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ABSTRACT  

In this study, we report a versatile method to assemble tunable poly(ethylene glycol) (PEG)-

based polyrotaxane (PRX) particles and capsules. By threading α-cyclodextrins (αCDs) onto 

PEG chains physically adsorbed onto template particles and subsequently dissolving the 

templates, PRX replica particles and hollow capsules are formed. This approach overcomes 

issues related to CD steric hindrance, and also reduces the multiple processing steps often 

associated with PRX-based particle formation. By simple variation of the molecular weight 

and end-group functionality of the PEG, we show that the rate of particle degradation rate as 

well as the stability of the particles can be tuned. We also demonstrate the loading and release 

of model (drug) compounds, achieving burst and controlled release of the compounds. It is 

envisaged that this approach will provide a flexible platform for the engineering of a diverse 

range of PRX-based particles, enabling PRX materials to be further explored in various 

applications. 
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INTRODUCTION 

Polymer-based particle carriers have received widespread interest due to their ability to 

store and selectively release cargo on demand,1, 2 and have been explored for a range of 

applications, including targeted drug delivery,3, 4 gene therapy5 microreactions,6 sensing,7, 8 

and catalysis.2, 3, 9-12  Significant effort has been directed toward the design and improvement 

of the assembly protocols,8, 13  often with a focus on controlling particle morphology, size, 

composition, and functionality. Commonly used methods include template-assisted13-17 and 

self-assembly18-20 approaches. The template-assisted approach utilizes a sacrificial template 

where polymers can be deposited onto the surface of the template and cross-linked or 

modified in situ or post-deposition. Upon template dissolution, cross-linked particles or 

hollow capsules are obtained. Templating methods allow for a high degree of control over the 

properties of the particles, including size, architecture and polydispersity, and also lend 

themselves to simple isolation and purification procedures.13 

Coating approaches that are used in conjunction with template-assisted assembly 

include layer-by-layer (LbL) assembly,8 (bio-inspired) self-assembly21 and interfacial 

polymerization.15, 22, 23 The LbL approach offers nanometer resolution over the thickness of 

the materials deposited, a wide range of materials selection, and a number of processing 

alternatives, including immersion, spray, microfluidics, electrophoretic and fluidized bed 

technologies, with some of these amenable to automation, which is particularly important for 

industrial applications.24 LbL assembly is a cyclical process, where conventionally, a charged 

material is firstly adsorbed onto a substrate, and after washing steps, a complementary 

charged material is adsorbed on top of the first layer. This typically results in a single bilayer 

with nanometer-scale thickness of the adsorbed bilayer. This deposition process can also be 

repeated until multilayer films of a desired thickness are achieved. Although electrostatic 

interactions remain widely used to facilitate film buildup,25 other molecular interactions 
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including covalent,26 hydrogen bonding27-29 and supramolecular chemistry23, 30 have been 

explored. Specifically, polymeric supramolecular chemistry is a relatively new area of 

significant interest as the interactions are highly specific, yet reversible.31  

Supramolecular chemistry based on inclusion chemistry involves a range of non-

covalent interactions between a ‘host’ (e.g. cyclodextrin) and a ‘guest’ to form higher ordered 

reversible constructs via a self-assembly process.32, 33 Cyclodextrins (CDs) are one of the 

most commonly used hosts due to their wide availability and low toxicity. Owing to their 

hydrophobic interior cavity, CDs are able to form reversible interactions with appropriately 

sized guest molecules and polymers.32, 33 αCD complexation with poly(ethylene glycol) 

(PEG) and its subsequent end-capping to permanently trap the CDs onto the PEG chains 

forms complexes termed polyrotaxanes (PRXs). Such constructs were first discovered by 

Harada and co-workers34-36 and exhibit interesting properties that cannot be easily achieved 

using covalent analogues. Some of these novel features include: (i) rotational and 

translational freedom about the main chain without disassociation; (ii) high tenability, where 

the rigidity of the complex can be controlled by threading degree; and (iii) increased 

multivalent interactions where the threaded CDs can be functionalized with ligands.37, 38 

Owing to these attributes, PEG-based PRXs have been extensively studied for macroscale 

applications.33, 39, 40 The use of PRX-based materials in the form of free floating, nanoscale, 

thin films remains largely unexplored, with only several reports mainly utilizing LbL 

assembly for film formation.41-43 For example, we recently reported the fabrication of 

degradable PRX multilayer films and capsules formed using electrostatic interactions.42, 43 

The threaded CDs were modified with complementary charged groups to provide non-

covalent cross-linking sites for the iterative deposition of the two PRXs.46,47 The formation of 

stabilized capsules required specific conditions, such as a high threading degree, eight 

layering steps, and the pre-synthesis of PRXs.43 These stringent conditions are attributed to 
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the rigidity of the rod-like PRXs, which makes it challenging to form a sufficient number of 

intra-and inter-molecular cross-linking sites, which is essential for film stability. 

