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Abstract:

 In this review, we describe the latest advances in synthesis, characterization, and applications of polymer brushes. Synthetic advances towards well-defined polymer brushes, which meet criteria such as: (i) Efficient and fast grafting, (ii) Applicability on a wide range of substrates; and (iii) Precise control of surface initiator concentration and hence, chain density are discussed. On the characterization end advances in methods for the determination of relevant physical parameters such as surface initiator concentration and grafting density are discussed. The impact of these advances specifically in emerging fields of nano- and bio-technology where interfacial properties such as surface energies are controlled to create nanopatterned polymer brushes and their implications in mediating with biological systems is discussed.
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1. Introduction

Surface anchored polymer chains are a broad class of materials where tethering of one chain end provides mechanical strength and ability to withstand a variety of post processing steps. Typically the distance between grafting points (D) is smaller than the chain end-to-end distance in the high density “brush regime”. At lower grafting densities the “mushroom regime” is defined. Termed “polymer brushes”, these materials have an assortment of applications and particularly, the ability to alter surface properties including bio-adhesion [1], wettability [2], modulating interfacial electronic properties [3], and surface activity [4]. Often these properties are classified under the broader term of “responsive surfaces” [5]. The responsiveness of surface constrained brushes is much larger in the moderate grafting density regime, due to greater conformational flexibility. Often the grown polymer brushes can be crosslinked to increase the mechanical robustness of the layer [6,7], allowing creation of free floating membranes with potential applications ranging from actuators to separation membranes. However, the crosslinking of these brushes to create membranes is relatively new. For example, if the stimuli-responsive nature of the polymer brushes (e.g., to pH or temperature) needs to be preserved, crosslinking the brushes is not an option as the responsiveness is compromised, instead alternate approaches based on “polymer carpets” have been developed [8,9]. The term polymer carpets was recently coined to refer to free-standing polymer brushes, grafted from a crosslinked monolayer of self-assembled initiators following photo-polymerization of suitable monomers. These are exciting developments in the field as it frees up the polymer brushes from being bound to a particular substrate making them more usable and versatile. While there are a number of review articles that have covered the various synthetic approaches for polymer brushes through polymer grafting or surface-initiated polymerization (SIP) [4,10,11,12], in this article we will focus on the latest advances in synthetic approaches to specifically fabricate polymer brushes independent of the substrate type and their characterization. Finally we will highlight how these advances have impacted the creation of patterned polymer brushes and their subsequent chemical modification to control tissue integration and cellular adhesion.



2. Synthetic Approaches and Challenges

To date, most fabrication strategies for polymer brushes have used one of two methods, namely “grafting-to” and “grafting-from” (Figure 1). The “grafting-to” approach involves an end-functionalized polymer chain reacting with a surface (e.g., hydroxyl-terminated polymer with an oxide surface) to anchor the polymer. Although “grafting-to” allows the polymer to be completely characterized before grafting, the method is still applicable only to a limited range of substrate types, requires the polymer chain-end to have a terminal functionality, and in general the efficiency of grafting decreases as the molecular weight increases.

Figure 1. Scheme depicting two strategies to synthesize polymer brushes: “grafting-from” and “grafting-to” methodologies.
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“Grafting-from” overcomes some of these limitations and has been used extensively with a variety of polymerization techniques such as ring-opening polymerization [13,14], ring-opening metathesis polymerization [15,16], anionic polymerization [17,18], cationic polymerization [19,20], conventional free radical polymerization [21,22], but perhaps the most widely used are the controlled radical polymerization (CRP) techniques (also called reversible-deactivation radical polymerization[23]), namely atom transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP) and reversible addition-fragmentation chain-transfer (RAFT) polymerization [24,25,26,27]. Surface-initiated CRP has become the workhorse in the “grafting-from” literature because it is easy to polymerize a wide variety of monomers that contain an array of functional groups with a high degree of control [10]. Simply by anchoring an initiator to the appropriate substrate, polymer brushes can be grown by using polymerization conditions specific to the monomer and the anchored initiator. The vast majority of surface-anchored initiators involve the formation of a self-assembled monolayer (SAM) on an appropriate substrate [26]. While this strategy has worked well, SAMs have limited long-term stability to a variety of reagents [28,29,30,31]. Furthermore, SAMs are not substrate-independent, as they require a new initiator for every substrate type [26,32]. Moreover, when dissimilar mixed molecules are used to create a SAM, creation of a truly well-mixed layer is unlikely and difficult to access [33]. In this section, we will discuss the latest progress in synthesis of polymer brushes by “grafting-to” and “grafting-from” approaches with emphasis on efficient and fast grafting with desired grafting density, applicability to a range of substrates and complex micro- and nano-structures fabrication.


2.1. “Grafting-to” Approach


2.1.1. Solid State Grafting

A simple strategy to graft a reactive chain end onto a substrate is to thermally induce a solid state reaction that occurs at the interface between a substrate and a polymer thin film. In principle, thermal annealing of a polymer film on the substrate (typically deposited by spin-coating of a polymer solution) allows for a reactive group at the chain end to find a complementary reactive group on the surface by aiding in diffusion of polymer resulting in the formation of covalently tethered polymer brush (Figure 2a) [2,34,35,36]. The polymer should not have reactive side groups which can be activated during thermal annealing and cause undesired side reactions or degradation, which can occur in polymers synthesized by CRPs at elevated temperatures [37,38].

