation
	Glycopolymer as stabilizer in emulsion polymerization
	ConA
	Poly(butyl methacrylate) particles
	2
	[125]

	
	
	FRP
	Grafting-through
	-
	ConA
	Magnetic nanoparticles
	2
	[68]

	[bookmark: _Ref381705731]
	

	RAFT
	Grafting-onto
	RAFT polymerization via Z‑group approach, 
leading to second block (PNiPAm) nearer to surface
	-
	Silicon waver
	2
	[18]

	[bookmark: _Ref381276789]
	
	RAFT
	Grafting-onto
	RAFT polymerization via Z‑group approach
random copolymer with NiPAm
	ConA
	Honeycomb patterned films
	2
	[69]

	[bookmark: _Ref417477271]
	

	RAFT
	Self-assembled micelles
	Crosslinked micelle formation from block copolymer
	ConA
	Crosslinked micelles
	2
	[140]

	Gluconamide monomers

	[bookmark: _Ref417474323]
	

	ATRP
	Grafting-from
	SI-ATRP
	ConA,
RCA120
	Gold surface
	1
	[37]

	[bookmark: _Ref381273929]
	
	ATRP
	Grafting-from
	SI AGET ATRP
Anti-fouling applications
	-
	Poly(vinylidenedifluoride)
	1
	[59]

	
	
	FRP
	Grafting-from
	SI-FRP initiated by UV,
Lower BSA adsorption for anti-fouling applications
	BSA
	PP membrane
	1
	[25]

	
	
	FRP
	Grafting-from
	SI-FRP initiated by UV,
Anti-fouling applications
	-
	PP membrane
	1
	[26]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	PP membrane
	1
	[47]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	Lysozyme
Fibrinogen
BSA
	Gold surface
	1
	[51]

	
	
	FRP
	Crosslinking polymerization
	Pore-filling of PP membrane
	-
	PP membrane
	1
	[29]

	
	
	ATRP
	Grafting-from
	SI-ATRP initiated by chloromethyl groups,
Proposed for boron removal
	-
	Polysulfone membrane
	1
	[58]

	
	
	ATRP
	Self-assembled micelles
	Interaction with ConA reported
	ConA, BSA
	Micelle formation from blocks
	1
	[139]

	
	
	RAFT
	Grafting-onto
	Thiol-gold with in situ synthesis of gold nanoparticles
	-
	Gold nanoparticles
	1
	[99]

	
	
	ATRP
	Grafting-onto
	Thiol-gold
PGAMA showed interaction with ConA
	ConA
	Gold nanoparticles
	1
	[96]

	
	

	RAFT
	Grafting-onto
	Grafting-onto by amide bond formation
	-
	COOH functionalized CdS-
capped CdTe nanoparticles
	1
	[81]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	RCA120
	Gold coated QCM sensor chip
	1
	[10]

	Galactose monomers

	[bookmark: _Ref381274023]
	

	FRP
	Grafting-from
	SI-Polymerization initiated by argon plasma
	-
	PET fibers
	1
	[32]

	[bookmark: _Ref417476651]
	

	RAFT
	Grafting-onto
	Thiol-Gold with in situ synthesis of gold nanoparticles
	PNA
	Gold
	1
	[98]

	[bookmark: _Ref381274468]
	

	ATRP
	Grafting-from
	SI-ATRP
	-
	Silicon waver
Gold surface
PS particles
	1
	[43]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	PS particles
	1
	[57]

	[bookmark: _Ref417477467]
	

	Sonoga-shira coupling
	Crosslinking polymerization
	-
	ConA
	Glycopolymer particles
	1
	[127]

	[bookmark: _Ref417477220]
	

	RAFT
	Self-assembled micelles
	Crosslinking of glycopolymer micelles,
Hollow sugar balls,
Proposed for hepatocyte targeting
	-
	Crosslinked micelles
	6
	[143]

	[bookmark: _Ref381370212]
	

	RAFT
	Grafting-onto
	Thiol-gold
Biotin-streptavidin interaction
	-
	Gold nanoparticles
	6
	[101]

	[bookmark: _Ref381277701]
	

