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Graphical Abstract 

 

 

Abstract  

A library of composite polymer networks (CPNs) were formed by combining Pluronic 

F127, as the primary gelator, with a range of di-acrylate functionalised PEG polymers, which 

tune the rheological properties and provide UV crosslinkability. A coarse-grained sol-gel room 

temperature phase diagram was constructed for the CPN library, which identifies PEG-

dependent disruption of micelles as leading to liquefication. Small angle X-ray scattering and 

rheological measurements provide detailed insight into; (i) micelle-micelle ordering; (ii) 

micelle-micelle disruption, and; (iii) acrylate-micelle disruption; with contributions that 

depend on composition, including weak PEG chain length and end group effects. The influence 

of composition on 3D extrusion printability through modulation of the cohesive/hydrophobic 

interactions was assessed. It was found that only micelle content provides consistent changes 

in printing fidelity, controlled largely by printing conditions (pressure and feed rate).  Finally, 

the hydrogels were shown to be UV photo-crosslinkable, which further improves fidelity and 

structural integrity, and usefully reduces the mesh size. Our results provide a guide for design 

of 3D-printable CPN inks for future biomedical applications.    

 

Keywords: Composite polymer networks; structure-dynamics relationships; 

polyethylene(glycol); Pluronic F127 (PF127); 3D extrusion-based printing. 
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Introduction  

Fabricating complex bio-mimetic cell supports for tissue engineering (TE), that 

recapitulate the native environment, requires development of bio-compatible matrices that have 

good rheological properties (for fabrication/structuring),[1-3] tuneable stiffness (to influence 

cell fate/lineage),[4, 5] and which can be solidified (and so remain intact for extended periods 

in complex aqueous environments)[6] while having controlled degradation profiles [6-9]. 

Hydrogels are commonly studied as they can meet these criteria, and because of their 

similarities to the extracellular matrix, water retention capabilities and potential for chemical 

modification and compositing.[10-13] For advanced extrusion-based manufacturing of cell 

supports printability and good print quality are also required, so the hydrogels should be shear-

thinning (reduced viscosity at increased shear) with rapid recovery to the original state.[3, 14] 

These factors are determined by polymer Mn, concentration and charge, and by the extent of 

entanglement and network topology which are influenced by inter-molecular interactions.[15-

19] For composite polymer networks (CPNs) these interaction can in principle be tuned through 

composition.  

Pluronic F127, also known as PF127 or Poloxomer 407, is a polymer widely used in 

hydrogel formulation. PF127 is a block-co-polymer composed of poly(ethylene) oxide (PEO) 

and more hydrophobic polypropylene oxide (PPO) which renders it thermoresponsive,[20, 21] 

Figure 1A, it has Mn c.12.6 kDa and the average formula PEO100–PPO65–PEO100. In the higher 

concentration range micelles form with the PPO blocks oriented towards each other providing 

a hydrophobic core and the PEO units oriented outwards, Figure 1A. At temperatures above 

the sol to gel phase transition self-assembly of the micelles occurs.[22] PF127 is shear thinning 

[14, 23] and easy to handle, so it is commonly used to modify the rheological properties of 

other materials,[24, 25] and fillers are used to modify the rheological properties of 

Pluronic.[26] So, for instance, PF127 has been commonly exploited as a fugitive ink for 3D 
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printing of complex structures.[27-30] It has also been used as the main matrix former [31, 32] 

and as a component in CPN hydrogels, e.g. for maintaining cell proliferation and 

differentiation.[33-35] PF127 is soft, with rheological properties suitable for high quality 3D 

(bio)printing. However, it must be cross-linked to retain stability in media and fidelity of the 

fabricated structures. 

Many approaches to improve the physicochemical properties of PF127 and to impart 

better biological characteristics have been reported, and this field has been recently reviewed. 

[36] These include chemical modification of the PF127 backbone,[37, 38] and inclusion of 

other hydrophilic polymers as secondary networks,[24, 39-42] the latter is more relevant to our 

study. For instance, simple physical mixing of PF127, at ~20% w/v, with hyaluronic acid (Mw 

~1000 kDa), at ~1% w/v, has been described. The resulting ‘physical’ hydrogel had its phase 

transition c.31 ◦C, which is similar to PF127, but with 1.4-times higher viscous modulus. 

