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Supramolecular polymers with monomers bound together by secondary interactions, such as 

polyrotaxanes (PRXs), consisting of alpha cyclodextrin (αCD) threaded onto poly(ethylene 

glycol) (PEG), have attracted interest as a result of their ability to overcome physical 

limitations present in conventional, covalently structured polymers. Herein, we describe the 

formation of pH-responsive supramolecular assemblies from carboxyethylester bearing αCD 

and PEG PRXs. These PRXs were formed using PEG of Mw 20 kDa and a threading degree 

of 28%. Upon charge neutralisation the threaded αCDs co-localise, resulting in aggregation 

of the PRXs and the formation of a suspension by self-assembly. This process is shown to be 

reversible and possible only via the mobility of CDs along the PEG guest chain. As a result of 

the inherent properties of PRXs, such as enhanced multivalent interactions and degradation, 

these responsive supramolecular polymers are expected to be of interest in fields where PRX-

based materials have already found application, including paints, self-healing materials, 

surface coatings, and polymer therapeutics. 
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1. Introduction 

Stimuli-responsive materials have contributed to major developments in the field of 

drug delivery1-5 and materials science. Typically, polymers that react to stimuli such as light, 

pH and temperature are used as building blocks in the assembly of such materials. More 

specifically, polymers responsive to changes in pH are of particular interest as components in 

drug delivery materials because different pH regimes can be identified within the human 

body (ranging from pH 1 to 8.5),6 or within cell sub-compartments (from pH 4.5 to 7.8).7,8 

Continuing developments in the area of pH-responsive polymers requires the exploration of a 

diverse range of polymer architectures. In order to explore stimuli-responsive polymers 

beyond the realm of conventional covalent-based polymers we have focused our studies on 

developing stimuli-responsive supramolecular polymers based on inclusion chemistry. 

Specifically, CD-based inclusion chemistry involves a range of non-covalent interactions 

between a ‘host’ (i.e., CD) and a ‘guest’ to form highly ordered reversible constructs via a 

self-assembly process.9,10 Of particular note are αCD-poly(ethylene glycol) (PEG) based 

polyrotaxanes (PRXs) first discovered by Harada and co-workers.11,12 The synthesis of such 

constructs involves the threading of numerous CDs onto a PEG backbone followed by a rapid 

end-capping reaction where bulky end groups can be introduced onto the ends of the main-

chain to prevent dethreading.11,13-15 This process allows the formed PRXs to bear interesting 

properties that cannot be easily achieved using covalent analogues.16-19 This includes (i) 

rotational and translational freedom about the main-chain without disassociation,13,14 (ii) high 

tuneability; where the rigidity of the chain can be controlled by threading degree20,21 and (iii) 

increased multivalent interactions where the threaded CDs can be functionalised with 

ligands.22,23 In addition to these aforementioned advantages, the low toxicity of CDs9,10,24,25 

and the low fouling nature of PEG26 makes PEG based-PRXs suitable for various 

applications including, drug delivery,27-30 biomaterials31 and materials science.32,33 The 
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application of CD based PRXs towards the development of stimuli-responsive materials is of 

high interest because of the dynamic nature of the threaded CDs and the ability to easily 

render them responsive via simple selection of the backbone,34,35 or via facile conjugation of 

responsive groups to the bulky end-groups36 or the threaded CDs moieties.31,32 For example, 

amphiphilic αCD/PEG based PRXs with asymmetrical bulky end groups; one end bearing 

hydrophilic hydroxyl groups while the other end conjugated with doxorubicin (DOX), a 

hydrophobic drug, were shown to self-assemble into micelles at physiological conditions (pH 

7.4).36 Upon endocytosis into endosomal compartments of tumour cells via enhanced 

permeability effects, the formed micelles were shown to release DOX via cleavage of the 

hydrazone bond upon exposure to mildly acidic conditions.36 Inspired by this, we report the 

fabrication of pH-responsive nanoparticles exploiting the high intramolecular mobility of 

CDs in PRXs wherein, the CDs are post-modified with responsive groups consisting of 

carboxylic acid groups. To ensure that the threaded CDs along the PEG backbone possess 

high mobility, a low threading degree of ca. 28% was employed. As a first insight into the 

formation of pH-responsive particles by self-assembly using PRXs, we used a simple yet 

facile chemistry for the modification of PRXs. PRXs were post-modified via the threaded 