	ATRP
	Grafting-from
	Grafting-from by RAFT polymerization
	RCA120
BSA
ConA
	PS microspheres
	6
	[61]

	[bookmark: _Ref381275581]
	
	RAFT
	Grafting-onto
	Grafting-onto by thiol-ene reaction
Uptake into A549 cells
	-
	Magnetic silica particles
	6
	[79]

	Lactose monomers

	[bookmark: _Ref381275082]
	

	FRP
	Crosslinking polymerization
	Molecular imprinted beads for phenobarbital
	-
	PS particles
	1
	[123]

	
	
	RAFT
	Crosslinking polymerization
	Molecular imprinted beads for protein (BSA)
	-
	MMA particles
	1
	[124]

	
	
	FRP
	Grafting-through
	Grafting-through with immobilized methacrylate comonomer
HPCL column material for chromatography of quercetin and isorhamnetin
	-
	Silica particles
	1
	[65]

	
	
	RAFT
	Grafting-onto
	Radical addition onto immobilized monomer
	-
	Silica particles
	1
	[74]

	[bookmark: _Ref381275843]
	

	ATRP
	Grafting-from
	SI-Polymerization by AGET ATRP
	ConA,
PNA
	PS particles
	1
	[56]


	[bookmark: _Ref417560009]
	

	RAFT
	Grafting-onto
	Thiol-gold
Monomer synthesized in one‑pot synthesis
	ConA
PNA
	Gold nanoparticles
	1
	[87]

	
	

	FRP
	Grafting-onto
	Grafting-onto by interaction of biotin and streptavidin
	Psohocarpus tetragono-lobus
	Streptavidin-functionalized magnetic beads
	1
	[130]

	
	
	FRP
	Grafting-onto
	OCN+NH2
	Arachis hypogaea
	Glass slides
	1
	[105]

	
	
	FRP
	Grafting-onto
	OCN+NH2
	Arachis hypogaea
	Glass slides
	1
	[82]

	
	
	FRP
	Grafting-onto
	Biotin-Streptavidin
	Psohocarpus tetragono-lobus
	Streptavidin-derivatized PET
membranes
	1
	[128]

	
	
	FRP
	Grafting-onto
	OCN+NH2
After treatment with sialyltransferase
	Macckia amurenisis
Sambucus nigra
PNA
	Glass slides
	1
	[83]

	
	
	FRP
	Grafting-onto
	Biotin-Streptavidin
	Psohocarpus tetragono-lobus
	Lipid membrane
	1
	[129]

	
	

	FRP
	Crosslinking polymerization
	Affinity chromatography of lectins
	ConA,
Lens culinaris,
Arachis hypogaea
	Fused silica capillary
	1
	[66]

	Lactobionamide monomers

	
	

	RAFT
	Grafting-onto
	Thiol-Gold with in situ synthesis of gold nanoparticles.
Gene transfection studies of a fluorescently labeled plasmid into Hela cells.
	-
	Gold nanoparticles
	1
	[102]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	RCA120
ConA
BSA
	Gold nanoparticles
	1
	[103]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	RCA120
	Gold coated QCM sensor chip
	1
	[10]
[11]

	[bookmark: _Ref417474255]
	

	FRP
	Grafting-from
	SI-FRP initiated by UV
Bacteria adhesion was investigated with E. faecalis and S. maltophilia
	ConA, BSA
	PP membrane
	1
	[24]

	[bookmark: _Ref381273895]
	
	ATRP
	Grafting-from
	SI-ATRP
	PNA
	PET membrane
	1
	[48]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	ConA,
RCA120
	Gold surface
	1
	[37]

	
	
	ATRP
	Grafting-onto
	Disulfide + gold
	RCA120
	Gold nanoparticles
	1
	[90]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	
	Gold surface
	1
	[12]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	carbon nanotubes
	1
	[46]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	-
	Gold nanoparticles
	1
	[52]

	
	
	RAFT
	Grafting-onto
	Thiol-Gold with in situ synthesis of gold nanoparticles.
	-
	Gold nanoparticles
	1
	[99]

	
	
	ATRP
	Grafting-from
	SI-ATRP
Thermoresponsive glycopolymer for switching on/off attachment of HepG2 cells
	RCA120
	Glass surface
	1
	[40]