Figure 2. (a) Thermally induced solid state reaction for PS brush covalently bound to oxide surface; (b) Water contact angle and the grafting density for a series of PS brushes as a function of brush thickness showing effective control of surface energy by controlling grafting density (Reproduced with permission from Reference [39], Copyright 2011, Royal Society of Chemistry); (c) Creating random copolymer brush layer by thermal grafting to control wetting behavior and hence, the orientation of block copolymer; and (d) Top-down Scanning Electron Microscope (SEM) images of perpendicularly oriented PMMA domains (block dots in SEM images) in P(S-b-MMA) (poly(styrene-block-methyl methacrylate)) thin film on graphoepitaxial and planar substrates grafted with random copolymers. Schematic inset shows well-aligned vertically oriented PMMA cylinderss (blue) in PS matrix (red) in polymer brush (green) grafted graphoepitaxial channel (Reproduced with permission from Reference [40], Copyright 2014, Royal Society of Chemistry).
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There are three factors that affect solid state grafting: (i) Annealing temperature (must be above the glass transition temperature (Tg) for chain mobility but below the melting temperature (Tm) to avoid significant dewetting); (ii) Molecular weight (longer chain slower motion and hence, slower grafting); and (iii) Annealing time. A typical example of this grafting method is a thermally activated reaction of the hydroxyl group at the chain end with the silanol group on the surface of the native oxide of the silicon wafer (Figure 2a) to form an ether bond [2,41]. Guo et al. showed that a chain density (0–0.61 chains/nm2) for low Mw polystyrene (PS) brush on a silicon substrate can be achieved by varying annealing temperature (110 to 150 °C) and time (s to days) [39] (Figure 2b). This method has been effective in dialing in the right interfacial energies between a solid substrate and an overlying block copolymer (BCP) film [2,42,43], leading to perpendicularly oriented periodic microdomain arrays. These domains are useful for nanolithographic applications [44,45,46,47,48,49,50,51]. In a seminal work of Mansky et al., surface-grafted a hydroxyl terminated poly(styrene-random-methyl methacrylate) (P(S-r-MMA)) brush to modify the interfacial energies between the substrate and the blocks of poly(styrene-block-methyl methacrylate) (P(S-b-MMA)) [2,40,42,52,53,54,55,56] (Figure 2c,d).

Faster grafting kinetics can be achieved by process optimization, for example, Liu et al., demonstrated a fast grafting reaction of a hydroxyl group at the end of P(S-r-MMA) random copolymer on a silicon substrate by heating the samples at 250 °C for ~5 min [57]. Lupi et al. reported Rapid Thermal Processing (RTP) where grafting time for high chain density was very short (750 s at 230 °C up to 15 s at 310 °C) without the degradation of copolymers during processing [58] (Figure 3a). Solvent vapor assisted grafting is another approach to achieve higher grafting efficiency under mild conditions (Figure 3b). Here, a carboxyl-terminated polymer film was deposited on epoxy-functionalized surface, followed by saturation of solvent vapor and heating at a temperature far below Tg, which enhanced polymer chain mobility through plasticization [59,60,61]. As a result, high grafting rate and comparable grafting density to conventional solid state grafting have been achieved. This method may be useful to form brushes that degrade or are reactive at high temperatures under relatively mild conditions.

Figure 3. (a) Thickness of random copolymer brushes prepared via RTP at 310 °C as a function of time showing fast grafting in a short time. (Reproduced with permission from Reference [58], Copyright 2014, Royal Society of Chemistry.); and (b) Fabrication of patterned polymer brushes using solvent assisted grafting. White arrow indicates the grooves formed by PDMS stamp (Reproduced with permission from Reference [59], Copyright 2014, Royal Society of Chemistry).
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2.1.2. Solution State Grafting

Grafting in solution is advantageous as a variety of common chemical reactions can be carried out at low temperatures, or in the presence of catalysts to promote specific grafting pathways, or on thermally unstable substrates where solid state grafting would not be possible. Examples include the use of crosslinked or multiple-point grafted poly(glycidyl methacrylate) (PGMA) thin coatings or epoxy terminated silane SAMs to attach amine- or acid-terminated polymers [62,63,64,65,66,67,68], a reductive alkylation reaction between amine-functionalized surface and aldehyde-terminated polymers to form an imine bond which is subsequently reduced [69,70], Au–S bond formation between thiol-terminated polymer and Au surface [71,72], thiol-disulfide exchange reaction using thiol-terminated block copolymers to prepare for cleavable polymer brushes on silica particles [73,74], an amidation reaction of N-hydroxysuccinamde protected carboxylic acid terminated polymers and amine functionalized SAMs on surface [75], Diels-Alder ligation reaction between cyclopentadiene and maleimide [76], and a condensation reaction between silane-terminated polymers and silanol groups on an oxide surface [77].

More recently “Click” chemistry has been used to form polymer brushes with high grafting efficiency, minimized side reactions and to provide relatively mild reaction conditions which avoid any photochemical or thermal degradation of chemical functionalities [67,78,79,80,81,82]. Paoprasert et al. showed that Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of azide group with alkyne group was an efficient route to form conducting polymer brushes with controlled film thickness and chain density (Figure 4a) [78]. Yang et al. and Kedracki et al. demonstrated anchoring simple thiol-terminated PS/PMMA and thiol-terminated DNA onto complementary surfaces without any side reactions, hence preserving the DNA structure (Figure 4b) [83,84]. He et al. demonstrated that alkyne- or alkene-functionalized surfaces can be successfully modified with azido- or thiol-terminated poly(ionic liquid) in reasonably short time (less than an hour), showing polyelectrolyte brushes also can be formed through “grafting-to” approach with click chemistry [85]. More recently, molecular recognition between surface anchored β-cyclodextrin and azobenzene terminated polymer chains have been demonstrated to reversibly anchor and release the polymer chain in response to UV/vis light cycles [86].