With a view to overcoming these limitations, herein we report a simple and tunable 

approach for the formation of template-assisted CD-based PRX particles and capsules. To the 

best of our knowledge, this is the first report of a one-pot, highly tunable method toward the 

formation of hollow capsules and replica particles. In this approach, non-porous and 

mesoporous silica (SiO2) templates are pre-coated with PEG. The adsorbed PEG on the 

surface is essential, as sufficient bonding between the SiO2 surface and PEG is required for 

stability, while free PEG chain ends known as ‘tails’ are the sites for inclusion complexation 

with αCD (Scheme 1, step a). The formed constructs are subsequently suspended in a 

concentrated solution of αCD, which allows for the directed assembly of CDs onto the PEG 

chains, thus forming pseudopolyrotaxanes (PPRXs). Over time, the threaded CDs hydrogen 

bond with each other to create crystalline domains that act as cross-linking sites (Scheme 1, 

step b). Upon template removal, discrete hollow capsules and replica particles are obtained 

(Scheme 1, step c). By changing the αCD concentration, the rate of particle disassembly can 

be tuned. Furthermore, varying the molecular weight and end-groups of the PEG backbone 

also affects the size, degradation rate, and particle swellability. Model drug release studies 

from the particles reveal that the constructs can be further tuned to replicate burst and 

controlled release profiles. Covalent particle stabilization was achieved by forming bridges 

between the end groups of threaded multi-armed PEGs. Due to the simple, yet versatile 

nature of this approach, it is anticipated that new avenues for PPRX and PRX-based materials 

will emerge, especially at the micron-scale, where steric hindrance (i.e., bulky nature of the 

CD molecule hindering accessibility to small molecules) commonly plays a significant 

inhibitory role. 
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Scheme 1. Formation of PPRX particles and capsules by firstly (a) adsorbing PEG of 

different molecular weights or with different end-groups on a SiO2 particle. This is followed 

by (b) suspending the formed construct in a saturated solution of αCD. This directs the 

threading of αCDs onto the adsorbed PEG through the PEG tails. Over time, the threaded 

αCDs hydrogen bond both inter- and intramolecularly. (c) After core dissolution, stable 

replica particles and hollow capsules, stabilized by CD rich crystalline domains are formed. 

(d) Upon lowering the surrounding [αCD], particle disassembly can be achieved. (e) The rate 

of disassembly can also be controlled by using PEGs with various semi-blocking groups. 

EXPERIMENTAL SECTION 

Materials. High-purity Milli-Q (MQ) water with a resistivity greater than 18 MΩ⋅cm was 

obtained from an in-line Millipore RiOs/Origin water purification system. The pH of 

solutions was measured with a Mettler-Toledo MP220 pH meter. αCD was obtained from 
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Kanto Chemical Co. (Japan). Doxorubicin hydrochloride, PEG (Mw: 1.1, 3.35, 6, 10, 20 and 

100 g mol−1), 2-methoxyphenol, 2,5-dimethylphenol, 2-ethylphenol, 2-propylphenol, 2-

isopropylphenol, phosphate buffered saline (PBS) tablets, sodium acetate, rhodamine B 

octadecyl ester perchlorate (RhD-C), p-toluene sulfonyl chloride (TsCl), dimethyl sulfoxide 

(DMSO), dichloromethane (DCM), acetone, diethyl ether (DEE), deuterium oxide, deuterated 

DMSO (DMSO-d6), deuterated chloroform (CDCl3), glutaraldehyde, sodium borohydride, 

hydrofluoric acid (HF), ammonium fluoride (NH4F), and Triton-X were obtained from 

Sigma-Aldrich (Australia). Amine-terminated 4-arm and 8-arm PEG (Mw 40 and 10 g mol−1, 

respectively) were obtained from JenKem Technology, USA. All chemicals were used as 

received. Silica particles were obtained from Microparticles GmbH (Germany). Mesoporous 

silica particles (MPSP), and Separon SGX 200 and 500, were purchased from Tessek Ltd 

(Czech Republic).  

Replica Particle Formation. 2 mg mL−1 MSPSs (average diameter 5μm, pore size ~50 

nm) in MQ water was mixed with a solution of 2 mg mL−1 PEG in MQ water at a 1:1 volume 

ratio. The suspension was sonicated for 15 min then shaken for 12 h on a rotary tube mixer. 

The particles were isolated by centrifugation (500-3000 g, 1 min), the supernatant was then 

replaced by a solution of 100 mg mL−1 of αCD in MQ water. After 12 h shaking on a rotary 

tube mixer, the suspension was mixed with 5 M HF in 50 mg mL-1 αCD at a 1:1 volume ratio 

to remove the SiO2 template. The sample was then washed three times with MQ water in the 

presence of 50 mg mL-1 αCD.  

Capsule Formation. 5 mg mL−1 SiO2 particles (average diameter 5μm) was mixed at a 1:1 

volume ratio with a solution of 2 mg mL−1 PEG in MQ water. The suspension was sonicated 

for 15 min then shaken for 12 h on a rotary tube mixer. The particles were isolated by 

centrifugation (3000 g, 1 min) and the supernatant was then replaced by a solution of 100 mg 

mL−1 of αCD in MQ water. After shaking the suspension for 7 d on a rotary tube mixer, the 
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suspension was mixed at a 1:1 volume ratio with a solution of 5 M HF in 50 mg mL-1 αCD to 

remove the SiO2 template. The sample was then washed three times with MQ water in the 

presence of 50 mg mL-1 αCD. 

αCD Concentration Dependent Degradation Assay. A suspension of replica particles 

(RPs) formed using MSPSs (average diameter 5 µm, 50 nm pore size) with bis-OH2 

terminated PEG (Mw 3.35 kDa), was used for the concentration dependent degradation assay. 