CDs with succinic anhydride to obtain PRXs that contained ca. four carboxyethylester 

moieties per threaded CD. Upon, acidification, self-assembly of the PRXs into stable 

nanoparticles was observed and characterised. This is suggested to be because of the 

formation of distinct blocks containing segregated regions of packed CDs near the core and 

regions with only PEG at the periphery. Upon returning to a more basic pH, the self-

assembled particles were shown to disassemble back into single, dissolved, polymers. This 

process was shown to be repeatable up to three cycles. The ability to form such reversible 

assemblies is primarily attributed to the high mobility of the threaded CDs moving along the 

main-chain forming a hydrophobic CD core leaving the PEG chains exposed to form a 
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hydrophilic corona. The mobility of the CDs was determined to be a key factor as 

acidification of highly rigid PRXs with higher threading ratios (i.e., 65%) did not lead to self-

assembly. In further showing its applicability, their pH-dependent interaction with a model 

protein bearing complementary charges was also examined in detail.  

 

2. Results and Discussion 

PRX 4 (Scheme 1) was synthesised according to a previously published method.16-19  

1H NMR spectroscopic analysis revealed that PRX 4 had a threading degree of ~63 CDs per 

PEG chain of Mw = 20 kDa. This was calculated via the integration of the protons from the 

PEG repeat units with the anomeric protons from αCD (Fig. S1†, resonance a,b and 

resonance 1, respectively). As the maximum number of αCDs that can be threaded onto 

PEG20kDa is 227 αCDs, PRX 4 has ca. 28% (i.e., 63 threaded CDs) threading degree. This 

relatively low degree of threading ensures that the PRX (Scheme 1) is flexible and that the 

threaded αCDs observe translational and rotational freedom along the PEG backbone. The 

αCDs were, subsequently, functionalised with carboxylic acid moieties using a previously 

described synthesis to form PRX 5.37  

From 1H NMR spectroscopic analysis of PRX 5 (Fig. S2†), the average number of carboxylic 

acid groups per CD was calculated to be ca. 4 from integration of the anomeric proton of 

αCD (δH 4.9 ppm) with the carboxyethylester methylene and ethylene (δH 2.65 and 2.45 ppm, 

respectively) protons derived from the conjugated carboxylic acid (Fig. S2†, resonance 1 and 

resonance 7, 8, respectively). It should also be noted that the acid conjugated PRX (PRX 5) 

readily dissolved in aqueous conditions above pH 4 while the unmodified PRX 4 (Scheme 1) 

was insoluble in water. PRX 7 (Scheme 1), a rigid rod-like analogue of PRX 5 was also 

synthesised via a similar approach and served as a control. 1H NMR analysis revealed PRX 7 

had a threading degree of ca. 65% and carboxylic acid conjugation degree of ca. 4 per αCD 
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(Fig. S3 and S4†, respectively) PRX 7 serves to assess the importance of the flexibility of 

PRX 5 and the mobility of its threaded CDs for particle formation via self-assembly 

processes. 

 

 
Scheme 1  Graphical illustration of the preparation of PRX 4 and 6, precursors to PRX 5 and 

7 respectively, via inclusion complexation between PEG and αCD followed by a subsequent 

end-capping reaction. Subsequently, the formed PRXs were modified through the primary 

hydroxyl groups of αCD via ring opening of succinic anhydride to yield PRX 5 and PRX 7, 

respectively. Upon acidification, PRX 5 could self-assemble into nanoparticles (SA-PRX 5) 

with core shell morphologies while PRX 7 formed large, sedimenting precipitates without 

specific shapes.  

Number-weighted dynamic light scattering (DLS) gave an average hydrodynamic diameter 

(Stokes diameter, Dh) of 7.6 nm for PRX 5 when dissolved in phosphate-buffered saline 

(PBS). This value is mostly based on the diffusion constant of the polymer in solution and 

assumes a coiled state for the polymer, similar to PEG in water.21 Highly threaded PRX 

polymers are known to have a high persistence length and can have rod-like behaviour if the 



  

6 
 

threading degree is close to 100%.38 PRX 5, despite its comparatively low threading degree 

of 28%, has a sufficient number of CDs to induce enough stretching of the PEG chain to 

prevent complete coiling. This could explain the slightly larger Dh measured than is expected 

for a polymer of Mn = 94 kDa.39 Acidification of this PRX 5 solution in PBS to a final pH of 