Figure 4. Examples of solution based “grafting-to” through click chemistry. (a) Anchoring ethynyl-terminated P3HT onto azide functionalized surface (Redrawn from Reference [78], Copyright 2010, Royal Society of Chemistry); and (b) Use of thiol-ene click chemistry (Redrawn from Reference [83], Copyright 2014, American Chemical Society).
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2.2. “Grafting-from” Approach


2.2.1. A Conventional Approach: Creating Initiator SAMs

Self-assembled monolayers (SAMs) are widely used to define surface-anchored initiators on specific substrates, e.g., silicon (Si) and noble metals. On oxide surfaces, initiator containing silanes are immobilized, whereas on noble metal surfaces, thiol-functionalized initiators are used. However, this process cannot transverse multiple substrate types (e.g., gold to Si). Additionally, plastic substrates cannot be used as they can degrade or dissolve by soaking in initiator solutions for long periods of time (at least 12–24 h) [87,88]. Welch et al. demonstrated an alternate method to immobilize ATRP initiators on a conducting polymer film by vapor phase reaction of ATRP initiator with surface hydroxyl groups created by short O2 plasma treatment [89]. Prolonged exposure to O2 plasma typically degraded the conductivity of conducting polymer layer despite increasing the density of hydroxyl groups [88]. Another common method is direct surface-initiated photografting and photopolymerization (SIPGP) [90,91,92]. However, this method is only effective on organic surfaces where surface radical sites can be formed, limiting its applicability for a wide range of substrates.



2.2.2. Substrate Independent Initiator Immobilization Strategies

While the most common method for immobilizing initiators to the substrate utilizes a SAM, some alternative methods have been developed. von Werne et al. describe the inclusion of 10%–20% ATRP inimer (a polymerizable initiator) in a mixture of curable monomers suitable for photopolymerization [93]. This multi-component system can be used to fabricate micro- and nano-patterns through microcontact printing and nanoimprint lithography, respectively. This work was extended further by incorporation of an acid-cleavable ATRP inimer for direct comparison of the molecular weight of the surface grown brushes with the polymer grown from sacrificial initiator in solution [94]. Typically, in non-cleavable systems, the polymer brush formed is characterized only by the molecular weight of the polymer formed in solution, which relies upon kinetic assumptions discussed in Section 3.2. A different method for producing an inimer layer is to form an adhesive coating, containing chemical groups to enable initiator incorporation. For example, layers of poly(allylamine) deposited by pulsed plasma polymerization [95,96], or catechol derivatives deposited by incubation in alkaline solution to form stable polydopamine layers on various substrates were functionalized with ATRP initiators (Figure 5a) [97,98,99,100,101,102,103,104]. More simply, a thin film of thermally crosslinked PGMA was formed on a silicon wafer, after which an ATRP initiator was introduced using the remaining epoxy groups [105].

Figure 5. (a) Representative example of the use of catechol derivatives for initiator containing thin films [97,98,99,100,104]; and (b) Schematic illustration of the process for the formation of the initiator containing crosslinked thin film, followed by the brush growth (Reproduced with permission from Reference [106], Copyright 2014, American Chemical Society).
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Recently, Sweat et al. reported a comprehensive approach that allowed growth of polymer brushes from a wide range of substrate types, with a high grafting density by using a single component system [106,107] (Figure 5b). The design involved a crosslinkable copolymer coating containing an inimer as a co-monomer. Specifically, a random copolymer composed of an inimer, p-(2-bromoisobutyloylmethyl)styrene (BiBMS), and a crosslinkable monomer, glycidyl methacrylate (GMA) was synthesized by RAFT polymerization. Thermal crosslinking created a coating that was stable in organic solvent and could withstand processes such as sonication and Soxhlet extraction. During the polymerization using surface-initiated ATRP (SI-ATRP) to grow PMMA brushes, a sacrificial initiator was also added to the solution. The comparison of the molecular weight of the polymer grown in solution and the layer thickness of the polymer brush, the grafting density was estimated as 0.80 ± 0.06 chains/nm2. By comparison, this density is significantly higher than other “very dense” brushes prepared with SAMs [108]. Use of the crosslinked inimer coating prevents any problems with blend miscibility that might exist for a multi-component curable mixture, while allowing for high chain density on multiple substrate types. The growth of polymer brushes from these inimer coatings is fundamentally different from those grown from traditional SAMs, as much higher brush density and full substrate independence, is imparted by crosslinking. Furthermore, variation of the inimer coating’s thickness using simple spin coating from a few nanometers to tens of microns can yield denser, more stable brushes with new and complex architectures.




2.3. Micro- and Nano-Patterned Brushes

The advances in synthetic methodologies for both “grafting-to” and “grafting-from” approaches has led to newer ways to pattern polymer brushes by the top-down, bottom-up, or a combination of both methodologies [109,110]. Nealey and coworkers have shown a top-down method to create small periodic PS brush nanopatterns on a substrate by a lithographic processes including advanced lithography and O2 plasma etching [111,112,113]. A typical process involves spin-coating a photoresist on a PS brush grafted silicon substrate through “grafting-to”, followed by patterning using E-beam lithography to produce line/space and dot arrays. O2 plasma etching is used to chemically modify regions of the PS brush that are exposed therefore converting the topographic photoresist pattern into a chemical surface pattern, which can then direct the assembly of a overlying BCP film. Han et al. showed that the PS brushes can be replaced with P(S-b-MMA) and can be directly patterned without the use of O2 plasma etching [114,115]. Surface wetting characteristics at the nanoscale were tuned by changing the composition of the grafted BCP. The BCP brush layer was successfully patterned with a line pitch of 70 nm, which was used as a chemical pattern to direct the assembly of an overlying BCP film (Figure 6a).