UV-Vis spectroscopy was used to measure the degradation rates of the RPs. Degradation was 

achieved by diluting the suspension with PBS containing varying amounts of αCD in order to 

obtain the desired αCD concentration and an initial (t0) absorbance value of ~0.25. During the 

experiment, the samples were shaken at 1600 rpm on a thermomixer at 37 °C. A series of 3 

samples were prepared for each concentration and measured using a NanoDrop 3300 

instrument at 500 nm at given time points. Data points plotted are the average of three 

individual experiments. 

Semi-Blocked PEG RP Formation and Degradation. 2 mg mL−1 MSPSs (diameter 5μm, 

pore size ~50 nm) in MQ water was mixed with a solution of 2 mg mL−1 PEG functionalized 

with semi blocking groups in MQ water at a 1:1 volume ratio. The suspension was then 

sonicated for 15 min and shaken on a rotary tube mixer for 12 h. The particles were isolated 

by centrifugation (700 g, 1 min) and the supernatant was replaced by a solution of 140 mg 

mL−1 αCD in MQ water ( [αCD] = 210 mg mL−1 when R4 was used). After shaking the 

suspension on a rotary tube mixer for more than 2 weeks, the suspension was mixed at a 1:1 

volume ratio with a solution of 5 M HF to remove the SiO2 template. The sample was then 

washed three times with PBS in the presence of 50 mg mL-1 αCD. Degradation was 

monitored using a Nano ZS model ZEN3600 instrument. From stock solutions containing a 

concentrated suspension of RPs, a suspension was prepared by dilution with a solution of 50 

mg mL-1 αCD in PBS in order to obtain a scattering signal of ca. 25 000 kilo counts per 
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seconds (kCPS, taken as t0). The same quantity used for this dilution was then added to PBS 

containing varying amount of αCDs in order to obtain a maximum, fixed, final concentration 

of αCD of 2.5 mg mL−1. The scattering intensity was then averaged and reported every 20 s. 

Every 10 min, the sample was mixed by pipetting to avoid sedimentation. A moving average 

over 5 points was applied to limit overlap between the curves for the data reported using 

semi-blocking groups R3, R4, and R5. 

Cargo loading and release from Replica Particles. MSPSs (3 mg, diameter = 5μm, pore 

size ~20 nm) was suspended 0.4 mL of an aqueous solution of PEG R1 (1 mg mL-1, 3.35 

kDa). The suspension was sonicated for 15 min and subsequently agitated for 12 h on a rotary 

tube mixer. PPRX formation and drug loading when then conducted. The particles was firstly 

isolated by centrifugation (3000 g, 1 min) and the supernatant was replaced with, (i) 0.4 mL 

of a saturated aqueous solution of αCD (100 mg mL-1), and (ii) 1.6 μL of a solution of 

doxorubicin (DOX, 100 mg mL−1 in DMSO), or a solution of Rhodamine-C (RhD-C, 10 mg 

mL−1 in DMSO). For the release experiments, the suspension was shaken for a further (2 days 

(DOX) and 2 weeks (RhD-C), respectively) on a rotary tube mixer and core dissolution was 

achieved by mixing the suspension in a 1:1 volume ratio with a solution containing 5 M HF 

and 13.3 M NH4F at a 1:2 volume ratio. The suspension was subsequently washed 9 times 

(centrifuge condition: 700 g, 1 min) with PBS in the presence of αCD (50 mg mL-1). For 

DOX cargo release tests, 25 μL the DOX loaded replica particle suspension was diluted with 

1.475 ml of PBS and shaken at 1600 rpm in a thermomixer at 37 °C. At various time points, 

the solution was centrifuged (3000 g, 2 min) and 100 μL of the supernatant was mixed with 

100 μL of a solution of 0.1 M sodium acetate at pH 4 (to avoid self- quenching of 

doxorubicin). For Rhd-C cargo release tests, 45 μL the DOX loaded replica particle 

suspension was diluted with 1.855 ml of PBS and shaken at 1600 rpm in a thermomixer at 37 

°C. At various time points, the solution was centrifuged (1700 g, 2 min) and 100 μL of the 
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supernatant was mixed with 50 μL of 0.1 M sodium acetate and 50 μL of Triton-X, to avoid 

quenching of the alkyl modified RhD-C by micellization. The data points plotted are the 

average of three individual experiments. Normalized values were obtained by comparing to 

T0 values. T0 value was achieved by mixing 100 μL of the original suspension (prior to 

centrifugation) with 100 μL of sodium acetate (0.1 M) (and 50  μL of Triton-X for Rhd-C 

release)  followed by sonication for 2 min. 

Formation of Cross-Linked Particles from Amine Terminated 4- and 8-Arm PEGs. 

The RPs containing multi-armed PEGs were formed in a similar way as for the RPs described 

above, but prior to template removal a cross-linking step was added. Amine terminated 8-arm 

PEGs (500 μL, Mw 10 kg mol−1, 2 mg mL−1) or 4-arm PEGs (500 μL, Mw 40 kg mol−1, 2 mg 

mL−1) were adsorbed for 12 h on MSPSs (1 mg, diameter 5μm, pore size ~50 nm). The 

particles were isolated by centrifugation (3000 g, 1 min) and then the supernatant was 

replaced by 2 mL of 100 mg mL−1 of αCD in MQ water. After 12 h, glutaraldehyde was 

added to a final concentration of 0.2 mg mL−1 for 8 h in phosphoric acid solution (pH 8, 50 

mM) with final concentrations of αCD of 50 and 12.5 mg mL-1 respectively. The particles 

were isolated by centrifugation and the supernatant replaced with a solution of sodium 

borohydride (2 mg) in MQ water (2 mL). After 6 h, the particles were washed three times 

with MQ water (centrifuge condition: 3000 g, 1 min) and the template was removed with HF 

as previously described. Reversible swelling and shrinkage was monitored by dropping a 

solution containing the RPs on a slide followed by sequential mixing of the droplet with 

solutions of 1 M NaOH or 2 M HCl. 