Apparently, HA increases both the packing density and interactions between micelles 

increasing stiffness and the gels mechanical stability. Physical composite hydrogels were also 

prepared by mixing P407 with chitosan (20 and 20% w/v, respectively) with prolonged 

dexamethasone release demonstrated, as compared to pure P407.[40] Modelling suggested that 

crosslinking reduced chain relaxation (altering the release profile) for the composite, as 

compared to rapid micelle disentanglement for the single component hydrogel. In a recent 

study Kushan and Senses investigated a panel of hydrogels composed of cellulose nanocrystals 

(CNCs) and PF127.[42] They reported that at low CNC loading (1-3 wt%) hydrophobic 

interactions between CNC and the PPO block dominated, resulting in the disruption of micelle-

micelle interactions, softening the nanocomposite gels. At higher loading, of 4-5 wt%, a 

secondary network formed entrapping micelles and increasing toughness.  

 Poly(ethylene glycol) diacrylate [7-9, 16, 43-45] is widely used as an additive for 

network formation in CPN formulations providing hydration, UV photo-crosslinkability.[46-
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48] Cellular viability has been demonstrated for hydrogels formed using bi-functional PEG 

with different functional groups. These also provide possibilities for tuning the degradability; 

diacrylates offer fast degradation, while for diacrylamides degradation over up to a month in 

vitro and in vivo has been reported.[7-9, 43, 45, 49] PEG-based networks can also be 

functionalised, e.g. with peptides, to increase cell adhesion and promote cellular proliferation 

and eventual remodelling.[7, 44] Pure PEGDA formulations cannot be used for extrusion as 

they lose shape on deposition and require secondary polymer stabilisation.[47]  

 

 

Figure 1: (A) Schematic depiction of the thermoreversible phase transition of PF127; (B) 

Chemical structures of functionalised PEG-based polymers: (i) Poly(ethylene 

glycol)diacrylate (clogP 1.36); (ii) Poly(ethylene glycol) dimethacrylate (clogP 1.98); (iii) 

Poly(ethylene glycol) diacrylamide (clogP -0.62); clogP values are calculated for n=1 in all 

cases, the approach is described in Methods. (C) Representation of the temperature induced 
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self-assembly of composite polymer network (CPN) hydrogels using PF127 (shown as micelles, 

with green part displaying hydrophobic PPO block and red parts displaying hydrophilic PEO 

blocks) and functionalised-PEG (in blue). 

 

Given the demonstrated potential for modulating nanocomposite gel properties, and the  

drawbacks of pure PF127 and pure PEG for TE applications; in this study a library of inks was 

fabricated, using PF127 and a range of bi-functional PEGs, Figure 1A-B, with a view to 

combining the advantageous properties of each component to meet the broad requirements of 

TE. The goals were; (i) to assess the structure-dynamics relationships to gain insight into how 

structural ordering affects rheology, and; (ii) from a practical perspective to exploit the 

thermosensitivity and printability of PF127, while compensating for its intrinsic softness with 

the PEG component which also provides crosslinkability. Using facile temperature-induced 

self-assembly, Figure 1C, the influence of the composition of each component on gelation, 

internal structure and rheological properties was assessed. Composition-dependent disruptive 

interactions were identified. These outcomes were then correlated, in so far as proves possible, 

with the quality of printed structures evaluated as a function of printing parameters. 

 

 

Materials and Methods 

Chemicals: Pluronic® F-127 (PF), poly(ethyleneglycol) diacrylate (PEGDA, Mn 700, 2000 & 

20000), polyethylene glycol (PEG, Mn 2000), poly(ethylene glycol) dimethacrylate (PEGDMA 

Mn 750) and poly(ethylene glycol) diacrylamide (PEGDAA Mn 3700), 2-hydroxy-2-

methylpropiophenone (HMPP, 97%) were purchased from Sigma Aldrich (Merck Co.) and 

used as-received. Type 1 ultrapure water (H2O) of 18.2 ΜΩ resistance (from Purelab® Flex 

system) was used in all experiments.  
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PF127-Functionalised polyethylene glycol composite polymer network (CPN) inks 

preparation: Different concentrations of gels with 10 – 30 w/v% (all compositions are in w/v% 

which will be shortened to %) or just of functionalised-PEG, or PEG with OH end groups,  25 

– 45% of PF127 and 1% HMPP were all mixed to form a gel as shown in Figure 1A in H2O.  