Figure 6. (a) Schematic illustration of the use of surface-anchored P(S-b-MMA) brush to fabricate chemical patterns for directed assembly of BCP. Corresponding SEM and Atomic Force Microscope (AFM) images are shown for each step. The inset schematic in the left SEM image represents parallel lamellae microdomains in the P(S-b-MMA) thin film (Reproduced with permission from Reference [114], Copyright 2012, American Chemical Society).; and (b) Nano-channels created by grafting P(S-b-MMA) brush (top) and crosslinking top PS and removing bottom PMMA in P(S-b-MMA) brush (middle). Resulting nanochannel was confirmed by etching PS layer and subsequent AFM imaging (bottom). The AFM images show the surface morphologies of corresponding schematic images (Reproduced with permission from Reference [117], Copyright 2010, American Chemical Society).
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Nanopatterned polymer brushes can also be fabricated through a combination of top-down and bottom-up approaches. Top-down patterning through lithography was adapted to pattern polymer brushes synthesized by bottom-up “grafting-from” approach. Rastogi et al. reported the direct patterning of several methacrylate-based polymer brushes that were exposed to e-beam lithography resulting in a patterned polymer brush surface [116]. Paik et al. further showed that e-beam patterning of P(S-b-MMA) brushes created by SIP led to nanochannels, as the upper layer (PS) was crosslinked (negative tone resist) and the bottom layer (PMMA) was degraded upon e-beam exposure (positive tone resist) [117] (Figure 6b).



Although the above examples rely on top-down optical lithography to pattern brushes, recently it was shown that only the bottom-up approach (excluding all lithographic processes) can be utilized to fabricate nanopatterned polymer brushes. As shown in Figure 7, Sweat et al. demonstrated a dual-functional layer composed of a random copolymer consisting of an inimer (p-(2-bromoisobutyloylmethyl)styrene), styrene, and GMA [107]. The surface polarity was tuned through the ratio of S to inimer and GMA, to identify nonpreferential conditions to direct the assembly of an overlying cylinder forming P(S-b-MMA) block copolymer (BCP) film. After self-assembly, the minority PMMA domain was removed, resulting in a nanoporous template. From this pre-patterned template, in the area where the crosslinked inimer mat was exposed, SIP was successfully carried out through by ATRP, to grow 2-hydroxylethyl methacrylate (HEMA) or poly(ethylene glycol) methyl ethyl methacrylate (PEGMEMA). By lift-off of the BCP template, a dense periodic array of brushes where each spot is about 15 nm in diameter and the density of the spots on the surface is close to 5 × 1010 cm−2. The approach further shows its versatility to make more complex structures, for example, the pores formed after selective removal were filled in with gold by E-beam evaporation for Au dot arrays, followed by the lift-off of the template, resulting in Au dot arrays. In this work, the inimer containing thin film acted both as a nonpreferential layer for BCP domain orientation and as a template to grow nanopatterned brushes.

Figure 7. (a) The formation of a BCP template and polymer brush growth with a dual-functional initiator containing crosslinked thin film; (b) AFM height image of grown polymer brushes after removal of PS template; (c) AFM phase image of polymer brush after removal of PS template; (d) the fabrication of Au dot arrays with subsequent brush growth; (e) Top-down SEM image of Au dot arrays after template lift-off; and (f) AFM height image after growth of PEGMEMA (Reproduced with permission from Reference [107], Copyright 2013, American Chemical Society).
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3. Challenges in Polymer Brush Characterizations

Theoretical studies have shown that grafting density or chain density (σ) is a parameter which governs the physical properties of brushes on surfaces [118]. Correlation of the physical and morphological properties of polymer brushes with theoretical predictions is possible using the chain density which can be quantitatively analyzed using experimental methods. However, there are many assumptions arising from factors that are hard to predict during grafting that often lead to less than precise and reliable estimates of chain density [119]. In this section, we discuss the challenges in chain density determination and the importance of characterizing initiator-immobilized surfaces before SIP for pre-determined properties related to the brush regime.


3.1. Chain Density

Chain density is defined as the number of polymer chains per unit area. The physical distance between grafted brushes inversely scales with chain density; hence as the distance between brushes decreases the chain density increases. When the chain density is smaller than the radius of gyration of the polymer chains, Rg, individual polymer chains start overlapping with adjacent chains, inducing strong steric hindrance, leading to increase in excluded volume and therefore, a more extended and stretched conformation of the brushes normal to the substrate [120].

Theory has shown that the chain stretching in polymer brushes correlates with the chain density through the scaling law:



h ∝ N∙σν








where h is averaged length of the extended polymer chain which corresponds to the thickness of polymer brush film, N is the degree of polymerization, and ν is an exponent, generally valued from 0–1 [119,121,122,123]. Theoretical and experimental studies have shown that the exponent ν varies with the grafting density and the solvent quality [123,124]. Figure 8 shows the general scaling behavior of polymer brushes and identifies three regimes: mushroom, moderate-density brush, and high-density brush. In the mushroom regime, the average distance (D) between chains is larger than 2Rg, resulting in ν–0 [124]. However, when D is smaller than 2Rg, the system moves into the brush regime, leading to higher ν and hence a moderate-density or high-density brush regime. Experimentally, in a good solvent, when the chain density is 0.05–0.1 nm−2 ≤ σ ≤ 0.3–0.4 nm−2 for PMMA (i.e., moderate-density regime), ν approaches 1/3. However, as the chains become more crowded (i.e., high-density regime in Figure 8), e.g., σ > 0.3–0.4 nm−2 for PMMA, ν approaches ~0.6 in a good solvent [119]. Scaling behavior is quite different in a poor solvent and in a theta solvent: in moderate-density regime, ν was found to be ~0.8 in a poor solvent and ~0.5 in theta solvent, respectively. These two values are higher than the ν for moderate-chain density regime in a good solvent [119,120,125].