UV-Vis Monitoring of the Formation and Degradation of PPRX from Semi-Blocked 

PEGs and αCD. The PPRX were formed by mixing 190 μL of a solution of 110 mg mL−1 

αCD with 10 μL of a solution of 200 mg mL−1 PEG. The absorbance was recorded at 500 nm 

on a Cary 50 microplate reader (Varian, CA). For degradation, the resulting PPRX solutions 
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were decanted, freeze-dried, and 7 mg of PPRX powder was redissolved in 0.2 mL of MQ 

water. The absorbance was measured at 500 nm. 

Nuclear Magnetic Resonance (NMR). NMR spectra were recorded using a 400 MHz 

Varian INOVA system at 25 °C. Spectra were referenced to residual proton resonances of the 

deuterated solvent. Proton chemical shift values (δH) are reported as parts per million (ppm) 

downfield from the signal originating from TMS (tetramethylsilane), referenced to residual 

protons in the deuterated solvents. 

Powder X-ray Diffraction. 100 mg of MSPSs (diameter 5 μm, pore size ~50 nm) were 

used as templates and the resulting particles (post template removal) were obtained by using a 

spin column with a membrane of 100 kDa cut-off. The slurry obtained was freeze-dried and 

used for X-ray diffraction analysis. The radiation source used was Ni-filtered, Cu-Kα. The 

voltage was set to 40 kV and the current to 40 mA. Samples were mounted on a sample 

holder and scanned from 5° to 60° in 2θ at a rate of 5 min-1 with 0.04 degree per step with a 

LynxEye linear position sensitive detector with 2.94° coverage in 2θ. This was recorded on a 

Bruker D8 Advance fitted with a robotic sample changer.  

Scanning Electron Microscopy (SEM). Images were recorded on an FEI Quanta 200 field 

emission scanning electron microscope operated at an accelerating voltage of 10 kV. Samples 

were prepared on silicon slides. The slides were cleaned by exposure to piranha solution 

(70:30 v/v sulfuric acid/hydrogen peroxide), washed with MQ water and ethanol and dried 

with nitrogen gas. (Caution! Piranha solution is highly corrosive. Extreme care should be 

taken when handling piranha solution and only small quantities should be prepared.). 

Following this, 2 μL of a concentrated suspension of RPs in 50 mg mL-1 αCD were spotted 

and immediately blotted and then left to air-dry. A thin layer of gold (~ 5 nm) was deposited 

on the sample by sputter-coating. 
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RESULTS AND DISCUSSION 

Formation and Characterization of PPRX Replica Particles and Hollow Capsules. 

Fabrication of the PPRX replica particles or capsules begins with adsorption of di-hydroxy 

PEG (Mw = 3-20 kDa, 2 mg mL-1 in MQ water) onto mesoporous (5 µm, pore size 50 nm, 2 

mg mL-1) or non-porous (5 µm, 5 mg mL-1) SiO2 particles (1:1 vol/vol) in MQ (pH 5.8) 

(Scheme 1, step a). Thermal gravimetric analysis (TGA) of the PEG-loaded templates 

revealed that by mass, ca. 16% and 3% consisted of PEG physically adsorbed onto the 

mesoporous and non-porous SiO2 templates, respectively (Supporting Information, Figure 

S1). The physical adsorption of PEG onto a surface can be described by the loop-train-tail 

model where: the trains consist of segments in direct contact with the surface; the loops have 

no direct contact with the surface but are in close proximity; and the tails are the non-

adsorbed chain ends.44 Thus, when the SiO2 particles are resuspended into a concentrated 

αCD solution (100 mg mL-1), the αCDs are able to thread onto the adsorbed PEG chains via 

the PEG tails (Scheme 1, step b). The inclusion of αCD onto PEG physically absorbed on 

SiO2 particles has been previously used to create bulk hydrogels.44, 45 These studies 

suggested, when the PEG Mw is low (≤ 2 kDa), complete desorption of the PEG chains from 

the SiO2 templates occurs.44 This is attributed to complete inclusion of CD resulting in 

crystalline adducts, and suggests that the forces driving complexation are higher than the 

interaction of PEG with the SiO2 surface. However, when PEG Mw increases (6 kDa), 

physical gelation occurs where there is a balance between (i) PEG chains remaining 

physically adsorbed onto the colloidal particles, and (ii) there is sufficient CD threading, and 

hence hydrogen bonding within and between PEG chains.44 Also, studies revealed when 

[αCD]/[PEG] ≥5, gelation occurs. Whereas when this ratio is ≤ 5, but ≤ 2, soluble solutions 

are achieved.44 It should be noted, in these studies,44 non-porous SiO2 templates have 

significantly smaller diameters (i.e., 12 nm) than the templates we utilize in this study (i.e., 5 
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µm). Thus, major differences in template surface areas should be kept in mind when 

comparing this study and those in literature. Nevertheless, to prevent complete desorption or 

physical gel formation, PEG with Mw of 3.35 kDa was predominately used, while a [αCD] ≥ 

100 mg mL-1 was used throughout this study. At this condition, a high degree of αCD 

threading (> 90%, 34 αCDs per PEG, Supporting Information, Figure S2) was achieved on 

the surface-adsorbed PEGs while avoiding desorption. After constantly agitating this 

suspension, discrete surface-confined PPRX particles were obtained. This is attributed to 

hydrogen bonding between the threaded αCDs resulting in crystalline αCD bundled domains. 