	
	
	ATRP
	Grafting-from
	SI-ATRP
Attachment of HepG2 cells
	-
	Silicon surface
	1
	[49]

	
	

	ATRP
	Grafting-from
	SI-ATRP
	-
	PS particles
	1
	[54,55]

	Mannose monomers

	[bookmark: _Ref381272946]
	

	ATRP
	Grafting-onto
	Disulfide + gold
Gold nanoparticles immobilized onto glass surface for construction of sensor chips
	ConA
	Gold nanoparticles
	1
	[91,92]

	[bookmark: _Ref381274470]
	

	ATRP
	Grafting-from
	SI-ATRP
	-
	Silicon waver
Gold surface
PS particles
	1
	[43]

	
	
	ATRP
	Grafting-from
	SI-ATRP
Detailed investigation of ConA binding
	ConA
	Gold chip
	1
	[53]

	
	
	ATRP
	Grafting-from
	SI-ATRP
Detailed investigation of ConA binding
	ConA
	Gold chip
	1
	[53]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	ConA
WGA
	Gold nanoparticles
	1
	[100]

	[bookmark: _Ref417474637]
	

	FRP
	Grafting-onto
	Polymer coupled onto silica surface by reaction of pendant silanes with the surface
	ConA
BSA
	Silica
	1
	[80]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	ConA
	Gold-nanoparticles
	1
	[86]

	
	
	ATRP
	Grafting-from
	SI-ATRP
	ConA
WGA
	Glass
	1
	[45]

	
	
	FRP
	Grafting-onto
	Polymer coupled onto nickel surface by silane coupling reation
	ConA
	Nickel mesh
	1
	[106]

	[bookmark: _Ref381274786]
	
	RAFT
	Grafting-onto
	Thiol-gold
Nanoparticles immobilized onto ConA-functionalized electrode for electrochemical ConA detection
	ConA
	Gold nanoparticles
	1
	[71]

	[bookmark: _Ref417311927]
	

	ATRP
	Grafting-from
	SI-ATRP
	BSA,
Fibrinogen,
ConA
	Silicon waver
	1
	[42]

	[bookmark: _Ref381271766]
	

	RAFT
	Grafting-onto
	Thiol-gold
	ConA
WGA
BSA
	Gold nanoparticles
	1
	[70]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	ConA
BSA
Fibrinogen
lysozyme
	Gold nanoparticles
	1
	[72]

	
	
	FRP
	Grafting-through
	Grafting-through performed with immobilized allyl comonomer
	ConA
	Gold surface
	1
	[67]

	
	
	RAFT
	Grafting-onto
	Thiol-gold
	ConA
	Gold nanoparticles
	1
	[73]

	
	
	FRP
	Crosslinking polymerization
	Crosslinking polymerization with sodium dodecylsulfate yielding nanoparticles
	ConA
BSA
	Glycopolymer nanoparticles
	1
	[126]

	[bookmark: _Ref417559818]
	

	RAFT
	Grafting-onto
	Thiol-gold
Monomer synthesized in one‑pot synthesis
	ConA
PNA
	Gold nanoparticles
	1
	[87]

	
	

	FRP
	Crosslinking polymerization
	Affinity chromatography of lectins
	ConA
PNA
LCA
	Fused silica capillary
	1
	[66]

	[bookmark: _Ref417477473]
	

	Sonoga-shira coupling
	Crosslinking polymerization
	-
	ConA
	Glycopolymer particles
	1
	[127]

	
	

	RAFT
	Grafting-onto
	Thiol-gold
	ConA
	Gold nanoparticles
	1
	[88]

	[bookmark: _Ref416693145]
	

	RAFT
	Grafting-from
	Surface-immobilized RAFT agent
	RCA120
BSA
ConA
	PS microspheres
	6
	[61]

	Other monomers

	[bookmark: _Ref381789980]
	


	FRP
	Crosslinking polymerization
	Norovirus trapping
	-
	Hydrogel
	-
	[144]

	[bookmark: _Ref416964279]
	

	ROMP
	Grafting-onto
	Biotin-Streptavidin
	-
	Streptavidin conjugated sensor chip
	-
	[132]
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