2 with 0.1 M citric acid resulted in the formation of a turbid suspension, which is indicative 

of a self- assembly process occurring. DLS analysis of the suspension further revealed the 

formation of larger assemblies with a Dh of 169 nm (Fig. 1). DLS intensity measurements 

together with the corresponding correlogram revealed a peak for SA-PRX 5 further 

suggesting that the self-assembled nanoparticles were indeed uniform and well dispersed in 

solution (Fig. S5a† and b, respectively). In addition, the scattering intensity increased from 

ca. 400 to 29 000 kcps, suggesting the formation of a suspension of nanoparticles. The 

addition of Triton-X (up to a w/w ratio of 39.3) to a suspension of 1 mg mL-1 of self-

assembled PRX 5 (SA-PRX 5) at this pH did not change the size of the assemblies (Fig. S6†), 

which suggests that the particles are not of a vesicular type.40 The SA-PRX 5 nanoparticle 

dispersion was found to be stable for at least four days without any significant change in 

scattering intensity (day 1, 697969 kcps and day 4, 709959 kcps). It is expected that upon 

charge neutralisation, the dynamic nature of the PRXs allows the threaded CDs to move 

freely along the PEG backbone bundling together to create a segregated core. Additionally, as 

the CDs move along the chain, the PEG chains are further exposed to the aqueous 

environment thereby creating a stabilizing hydrophilic corona.  
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Fig. 1  DLS (number) analysis of PRX 5 (0.1 mg mL-1) at pH 7.2 (continuous line) and the 

self-assembly of PRX 5 into SA-PRX 5 at pH 2 (dashed line).  

 
Morphologies of the self-assembled constructs were also observed in the dry-state via atomic 

force microscopy (AFM) analysis. The self-assembled SA-PRX 5 was deposited onto mica 

substrates from a 10 mM HCl solution. Discrete particles with uniform spherical 

morphologies could be observed in the AFM height profile at different areas (Fig. 2a). 

Furthermore, using the height profile of different areas, statistical analysis of SA-PRX 5 was 

conducted to measure the average particle diameter. This yielded an average size distribution 

of ca. 230 ± 52 nm and heights of ca. 5 nm (Fig. 2d). In comparison, no apparent structures 

were observed when PRX 5 was deposited from water (pH 7.2) (Fig. 2b and c). Due to 

adsorption of the particles onto the hydrophilic mica surface, the particles observed a 

flattened morphology thus, appearing larger than readings obtained via DLS (Fig. 1 and Fig. 

2d, respectively). This phenomenon is common and has also been observed in the 

literature.10,41,42  
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Fig. 2  Tapping mode AFM images of PRX 5 deposited from (a) a 10 mM HCl solution or (b) 

water (pH 7.2). (c) Height-profile cross-sections of image (a) and image (b). (d) Statistical 

evaluation of the diameter of SA-PRX 5 in 10 mM HCl. Images are 2.5 µm x 2.5 µm.  

Transmission electron microscopy (TEM) analysis of SA-PRX 5 deposited from a solution 

of 10 mM HCl also revealed uniform discrete spherical morphologies with an average 

diameter of ca. 338 ± 71 nm (Fig. 3). However, it should be noted that high resolution images 

of the assembled structures could not be obtained from TEM measurements. This is attributed 

to the polymeric nature of the particles resulting in poor contrast. The larger particle sizes 

observed in TEM as compared to the AFM images are also likely the result of the different 

substrates used, i.e., formvar-coated TEM grid (hydrophobic) and mica (hydrophilic) and/or 

the different blotting techniques used (i.e., dried droplet edge observed by AFM versus 

blotting and washing of droplet for TEM). 
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Fig. 3  TEM micrograph obtained from a sample of SA-PRX 5 spotted from a 10 mM HCl 

solution. Image size is 4.4 µm x 4.4 µm. 

The effect of changes in pH on the self-assembly behaviour of PRX 5 into SA-PRX 5 

nanoparticles was further investigated from pH 0 to 5 using DLS analysis. A clear shift to a 

larger average sizes was observed from pH 4 to 3. This trend was accompanied with a sharp 

decrease in PDI (Fig. 4a). Upon self-assembly into larger constructs, a significant increase in 

scattering intensities was also observed (Fig. 4b). These combined results indicate that the 

self-assembly process occurs between pH 3 and 4 where PRX 5 assembles into SA-PRX 5. 