In fact the chain density is unique for each polymer type or chemical structure. For example, a repeat unit with a bulkier pendent group, e.g., PEGMEMA, will have a lower maximum chain density (theoretical σmax ~ 0.17 nm−2 on a planar surface) than methyl methacrylate (theoretical σmax ~ 1.5 nm−2 on a planar surface, moderate-density regime: σ > 0.3 nm−2) and therefore, the brush regime is observed at lower chain densities [106,107]. On the contrary, some rigid rod type polymers exhibit much higher chain density, for example, poly(p-phenylene) brushes are reported to have a chain density of 0.2–7 nm−2 [77].

Empirically, chain density is determined by the mass balance equation given by:



σ = (h∙ρ∙Na)/Mn








where h is thickness of dry film, ρ is the bulk density of polymer, Na is Avogadro number and Mn is the number average molecular weight of polymer. The distance between grafting sites, D, is typically correlated with σ, using the equation below:


D = (4/π∙× σ)1/2








The dry thickness of fabricated polymer brush films is typically measured using ellipsometry [53,114,115]. Determining σ of brushes prepared by “grafting-to” approach is straightforward, as full physical characterizations (including molecular weight determination) of a bulk sample of end-functionalized polymer can be done before actual grafting. However, in the “grafting-from”, finding σ is much more challenging as polymer brushes synthesized by SIP are covalently bound to the surfaces, which complicates direct determination of the molecular weight [126,127].



Figure 8. Schematic depicting scaling law for brush thickness and grafting density. Three different polymer brush regimes are defined (D: the distance between grafting sites). ν (slope for log h vs. log σ plot) is dependent of solvent quality, for example, in moderate-density regime, ν approaches 1/3 in a good solvent, but ν approaches ~0.8 in a poor solvent and ~0.5 in a theta solvent [119].
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3.2. Determination of Molecular Weights of Polymer Brushes

For polymer brushes synthesized by SIP, a conventional way to determine the chain density is to correlate the molecular weight of sacrificial polymer which is simultaneously polymerized from small amount of unbound free initiator in the same solution to the resulting brush layer thickness [108]. This correlation is established using a convenient assumption, namely, propagation kinetics on a two-dimensional (2D) surface is the same as the propagation kinetics in solution. The validity of this assumption has not yet been proven [128,129,130,131]. For example, Sweat et al. and Koylu et al. reported that polymers grown from sacrificial initiator in solution exhibited lower molecular weight than polymer brushes [94,106]. However, other theoretical and experimental studies reported lower molecular weights for grafted polymer brushes [128,129,130]. The polymerization conditions are equally critical to obtaining reasonable molecular weights and hence, a reasonable correlation to chain density [106,132].

To avoid this complication, the molecular weight information of surface grown chains can be obtained by degrafting and analysis of the chains by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) or size exclusion chromatography (SEC). This can be accomplished by direct cleavage of the chains at the grafting site (Figure 9), and requires an uniquely designed initiator with functional groups cleavable by external stimuli such as UV light [127,133], and chemical reagents which can cleave disulfides or hydrolyze ester links [94,134]. Alternatively, even though the initiator might not have cleavable groups, its bonding to the surface can be cleaved using suitable reagents. For example, initiators bound to the surface through silane chemistry (Siinitiator–O–Sisubstrate bond) or thiol-Au bonds can be cleaved using suitable reagents. Hydrofluoric acid has been one of the common reagents used for this strategy [124,135,136]. Recently, it was reported that a much milder reagent, tetrabutylammonium fluoride (TBAF), is also effective for degrafting from silicon dioxide [126,132]. The reagent penetrates into the polymeric layers to cleave Siinitiator–O–Sisubstrate bonds, leading to degrafting of brush chains. Polymer brushes bound by thiol-Au bond can be cleaved by oxidation in iodine (I2) solution as well [137]. These studies emphasize that molecular weight information of polymer brushes can be obtained and importantly, a reliable evaluation of chain density is feasible, even without complicated synthetic designs of cleavable initiators.

Figure 9. (a) Schematic depicting the cleavage of polymer brushes from the surface to obtain its molecular weight information (blue and green: cleavable functionality at the end of polymer brushes (orange)); and (b) Representative examples of cleavable functional groups (red-colored) by external stimuli [94,126,127,134,135].
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3.3. Quantifying Surface Functional Groups: Initiator Density

As mentioned in previous sections, in order to design polymer brushes with pre-determined properties, it is crucial to understand how to quantify and control the chain density [137]. A high initiator density is required for the growth of polymer brushes with high chain density. On the contrary, lowering of the initiator density is required for the mushroom regime. One way to quantify the initiator density is by measuring the weight loss resulting from thermal decomposition [129]. Pasetto et al. heated up initiator-coated mesoporous silica particles to 800 °C using thermogravimetric analysis. Therefore, the surface concentration of initiator (molecule/nm2) can be calculated by the equation:



[image: there is no content]








where w% is the weight loss after heating, NA is the Avogadro’s number, Mini is the molar mass of the initiator and Ssp is the specific area measured by gas adsorption. This straightforward method is particularly useful for initiator-coated particle samples. For reliable estimates this requires a large amount of samples, hence is difficult to implement on truly 2D surfaces such as silicon wafer.
Ellipsometry and contact angle measurements have been used for the general characterization of 2D surfaces with immobilized initiators. X-ray Photoelectron Spectroscopy (XPS) can also be used for surface characterization as it probes a depth of ~10 nm. Most often XPS is used to confirm brush growth, to study surface chemical composition of the brush and to determine surface densities of bound molecules on the brush [138,139,140,141,142]. XPS has also been used for initiator-coated surfaces, however most of these studies have been limited to qualitative confirmation of the presence of initiator groups [143,144,145,146].