XRD analysis confirmed these conformational changes, where reflection lines at 2θ = 19.9 

appeared in all cases when CD and PEG were present (Supporting Information, Figure S3). 

This characteristic peak is attributed to the formation of CD channel structures via CD/PEG 

inclusion complexation.46  When the inorganic supporting substrates were dissolved with 

hydrofluoric acid (HF) in [αCD] is 50 mg mL-1, stable replica particles (ca. 4.7 µm ± 0.5) and 

hollow capsules (ca. 5.5 µm ± 0.4) were observed in the presence of αCD, as confirmed 

through differential interference microscopy (DIC) and scanning electron microscopy (SEM) 

(Figure 1a,c and Figure 1b,d, respectively). The capsule thickness was observed to be ca. 50 

nm via SEM (Figure 2d). Interestingly, the stable particles did not undergo any shrinkage or 

swelling, thus suggesting that the αCD/PEG complexes form a rigid architecture. This is 

contrary to pure PEG particles, which are generally soft and highly deformable upon template 

removal.47 SEM images of the replica particles revealed a rougher topology than the hollow 

capsules (Figure 1c and d, respectively). This may be due to the longer complexation time 

allowed between αCD and PEG for capsules (7 d and 12 h for capsules and replica particles, 

respectively). It is noted that a longer αCD threading time for the capsules was necessary to 

avoid fragmentation of the capsules upon dissolution of the template. This further suggests 

that a high threading degree coupled with a more packed arrangement of PPRXs is required 
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to obtain stable, hollow spherical films. The fabrication of smaller particles (≤ 300 nm) has 

not been explored in this study. However, it is believed fine tuning the method would be 

required as a relatively high thickness (Figure 1) is required to maintain stability. 

 

Figure 1. DIC images of (a) replica particles and (b) hollow capsules. Scale bars are 10 µm. 

SEM images of (c) replica particles and (d) and hollow capsules with higher magnification 

insets showing particles roughness and capsule thickness, respectively. Scale bars are 20 µm. 

Note, linear di-hydroxyl PEG of MW 3.35 kDa was used in both instances. 

 

(i) We initially explored the effect of varying the Mw of linear di-hydroxyl PEG (i.e., 1.10, 

3.35, 6, 10 and 100 kDa) in terms of particle and capsule formation. Stable hollow capsules 

with approximately the same size could be fabricated using Mw of 3.35, 6 and 10 kDa (SI, 

Figure S4a-c). However, when 100 kDa PEG was used, after 12 h of incubation, only debris 

could be observed after core dissolution. This result is most likely due to a decrease in 

complex formation and is mostly likely attributed to: (i) an increase in “train” segments 

where PEG chains are in direct contact with the SiO2 surface, and thus cannot be easily 
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disrupted; and (ii) a decrease in the surface density of PEG tails, which is necessary for αCD 

threading. When 1.10 kDa PEG was used hollow capsules could not be formed. This result is 

attributed to the low Mw of PEG, which results in a significantly smaller number of trains and 

a high threading degree of αCD, further promoting displacement of the adsorbed PEG. This is 

further supported by the fact that replica particles formed from 1.10 kDa PEG did not retain 

the spherical shape of the template and formed self-collapsed structures (Supporting 

Information, Figure S5). Stable replica particles could be formed from PEG with Mw ranging 

from 3.35-100 kDa (data not shown for PEGs with Mw 6 and 100 kDa). For particles prepared 

using 3.35 kDa PEG, the hydrodynamic thickness and adsorbed mass density on SiO2 can be 

extrapolated from the literature to be ca. 1.28 nm and ~0.23 mg m−2, respectively.48 The 

adsorbed thickness is close to the Stokes radius (Rh) of this specific PEG chain (~1.9 nm).49 

However, for PEGs larger than 3.35 kDa, the discrepancy between Rh of the PEG and the 

adsorbed thickness increases. This further highlights that the larger Mw PEG chains are more 

spread over the surface with a smaller “tail” density over which the αCDs can thread.49 

Furthermore, when the 3.35 kDa PEG adsorption time was decreased to 15 min (as opposed 

to 12 h), the resulting capsules were destabilized upon template removal, forming shell debris 

(Supporting Information, Figure S6). At this PEG Mw, adsorption reaches near saturation 

within 4 min; however, over longer time scales it is suggested that the adsorbed chains 

undergo conformational transitions. Thus, this result that is also in accordance with other 

reports,44, 45 suggesting: (i) an optimal range of PEG Mw is required to allow for sufficient and 

stable PEG adsorption (does not completely desorb from the surface when αCDs are added); 

and (ii) longer adsorption times are necessary to allow the adsorbed PEG chains to undergo 

conformational changes required for a more stable configuration, preventing desorption of the 

PEG chain upon αCD threading and core dissolution. Additionally stable hollow capsules 

were not produced when 100 kDa PEG was used. This is likely because the overall PEG “tail” 
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density reduces as Mw increases, and importantly, the overall surface coverage available for 

non-porous templates is substantially lower than mesoporous templates, thus the effective 

amount of cross-linking/stabilization sites is reduced. 