The pKa of the succinic acid moieties on the PRXs was estimated to be ~4, based on the 

known pKa of succinic acid (i.e., 4.2 and 5.6) and analogue compounds (primary carboxylic 

acids generally have a pKa of ~4). 
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Fig. 4  DLS measurements showing (a) diameter (number) and PDI of PRX 5 from pH 0 to 5 

(b) diameter (number) and the count rate from pH 0 to 5.  

 
Measurements at pH 3 and pH 2 were conducted in 5 mM buffer solutions, while the 

measurements at pH 1 and 0 were conducted in 0.1 M and 1 M HCl, respectively. Upon 

lowering the pH below 4, the size of SA-PRX 5 increases to 159 nm at pH 3 and further 

increases to 176 nm at pH 2. Upon lowering the pH to 1, the size then decreases to 169 nm 

(Fig. 4a). This trend could be attributed to the change in media used when sodium acetate and 

citric acid were used as the buffers at pH 3 and 2, respectively. As citric acid is a trivalent 

carboxylic acid, it may act as a competitor in intra- and inter-molecular hydrogen bonding 

between the threaded CDs. This would make the self-assembled PRXs more loosely 

associated and hence, form larger particles, as observed in Fig. 4a. Similarly, at pH 1, HCl 
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was used as the buffer. Owing to the concentrations of HCl required, an increase in 

condensation by a large concentration of electrolytes may be attributed to the decrease in size 

displayed in Fig. 4a.  

 

Fourier transform infrared spectroscopy (FTIR) analysis of SA-PRX 5 deposited from 10 mM 

HCl revealed an absence of absorbance at 1560 cm-1 (normally is associated to the carbonyl 

stretch in the carboxylate) and the presence of an absorbance peak at 1730 cm-1 which is 

attributed to the carbonyl stretch found in carboxylic acid groups (Fig. S7†, black line). In 

comparison, when PRX 5 was deposited from basic water (~ pH 8 ± 0.5), a clear absorbance 

from the carbonyl in carboxylate was observed at 1560 cm-1 in the IR spectrum, suggesting 

the self-assembly process was attributed to the neutralisation of the carboxylate groups (Fig. 

S6†, green line).43 This observation, further suggests that self-assembly of PRX 5 occurs via 

the protonation of the carboxylate groups. In MQ water (pH 5.6), while no assembly was 

observed, a peak for both carboxylate species can be observed (Fig. S7†, blue line). These 

observations combined with pH-sweep observations reported in Fig. 4 suggest that a high 

ratio of carboxylic acid is required before nanoparticles can be formed from PRX 5.  

The reversibility of the self-assembly process of PRX 5 to SA-PRX 5 was also explored. 

Briefly, PRX 5 was dissolved in PBS at pH 7.2 and a solution of 0.1 M citric acid was then 

added to reduce the pH to 2. Following this, the sample was dialyzed against PBS to restore 

the pH to 7.2. This process was repeated twice and followed by DLS measurements after 

each pH change (Fig. 5). The particle formation was found to be reversible over at least three 

cycles with a similar scattering intensity between the pH cycles. From these data it can be 

concluded that PRX 5 forms particles reversibly by changing the pH. It should also be noted 

that the DH of SA-PRX 5 did not vary significantly when the concentration of nanoparticles 

increased from 0.1 mg mL-1 (DH 169 nm, Fig. 1) to 1 mg mL-1 (DH 164 nm, Fig. 5 and SI for 
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experimental conditions). These data suggest that the characteristics of the self-assembled 

nanoparticles are stable over a ten-fold dilution. 