Recently, a detailed XPS characterization of ATRP initiator containing surface was reported for the absolute initiator density estimation (i.e., the number of initiators per unit volume, in this case, the number of bromine atoms per unit volume) [106]. Conventionally, XPS has been used to determine the absolute surface concentration of a particular element by integrating the intensity ratio of the element in the SAMs to that of an element in the underlying substrate, where atomic density is known [78,147]. For an ATRP initiator containing surface, contributions from the emitted electrons in three different layers to the net signal has been analyzed: Electrons emitted from elements (C, O and Br) from initiator containing organic layer, electrons emitted from silicon atoms from the native oxide layer and electrons emitted from silicon atoms in the silicon substrate (Figure 10). Taking the three layers into account in the equation of the intensity of the XPS signals, the absolute initiator density was derived from the equation:

Figure 10. (a) XPS analysis of initiator containing organic layer on native oxide/silicon substrate; and (b) XPS spectra. (Reproduced with permission from Reference [106]. Copyright 2014, American Chemical Society).
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where NBr,organic is the number density of bromine (Br/nm2), NSi,SiO2 is the number density of silicon atom in native oxide, ABr and ASi are the integrated intensity of bromine peak and silicon peak in XPS spectra, respectively, SBr and SSi are the relative sensitivity factors of bromine and silicon, respectively. λBr,organic, λSi,organic and λSi,SiO2, are the inelastic mean free paths of electrons from bromine in the organic thin film layer, electrons from silicon in the organic thin film layer and electrons from silicon in native oxide layer [148,149]. Tox, L, and θ are thickness of native oxide, thickness of organic layer and take-off angle of XPS measurement, respectively.


Using this model the calculated initiator densities from initiator-containing organic layers were in good agreement with theoretical amounts in a unit volume. Further SI-ATRP from these surfaces showed the correlation between the high initiator density and chain density under careful optimization of the polymerization kinetics.




4. Key Applications: Imparting Functionalities in Polymer Brushes for Biomedical Applications

For biomedical engineering applications (e.g., antifouling medical devices, implant materials, biosensors and stem cell expansion), it is desirable to functionalize a surface so that it can mediate and actively dictate properties such as protein adsorption (low fouling/high fouling) and cell adhesion. Stability of polymer brushes in relatively harsh biological conditions makes them a good candidate for low fouling applications [150,151,152]. Polymer brushes can be modified relatively easily with peptides, proteins, or small molecules using well-defined chemistries [153] (Figure 11). This section will focus on the recent advances using polymer brushes in antifouling, biosensor, implant, and defined cell culture applications and more specifically their use as low fouling materials for selective binding of proteins, cells, antigens and tissues. For a more in depth review on biomedical applications of polymer brushes, there have been several excellent published reviews [154,155,156].

Figure 11. Schematic depiction of (a) low fouling polymer brush (blue lines) that is (b) modified with a functional molecule (purple triangles); (c) The functional molecules on the polymer brush do not interfere with nonspecific protein adsorption from the protein solution (circles and squares) above the brushes but allow for (d) selective binding of a target molecule from the solution.
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4.1. Low Fouling Brushes for Controlling Material Interactions

Protein resistant surfaces are necessary for medical devices (i.e., coronary stents, heart valves, catheters, and biosensors) that often come in contact with complex biological fluid such as blood, plasma, and tissue culture medium due to uncharacterized protein adsorption. This adsorption layer can lead to complications such as leukocyte adhesion or blood coagulation, which may impair the function of the device and limit its therapeutic effects [157]. Its noteworthy that as little as 10 ng/cm2 of fibronectin can induce substantial platelet adhesion [158]. Polymer brush type, density and length are variables that can be manipulated to produce a stable, low fouling surface.

In general, polymer types that resist protein adsorption are either hydrophilic or zwitterionic, mainly due to a tightly held hydration sphere [159]. Low fouling hydrophilic materials include polyethylene glycol, polyamides, and polysaccharides. Low fouling zwitterionic materials are classified as either polybetaines, containing a positive and negative charge on the same monomer unit, or polyampholytes, which contain a mixture of negatively and positively charged monomers. Typically quartz crystal microbalance (QCM) [160,161] or surface plasmon resonance (SPR) [162,163,164,165] using single and multicomponent solution is used for the detection of adsorbed proteins. In pursuit to minimize protein adsorption, Surman and coworkers [166] recently compared polymer brushes of poly[oligo(ethylene glycol)methyl ether methacrylate], poly(2-hydroxyethyl methacrylate) (PHEMA)), poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA) and poly(carboxybetaine acrylamide) and their resistance to fouling when exposed to blood plasma, showing PHPMA had the best hemocompatibility with good stability, preserved for two years [167]. In an attempt to pacify some conflicting results in the literature, a more recent report compared exposure to single donor plasma versus plasma from several donors pooled together [168]. The SPR results between the pooled and single donor blood plasma varied up to several orders of magnitude with single donor batches while pooling resulted in more consistent data. This explains why in the literature the reported amount of protein adsorption may vary even with similar material types.