Disassembly of the PPRX Particles. As the PPRX particles are not covalently stabilized by 

bulky end groups or covalent bridges, disassembly of the particles can be achieved by 

diluting the [αCD] in the supernatant. PPRX formation and disassembly kinetics are 

dependent on [αCDs] in bulk, with the rate of threading/de-threading being proportional to 

[αCD].35 Hence, we investigated PPRX particle degradation as a function of [αCD]. 

Individual solutions of αCD and PEG are clear, even at high concentrations. However, upon 

mixing the two solutions (where the [αCD] ≥ 44 mg mL), turbidity occurs due to 

crystallization of the inclusion complexes.50, 51 Therefore, disassembly of the PPRX particles 

was monitored by measuring the non-specific absorbance at 500 nm by optical microscopy. A 

decrease in absorbance was observed when the [αCD] was 10 mg mL-1 and 5 mg mL-1. 

Noteworthy, this decrease in value stabilized after 10 min and no significant decrease in the 

absorbance was observed over longer times (Figure 2). Furthermore, intact discrete particles 

could still be observed in the DIC images, although the particles seemed rougher than those 

with a surrounding [αCD] of 50 mg mL-1 (Figure 2, insert). This may suggest that at [αCD] = 

10 or 5 mg mL-1, partial de-threading occurs via the release of some αCDs from the particles 

to the bulk. Near complete particle degradation was observed at substantially lower αCD 

concentrations (≤1 mg mL-1), as confirmed by an almost zero absorbance as well as optical 

microscopy (Figure 2, insert). Noteworthy, the particles are stable in the presence of high 

[αCD] of 50 mg mL-1, thus it is expected dissociation of PPRXs from the particles is 

minimal. Nevertheless, as the αCDs are excluded from individual PPRXs during degradation 

(lowering [αCD]) it is likely that there is a minimum threshold where individual PPRXs with 

a low threading degree are dissociated due to highly reduced H-bonding potential. 
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Figure 2. [αCD]-dependent degradation of replica particles formed from PEG of MW 3.35 

kDa, as measured by (a) UV-vis spectroscopy at 500 nm. (b) DIC images of the replica 

particles at 30 min. Scale bars are all 10 µm. 

 

To reduce the rate of CD dethreading, a semi-blocking strategy can be utilized, where 

bulky end groups with varying molecular dimensions can be covalently attached to the ends 

of the PEG chain.52, 53 This concept has been shown for βCD/PEG complexes where PEG 

chain ends were coupled with bulky end groups of varying size.54 The solid state cavity 

diameter of αCD is 0.57 nm;55 therefore by functionalizing PEG ends with bulky groups only 

slightly larger than the cavity of αCD, the rate of PPRX particle formation and degradation 

can be controlled. To explore this, a set of PEGs functionalized with different semi-blocking 

groups were synthesized (See Supporting Information for synthetic protocol) and preliminary 

studies on PPRXs formation and degradation kinetics were carried out in the absence of SiO2 

templates. It should be noted, although end-group substitution with bulky end groups was 40-

98%, CD inclusion complexation with R1 (homo bifunctional hydroxyl PEG) occurs via both 
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ends. Thus, the rate of CD complexation through the R2-R7 (PEG with substituted ends) will 

be reduced, thereby affecting particle formation and disassembly behavior. Briefly, PPRX 

formation was achieved by mixing a 0.14 M solution of αCD with a 0.6 µM solution of semi-

blocked PEGs (R1-R7, MW PEG = 3.35 kDa). For the degradation kinetics, the formed PPRXs 

were freeze dried, and subsequently rehydrated in MQ water (2 mL). Both formation and 

degradation kinetics were monitored by measuring the solution absorbance at 500 nm over 50 

min. It is noted that linear di-hydroxy PEG (R1) is one of the most commonly used PEGs for 

αCD inclusion, and was used in the first part of this study. It was found that αCD was able to 

thread onto R1-R7, and importantly, the degradation rate could be tuned (Supporting 

Information, Figure S7). It should also be noted that the formation of PPRX with R4 was not 

monitored by UV-vis spectroscopy, as a supersaturated solution ([αCD] = ca. 210 mg mL-1) 

was required for observable absorbance values; therefore results could not be compared with 

the other semi-blocking groups. R1-R5 was chosen for further studies, as they represent a 

diverse range of degradation rates. 

Formation of PPRX replica particles using semi-blocked PEGs (R2-R5) with 

mesoporous SiO2 templates took a considerably longer time when compared with di-hydroxy 

PEG, R1 (> 2 weeks as opposed to 12 h, respectively). The formed replicas all mirrored the 

template particles in size and shape (Figure 3a-c). When DMSO was added, instant 

degradation of the replicas occurred, resulting in clear solutions. This confirms the complete 

removal of the template and the reversible nature of PPRXs. XRD analysis further confirmed 

that for all of the particles, characteristic channel-type crystalline structures associated with 

PEG/αCD assembly at 2θ = 11.5 and 19.7 were observed, which is in agreement with 

literature.56 It was also noted that a lower yield of PPRX particles was obtained. Differences 

in yield may be attributed to the lower final threading degree due to a high energy barrier 

when using semi-blocked PEGs. Interestingly, this did not affect the replica particle size and 
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thus suggests that complete threading is not required to obtain stable replica particles with 

good morphology (Figure 3a and b, respectively). The degradation profile of the formed 