To qualitatively evaluate the importance of the mobility of the threaded CDs in PRX 5 on the 

particle formation, PRX 7, a rigid rod-like analogue of PRX 5 was synthesised and 

subsequently functionalised with the same amount of carboxyethylester moieties per CD 

following the same protocol used for PRX 5 (Scheme 1). The maximum threading degree of 

PRXs is dependent on the Mw of the PEG chain.11,21 A higher threading degree can be 

obtained with PRXs that have a PEG of Mw 10 kDa compared with PRXs that have a PEG of 

Mw 20 kDa (such as PRX 5). PRX 7 was, therefore, prepared using PEG with an Mw of 10 

kDa, and was threaded with an average of 65% (74 CDs out of a theoretical maximum of 112 

CDs) (Fig. S3† and S4†). A solution of PRX 7 was diluted with 10 mM HCl, which resulted 

in the formation of micrometer-scale precipitates and rapid sedimentation. This process was 

also observed to be reversible for PRX 7 when the pH was cycled between acidic and basic 

conditions; however, the aggregates showed no specific spatial structuring (Fig. S8†). The 

ratio of CD molecules to PEG chains is of the same order with PRX 5 and PRX 7, but the 

molecular mobility is significantly different. This suggests that a low threading degree, 

resulting in a flexible PRX with mobile CDs, is an important component for the formation of 

particles. It is therefore postulated that upon particle formation the αCDs move along the 

PEG chain, resulting in the formation of distinct blocks; one consisting of packed segregated 

core containing αCDs and a hydrophilic corona consisting of the exposed PEG backbone. 

Similar processes using the mobility of CDs and a low threading degree to induce self-

assembly have also been observed in the literature.12 In this process it is also likely that some 

of the hydrophobic blocking groups are located in the core of the structure and, hence, that 

some PEG chains form loops allowing both blocking groups to be located in the particle 

interior (Scheme 1). It is worth noting that although the PEG in PRX 5 is two times longer 
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than that in PRX 7, studies reported in the literature have shown that for higher PEG 

molecular weights (i.e., > 2000 Da), the CD threading degree has a more significant impact 

on the radius of gyration (Rg) and intermolecular interactions of PRXs than PEG Mw.21,38,44 

This phenomenon is attributed to substantial hydrogen bonding between the hydroxyl groups 

of threaded CDs and stretching of the PEG chain leading to rod-like conformations.21,38,45 

Therefore, for PRXs 5 and 7 the characteristics governing their behaviour in the self-

assembly mechanism is principally attributed to the threading degree. Due to this, PRX 7 can 

be presented as a valid control to assess the effect of CD threading on particle self-assembly. 

 

  

Fig. 5  Size and corresponding scattering intensity of an aqueous dispersion of PRX 5 plotted 

against pH cycling between 2 and 7.2. 

The forgoing observations suggest that the particle formation involves a shift from negatively 

charged CDs repelling each other to CDs that form intra/intermolecular H-bonds when 

lowering the pH. Intermolecular interaction between carboxylic acids and PEG is also a 

possibility46 but access to the PEG chain is sterically limited when compared to the more 

readily accessible CDs. These observations open the possibility of the dynamic formation of 

an outer PEG shell. This is further confirmed by a near neutral zeta-potential measured for 

the particle dispersions at pH 3 and 2 (zeta potential = -5.7 mV and -0.3 mV, respectively) 
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(Fig. S9†). Since PEG is well known to prevent protein interactions,47 the protein interaction 

of the nanoparticles was qualitatively assessed using lysozyme as a model protein. The 

isoelectric point of lysozyme is above the pH of PBS (Ip ~9.4), making lysozyme positively 

charged in PBS or at a lower pH. Therefore, lysozyme is expected to electrostatically 

associate with the carboxylate groups of PRX 5 at pH 7.4 while it is expected that no or 

minimal binding with the self-assembled nanoparticles SA-PRX 5 at low pH (e.g., pH 2). 

DLS measurements showed that the solution of lysozyme contains no aggregates at either pH 

7.4 or pH 2 (Fig. 6). When lysozyme and PRX solutions were mixed in a 1:1 w/w ratio in 

PBS (pH 7.4), the formation of aggregates was observed (Dh = 200 nm, Fig. 6) which is due to 

the PRX carboxylate groups electrostatically interacting with lysozymes. In contrast, when 

the components were mixed from pH 2 solutions, no significant differences with the DLS 

data were obtained between SA-PRX 5 nanoparticles and SA-PRX 5 nanoparticles with 

lysozyme. Additionally, the size and PDI were of the same order as those of a suspension 

containing unassociated PRX 5 nanoparticles. From DLS analysis it is therefore suggested 

that the interaction at pH 2 between the lysozyme and the SA-PRX 5 particles is low, 

resulting in the presence of a majority of unassociated SA-PRX 5 particles. This further 

implies that SA-PRX 5 possesses a hydrated outer shell composed significantly of PEG thus, 

significantly reducing its interaction with proteins.  