Many low fouling brush systems are grown from a SAM of ATRP initiators on gold, which leads to moderate to high brush densities. The use of gold is impractical in medical devices due to material costs and the fact that the Au-S bond is considered semi-covalent, and therefore maybe more susceptible to degradation than others [169]. However, the use of a different underlying substrate would change the brush density and therefore, the low fouling properties. (Figure 12) In fact, a study using poly(N,N-dimethylacrylamide) (PDMA) brushes found that relative fouling greatly decreased when chain density was above 0.27 chains/nm2 and brushes were in the high density regime [170]. All brushes tested were in the brush regime with the distance D being smaller than 2Rg, or D/Rg < 2.

Figure 12. (a) Representation showing low-density polymer brushes (mushroom regime) that allow some protein adsorption and on the right moderate density brushes that prevent most proteins (squares and circles) from nonspecifically adhering. Polymer brushes are shown in blue, D is the distance between grafting points and h the height of the polymer brush. (b) Protein adsorption as a function of both polymerization time and film thickness of P(HMPA) surfaces measured by SPR (Reproduced with permission from Reference [171]. Copyright 2010, American Chemical Society).
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Studies with PHPMA and PHEMA brushes have shown that the length of the brush can change the amount of protein adsorption when exposed to blood serum. Protein resistance continued to climb as brush length increased until 20 nm in thickness, followed by a plateau, and then it continued to increase above 40 nm [171,172]. To summarize, to create a low fouling surface, the polymer type, the polymer density and height are all important factors to create a low fouling polymer brush.



4.2. Modification and Detection of Biological Components

In some cases, it is desirable to modify a low fouling polymer brush to create a selectively binding surface. Depending on the brush type and desired application, modification using a multitude of chemistries such as “click” or carbodiimide to attach peptides, proteins, antibodies, enzymes, or nucleic acids can be done. Techniques like XPS, infrared spectroscopy (IR), quartz crystal microbalance (QCM), or SPR may be used to detect and quantify the extent of modification. Note that functionalization may occur just at the top of the polymer brush or be distributed throughout the layer. A recent depth profiling experiment using XPS looked at the profile of the modifying molecules throughout the thickness of the brush and found larger molecules only bound at the top surface of the GMA brush [173].

Cullen et al. used a poly(2-vinyl-4,4-dimethyl azlactone) (PVDMA) brush, which was covalently bonded to the enzyme RNase A to create a type of biosensor (Figure 13) [174]. The bound RNase A retained up to 95% of the activity of the same concentration of free enzyme. The brush platform’s use was extended to other enzymes like glucose oxidase (GOx) and glycoamylase. The stability of brushes allows reusability of the sensor, whose lifetime was dependent on the stability of the enzyme on the surface.

Figure 13. (a) Silicon surface was modified with an initiator and (b) PVDM brushes were grown; (c) The brushes were modified with multiple enzyme types by ring-opening with a primary amine on the enzyme; (d) The respective activities of the immobilized and free enzymes, glucose oxidase (GOx), glucoamylase (GAM), deoxyribonuclease I (DNase I) and trypsin (black bars). White bars represent comparison to other immobilization methods. (Reproduced with permission from Reference [174]. Copyright 2008, American Chemical Society).
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Welch et al. [89] used a P(GMA-r-HEMA) brush tethered to the surface of poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) for the covalent sequestration of GOx, which was used in cooperation with a catalytic electrode to detect glucose concentrations. HEMA groups impart resistance against protein adsorption, hence increasing the selectivity and sensitivity. This system enabled highly sensitive glucose detection with long-term stability in biological fluids. HEMA provides a low fouling background, which minimizes conformational changes in the bound enzyme or protein, which can cause less effective detection of a solution target. These conformational changes can be due to nonspecific protein adsorption. In addition, disparities in polymer brush type and brush structure are also important to preserve the structure and activity of immobilized proteins [175]. Specifically, brushes with block architecture when immobilized with proteins retained the most activity and showed the least conformational changes compared to cationic, hydrophobic, and zwitterionic homopolymer brushes of the same type.

Detection methods for biosensors include, micro-ring resonators [176], voltammetry [177,178,179], electrochemical detection [89,92,180], interferometric detection of scattering (iSCAT) [181], as well as secondary label methods such as ELISA [182] and fluorescence [174]. Methods such as fluorescence and ELISA can have a high degree of specificity and are amenable to microarray applications allowing detection of multiple components at once (Figure 14) [183,184]. Newer techniques, like iSCAT, can achieve label-free sensing of analytes on antibody-functionalized poly(ethylene glycol) brush, to detect the presence of single unlabeled proteins without amplification, with a limit of detection (LOD) as low as 6 pM. These results far outperform other label-free sensing methods such as SPR and LPSR, which have LODs of 100 nM–1 µM. In general, label-free sensing methods are preferred to secondary label methods, offering simpler processing with fewer handling steps.

Figure 14. (a) Fluorescence detection on three brush types and loading intensities detected (DDP: dodecyl phosphate) (Reproduced with permission from Reference [183] Copyright 2010, American Chemical Society); and (b) iSCAT detection of single molecules on a polyethylene glycol brush, molecules indicated by white arrows (scale bar: 1 µm). (Reproduced with permission from Reference [181]. Copyright 2014, Nature Publications).
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4.3. Controlling Cell-Material Interactions with Modified Brushes