PPRX particles using R1-R5 was also monitored by an adapted turbidity method monitoring 

light scattering intensity,57 where a decrease in intensity translates to the presence of less 

PPRXs particles in bulk. For the degradation curves to be comparable, a final [αCD] of ~2.5 

mg mL−1 was chosen as well as an appropriate content in particles to obtain similar initial 

light scattering intensities, t0. Significant differences in degradation kinetics were observed 

depending on the semi-blocking group, with a decreasing degradation speed following the 

order R1>R2>R5>R3>R4 (Figure 3c). Half intensity was reached after 3 h for particles formed 

using R4 functionalized semi-blockers while degradation only took a few seconds using R1 or 

R2 (Figure 3c). Noteworthy, the decay for PEG R4 (Figure 3c) continued for several hours 

following the time frame reported herein (data not shown). The slowed degradation is 

possibly the result of an equilibrium slowly reached from the αCDs excluded from the 

particles upon degradation. These results highlight the advantage of this approach to engineer 

the PPRX particles with tunable degradation kinetics. 
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Figure 3. DIC images of replica particles obtained from semi-blocked PEGs using (a) R2 and 

(b) R3 after core dissolution. (c) Graphical representation of the semi-blocked PEGs (R1-R5) 

used to form transiently stabilized RPs and their corresponding degradation profile, as 

monitored by scattering intensity. Scale bars are 10 µm. Note x corresponds to the % end 

group substitution.  

 

Covalent Stabilization of PPRX Particles. To demonstrate the versatility of our method, 

covalent stabilization on the PPRX particles was also conducted. In this process, particles 

were formed using the same strategy described in Scheme 1 with amine end-terminated 

multi-arm PEG instead of linear PEG. Specifically, 4- and 8-arm PEGs of Mw 40 and 10 kDa 

respectively, were used. The presence of amine end-groups allows for the cross-linking of the 

PPRX particles with glutaraldehyde (Scheme 2). The particles were found to be stable in the 

absence of αCD after template removal and/or after addition of DMSO, thus suggesting 

successful stabilization of the particles via covalent bridges.  
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Scheme 2. Formation of covalently cross-linked PRX particles by (a) first adsorbing 4- or 8-

arm PEG amine onto mesoporous SiO2 templates followed by (b) suspending the formed 

construct in a saturated solution of αCDs for 12h. (c) Covalent stabilization is achieved via 

the addition of glutaraldehyde, resulting in covalent bridges between the PEG chain ends. (d) 

After core dissolution, replica particles, stabilized by covalent bridges and CD rich crystalline 

domains, are formed. (e) Upon application of DMSO or MQ water in the absence of αCD, 

disassembly was prevented, thus confirming successful covalent stabilization. 

 

No substantial particle swelling was observed in pure MQ water for both 4- and 8-arm 

PEGs (Figure 4a and 4c, respectively). This suggests inclusion of αCD remained intact during 

the cross-linking procedure, because particles composed solely of multi-armed PEGs using 

the same template swelled considerably after template removal.47 However, a slightly smaller 

size of the particles compared to the templates (5 µm) in the case of 4-arm PEG was observed. 
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This could be due to the presence of both covalent crosslinks and hydrophobic αCD 

mesocrystalline domains bundling together, making the particles shrink after template 

removal. Similar trends have also previously been observed for PEG/αCD hydrogels.58 The 

inclusion of αCD can be also confirmed by the pH responsive behavior of the particles; 

primary –OH groups of the threaded αCD are deprotonated at higher pH, leading to a swelled 

PRX structure when compared with the neutral pH of 5.8 (Figure 4). Interestingly, after the 

first cycle of swelling/shrinkage, the size observed on shrinkage is higher than the initial size 

and is still stable on the following cycles (Supporting Information, Figure S8). This is likely 

to be attributed to CD rich pockets being released and reverting to a more suitable 

conformation upon shrinkage. Particles formed using 8-arm PEG of Mw 10 kDa (1.3 kDa per 

arm) are expected to have a much higher threading degree of αCD than particles formed 

using 4-arm PEG of Mw 40 kDa (10 kDa per arm) because larger PEGs generally lead to a 

lower threading degree for linear PRXs.35 Therefore, due to swelling, larger particle sizes can 

be expected (and were observed) when using the higher Mw multi-arm PEG (Figure 4c,d 

versus 4a,b, respectively). A lower final amount of αCD in the particles would result in a 

more hydrated PEG-like matrix, leading to a more swollen structure. This study thus shows 

that by careful selection of PEG, end group functionality, and Mw, covalent stabilization and 

particle swellability can be easily tuned.  
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Figure 4. DIC images of covalently stabilized particles using 8-arm PEG of MW 10 kDa at (a) 

pH 5.8 and (b) pH 13, and using 4 arm PEG of MW 40 kDa at (c) pH 5.8 and (d) pH 13. Scale 

bars are 5 μm. 