The reversibility of the lysozyme PRX 5 association was also studied. DLS measurements of 

a mixture containing lysozyme and PRX 5 were cycled between basic and acidic pH 

conditions. The correlation functions of the DLS measurements were identical between cycle 

1 and 2, strongly suggesting that the lysozyme-PRX 5 association and the formation of PRX 

5 particles is reversible as a function of pH (Fig. S10†). This also shows that the SA-PRX 5 

particles are formed in the presence of lysozyme when the pH is lowered and, hence, that H-
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bond formation between PRX 5 polymers is favoured over H-bonding and/or non-specific 

interactions with lysozyme. 

 

Fig. 6  DLS measurements of a solution of lysozyme, PRX 5 or a mixture of both as function 

of pH. Free lysozyme and PRX 5 were measured at a concentration of 1 mg mL-1. 

 
Aside from pH responsiveness, it should also be noted that CD-PEG based PRXs also show 

temperature responsive behaviour where, upon heating, the threaded CDs are able to slide 

along the PEG main-chain to enhance intra- and inter-molecular hydrogen bonding. The 

generation of CD rich domains has been known to result in hydrogel gelation.27,28,48 

Nevertheless, the modified CDs presented in this study are interacting at lower pH, 

potentially, via H-bonding and it is therefore likely that this H-bonding interaction is 

increased at higher temperatures as is common for structures formed by H-bonding. 

Additionally, due to the presence of carboxylate groups on the threaded CDs, PRXs with 

similar structures to PRX 5 have been shown to observe ionic responsiveness where addition 

of divalent cations, including, Ca2+ resulted in chelation. This property can be used to inhibit 

trypsin activity and in turn enhance penetration through the epithelial cells in the 

gastrointestinal tract.37 While this study aims principally to study, from a fundamental 

perspective, the formation of pH-responsive PRXs to form pH-response particles, the use of 
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PRX 5 and similar systems in acidic conditions (pH 3 to 4) may be beneficial for oral drug 

delivery systems targeting the lumen of the stomach which has a pH of 1-3.8,49 The advantage 

of such a system allows for drugs to be exposed to strong gastric acid and pre-enzymatic 

digestion without polymeric degradation.8,49 This would lead increased systemic exposure. 

Furthermore, owing to remaining unfunctionalised hydroxyl groups of the threaded CDs, core 

stabilisation, targeting agents and or ligands can be easily conjugated onto PRXs. 

Stabilisation of the particles allows the system to undergo further biological testing while, 

conjugation of various functional agents and ligands can lead to increased bio-availability and 

cellular targeting, respectively.22 Aside from biological applications the use of the mobile 

CD-PRX system may also potentially be used for the treatment of acid mine water which 

usually has a pH ranging between 2 to 5.50,51 

 

3. Conclusion 

We have prepared an αCD-PEG PRX, PRX 5, with a low threading degree of 28%, 

resulting in a flexible structure in which the threaded CDs can rotate and move along the PEG 

chain. The threaded CDs were successfully functionalised with carboxylic acid moieties, 

yielding a negatively charged PRX 5 at or above pH 4. PRX 5 forms nanoparticles SA-PRX 

5, which are reversible depending on pH. The driving force for the formation of the 

nanoparticles is likely the intra- and intermolecular H-bonding between carboxylic acid 

moieties and OH groups of the CDs. The dissociation at pH 4 and above is due to repulsion 

between the negatively charged carboxylate moieties on the individual PRXs. The similarly 

functionalised PRX 7, with a higher threading degree of 65% was used as a rigid rod-like 

comparison. The study showed that this structure is not able to form particles at low pH 

indicating that the flexibility and mobility of the threaded CDs is essential in the particle 

formation of CD-based PRXs. Furthermore, the interaction of PRX 5 and its particles with a 
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protein containing several cationic charges (i.e., lysozyme), was investigated and it was 

shown that, while the charged PRX 5 forms complexes with lysozyme, there was no 

observable interaction of the SA-PRX 5 particles with lysozyme according to DLS analysis. 

 

Supporting Information 

Supporting Information containing experimental section, 1H NMR spectra, FTIR data, PRX 7 

as observed by DIC microscopy and study of the reversibility of lysozyme-PRX 5 interaction 

by DLS is available from the Wiley Online Library or from the author. 
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