Polymer brushes can mediate cell-material interactions either through non-specific protein adsorption or through modification of a low fouling surface to present cell adhesive peptides. On traditional polystyrene dishes, nonspecific protein adsorption is responsible for cell adhesion. A newer cell type, human pluripotent stem cells (hPSCs) are unique, as they do not adhere to traditional TCPS surfaces. hPSCs have the potential to differentiate into all of the somatic cells in the human body, and hence are promising for regenerative medicine. The current standard is to culture them on Matrigel, which is an undefined synthetic matrix that is derived from a mouse sarcoma and is subject to batch-to-batch variability as well as xenogenic contaminants. Therefore, there are efforts to find synthetic culture surfaces that can support hPSCs long-term, and are more amenable to large scale manufacturing processes. Villa-Diaz et al. reported the functionalization of polystyrene cell culture surfaces with polymer bushes [185]. In particular they found poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH) brushes were able to support hPSCs for several passages. More recently, Qian and coworkers used PMEDSAH brushes and showed that although hPSC pluripotency was maintained on all substrates tested for five weeks, although they differ in expansion rates that depend on brush length and density [186]. Both studies rely on some protein adsorption to the polymer brushes to promote adhesion and maintenance of hPSCs. However, neither study characterized the type of adsorbed protein although this may be a key factor in understanding the cell adhesion mechanism.

To better understand how hPSCs behavior (e.g., maintenance of pluripotency) is affected by the substrate chemistry, there has been efforts to create chemically defined surfaces where a low fouling background is used in conjunction with specific peptide sequences to mimic parts of the extracellular matrix (ECM). Recently, Deng et al. used poly(OEGMA-co-HEMA) brushes with peptides to culture induced pluripotent stem cells and showed that the phenotype to be unaltered for 10 passages [187].

Orthopedic implants (e.g., prostheses, screws, plates) are used in a number of musculoskeletal conditions and diseases including bone fracture, osteoporosis, arthritis and genetic deformities. While implants may fail for a number of reasons, but they will not function at all if they do not integrate into the tissue initially. The functionalization of implant materials with polymer brushes and select extracellular matrix proteins has had an improvement on osteointegration in vivo. Here, instead of presenting an undefined adsorbed protein layer, researchers present a peptide on a nonfouling polymer brush background. Petrie and coworkers used 13.5 nm thick poly(oligo(ethylene glycol) methacrylate) (POEGMA) brushes grown on titanium (Ti) surfaces to immobilize a fibronectin fragment (FMIII7-10) and a shorter Arg-Gly-Asp (RGD) sequence [188]. In comparison, the fragment had better osteointegration in vivo than the RGD sequence, suggesting that integrin specificity is relevant, as different integrins bind to RGD and FMIII7-10. Additionally, the importance of integrin clustering was shown using monomer, dimer, trimer, and pentamers of FMIII7-10 [189]. Studies have yet to be done to investigate if polymer brush coatings can enhance osteointegration under diseased states such as osteoporosis.

Another important component of osteointegration may be growth factor signaling. Growth factors have been implicated in bone regeneration including bone morphogenetic protein (BMP, specifically BMP-2, BMP-7 and BMP-4), transforming growth factor-beta (TGF-B), vascular growth factor (VEGF), fibroblast growth factor (FGF) and platelet derived growth factor (PDGF) to name a few. Strategies employed using polymer brush surfaces include direct immobilization of growth factors or growth factor mimics and sequestering of growth factors around the material. Ren and coworkers directly tethered fibronectin (FN) and bone morphogenic protein (BMP-2) to poly(OEGMA-r-HEMA) polymer brushes on Ti surfaces, shown in Figure 15.[190] While they found similar cell adhesion and proliferation, cell differentiation was increased based on alkaline phosphatase activity in comparison to pristine Ti.

Figure 15. (a) Schematic depiction of P(OEGMA-HEMA) brushes on Ti functionalized directly with fibronection (FN), BMP or both FN and BMP; and (b) The pullout force of the modified implant material 1, 4 and 7 days after implantation. * denotes significant differences between marked groups using p < 0.05 with ANOVA (Reproduced with permission from Reference [190] Copyright 2011, American Chemical Society).
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Although the results of direct incorporation are promising, the overall functionality of the growth factors is often reduced when it is immobilized onto a surface. Therefore, sequestering strategies where the growth factor is not modified chemically have shown the most promise. One interesting strategy, employed by Christman et al. [191] uses a heparin mimicking polymer brush, poly(sodium 4-styrenesulfonate-co-poly(ethylene glycol)) (pSS-pPEGMA), that binds the heparin domains of growth factors like bFGF and VEGF and sequesters them at the cell material interface. In a similar report, Hudalla and coworkers used a heparin binding peptide to sequester both heparin and growth factors at the cell material interface, but on a SAM surface [192]. Although these newer sequestering techniques have not been attempted in vivo, they could potentially improve osteointegration of implant materials, if feasible.




5. Conclusions

In this review, we have summarized recent advances in the synthesis, characterization, and applications of polymer brushes. Two different approaches to prepare for well-defined polymer brushes, “grafting-to” and “grafting-from”, have been equally improved through developing new chemistries toward the goals: (i) Efficient and fast grafting; (ii) Applicability on a wide range of substrates; (iii) Precise control of surface initiator concentration and hence, chain density; and (iv) Characterizations of relevant physical parameters. These advances have impacted nano- and bio-science where control of interfacial behaviors such as altering surface energies and surface activity to regulate biologically relevant functions is the goal.

There remain significant challenges in designing more complex polymer brush structures that can orthogonally present multiple functions. The synthesis, processing and characterization of such complex brush structures, for example, mixed brushes [193,194,195,196,197], multiblock copolymer brushes [114,115,198], gradient polymer brushes [199,200], nanopatterned polymer brushes [107,116], polymer carpet/Janus membrane [8,201,202,203] and polymer nanochannels [114,117] are of great interest from a fundamental as well as technological perspective. Comprehensive understanding of structure-property relationships in well-defined and fully characterized polymer brushes aided by new synthesis as well as predictive modeling can open up newer applications for polymer brushes.
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