 

Loading and Release of Model Compounds from PPRX Particles. To further explore the 

application of these materials, fluorescent drugs were chosen as model compounds to 

qualitatively assess loading and release of small molecules from PPRX particles using PEG 

R1. Briefly, doxorubicin (DOX) (100 mg mL-1 in DMSO) or an alkyl-modified Rhodamine 

(RhD-C) (10 mg mL-1 in DMSO) were loaded into PPRX replica particles while suspended in 

a 0.1 M solution of αCD. It should be noted that a large excess of dye was used in the 

preparation of the particles to ensure significant loading. Additionally, for both DOX and 

RhD-C, a significant proportion of the cargo was released upon template removal and during 

the following washing steps. Successful loading of RhD-C and DOX could be achieved, as 

observed by fluorescence microscopy (Figure 5, insert), and from T0 signals after complete 
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degradation of the particles (1.85 x 106 fluorescence unit (FU) for RhD-C and 0.325 x 106 

(FU) for DOX, respectively). The release of DOX was observed even when the particles were 

not degraded (Figure 5a, triangles). Upon particle degradation (decrease in [αCD]), a 

significant release of DOX was further observed (ca. 60% more, Figure 5a, triangles versus 

crosses). The non-specific release of DOX is attributed to poor entrapment within the PPRX 

matrix. We note that the degradation of the PPRX RPs was significantly retarded by the 

presence of DOX (i.e., several hours, Figure 5a), as at equal [αCD], PPRXs particles 

degraded in several seconds (Figure 3). This is likely due to DOX dissolution limits at the pH 

of PBS (pH 7.4). Thus, in this given scale, even if αCD dethreading is fast, it is prevented by 

hydrophobic pockets of, slowly dissolving, DOX. Similar release profiles of physically 

adsorbed DOX were also observed when using other capsule materials but to a lesser 

extent.59 In contrast, no release of RhD-C from PPRX particles was observed when the 

loaded particles were not degraded (Figure 5b, circles). Also, when release was initiated by 

particle degradation, the retardation of degradation was not as pronounced as with DOX 

(Figure 5b, triangles versus Figure 5a, triangles, respectively). These results suggest that the 

cargo has a significant impact on the degradation kinetics. Furthermore, the cargo release 

kinetics can be controlled by utilizing semi-blocked PEGs. The use of PEG R3 slowed the 

release kinetics of RhD-C when compared with di-hydroxy PEGs (Figure 5b). Additionally, 

when PPRX particles were assembled using PEG R4 and loaded with RhD-C, no degradation 

or release was observed over the first few hours after substantially lowering the [αCD] 

(Supporting Information, Figure S9). Overall, PPRX particles showed more controlled 

release profiles of RhD-C. This could be due to the better integration of RhD-C into the 

particle matrix, thus reducing the extent of non-specific release. These qualitative results 

suggest that these particles may be used for the sequestration and subsequent release of cargo 

can be tailored. Loading and release studies are used as a proof-of-concept showing the 
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formed particles can encapsulate and release cargo, hence loading capacities and efficiencies 

were not evaluated. 

 

Figure 5. Release and retention profiles of (a) DOX-loaded particles at low and high [αCD] 

and of (b) RhD-C loaded particles at low and high concentrations of αCDs in solution when 

PEG R1 or R3 are used. Inserts are fluorescence microscopy images of the cargo-loaded 

replica particles. Scale bars are 5 and 10 μm, respectively. 

 

CONCLUSIONS 
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In this study, a facile, one-pot methodology, utilizing template assembly and CD host-guest 

chemistry, was developed to form PPRX particles and capsules. Using this method, the steric 

hindrance of CDs and PRXs, which typically limit their use in the microscopic domain, can 

be overcome, resulting in PPRX materials with highly tunable characteristics. In this process, 

PEG is initially pre-adsorbed onto a silicon oxide surface and the construct is subsequently 

suspended in a concentrated αCD in solution. This drives CDs complexation with the 

physically absorbed PEG chains through the exposed tails. Upon continuous agitation, 

crystalline domains attributed to CD hydrogen-bonding are formed resulting in stable, 

homogenous, PPRX particles and capsules. By simply changing the end group functionality 

of the PEG chains or the PEG Mw, the rate of particle formation and degradation could be 

finely tuned. In tailoring these factors, control over cargo release profiles could be achieved, 

as shown using various model drugs. Furthermore, covalent stabilization of the particles was 

also shown to be easily achievable by the addition of small cross-linking molecules. This 

resulted in permanent bridges between individual PPRXs, thus creating PRX particles. The 

reported methodology provides a simple and versatile platform to generate PPRX nanoscale 

materials with high tunability, which to our knowledge, cannot be easily achieved using 

current conventional systems, where pre-synthesis and various isolation and purification steps 

are necessary. Structurally, PPRX-based materials allow for increased tunability, which 

cannot be easily achieved by their covalent counterparts. For example, the rigidity of PPRX-

based materials which were shown to affect degradability and cargo release can be controlled 

by simply altering the CD threading degree, judicious selection of bulky end-groups, or by 

tuning the cross-linking degree. On the contrary, for completely covalent analogues, tuning 

the cross-linking degree is considered the main avenue towards altering particle or capsule 

permeability, aside from material selection, which can also be applied in PPRX systems. Due 

to these advantages and the results presented in this study, it is anticipated that this new 
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technique will open new avenues for PPRXs and PRXs-based technologies, where often 

steric hindrance of the CDs plays a great inhibitory role.  
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A method to assemble poly(ethylene glycol) (PEG)-based polyrotaxane (PRX) particles and 

capsules is reported. This is achieved by pre-absorbing PEG chains onto the template surface. 
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Subsequently, αCDs are threaded onto the PEG chains, allowing the formation of 

pseudopolyrotaxane particles stabilized by αCD crystalline domains. The particle degradation 

rate, stability and cargo release can be tuned by simply varying the PEG Mw and end-

functionality or by the addition of small molecule cross-linkers.  
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