The samples are labelled as xPF_yPEGzMW, where x defines concentration of PF (Pluronic 

F127) in w/v%, y defines concentration of functionalised PEG in w/v%, z defines the functional 

group (DA, DMA, DAA, or none indicating OH end groups on PEG) and MW defines the PEG 

molecular weight. The x and/or y labels are omitted when indicating a series of formulations, 

e.g. x25PF_10PEGDA700.  

The process followed to prepare 5 mL of the 25PF_10PEGDA700_1HMPP 

formulation, for example, is as follows; in a clean glass vial 0.5 g of PEGDA700 was weighed 

out to which 0.046 mL (46 µL) HMPP and 1 mL H2O was added. The sample was vortexed 

for 1 min to mix the solutions. 1.25 g of PF127 was then added with the remaining of 3.504 

mL of H2O. The formulation was then vortexed and immediately stored at 4 ºC. After 30 mins 

the formulation was vortexed and placed back at 4 ºC. This process was repeated at least 3 

times and the vial was inspected each time for visually undissolved PF127 lumps. Any 

persistently inhomogeneous samples were discarded. The homogeneous formulations were 

then left undisturbed for another 4-14 hrs, depending on the type of formulation. Once a clear 

solution was obtained the formulations were removed from 4 ºC and stored at RT until use. All 

quantities used to make 5 mL of each formulation is shown in Table S1. 

clogP values were estimated for the structures drawn in Figure 1B using ChemDraw 

Professional 16.0. The calculations were done by drawing structures with different number of 

monomer units in the chain (n) from 1 to 3 to evaluate any effect of the polymer backbone on 

the calculated values, Table S2. Encouragingly the end group type had the strongest influence 

on the clogP values, and the values are very different for the three end-group types. On the 
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other hand the values did not vary much with n, but rather started to oscillate slightly. Hence, 

we include clogP values for n=1 in Figure 1B, as representative of each end-group.  

Gelation Phase Diagrams: Samples were prepared directly, as described above, and initially 

stored in a fridge (4 °C) for 24 h, followed by 20 mins storage at 22 °C before their physical 

state was examined. Samples were classified as liquid if they flowed freely upon inversion of 

vials, and as gels if they did not freely flow.  

Small angle x-ray scattering (SAXS): Small Angle X-ray Scattering was performed at B21, 

Diamond Light Source, UK.[50] Samples were loaded into either PEI capillaries or MPS sticks 

enclosed with Kapton tape and loaded into the MPS sample cell.[51] Details of experimental 

set up and modelling can be found in the Supporting Information and in the provided 

references.[50, 51] 

Rheological Evaluation: The rheology was performed on MCR301 rheometer from Anton 

Paar. Parallel plate geometry with a 25 mm diameter top plate and, unless otherwise stated, 0.5 

mm gap was used. About 200 μL of sample was placed on the bottom plate using a spatula, 

and subsequently the top rheometer plate was lowered slowly to minimise hydrogel disruption 

for each measurement. Viscosity versus temperature tests were performed in a rotational mode 

at a shear rate of 0.1 s-1 within room temperature range from 20 to 30 ºC, at a 0.5 ºC min-1 

heating rate. Prior to temperature experiments, all samples were equilibrated for 2 mins. To 

avoid sample evaporation the humidity control hood was used. All viscosity-shear rate 

experiments (flow curves) were performed at 22 °C, with samples subjected to shear rate from 

0.01 to 2000 s-1, and being held at each shear rate until a stable reading was reported by the 

instrument. The shear thinning behaviour was characterised by fitting the Power Law equation 

(1) to the linear region of the shear rate-viscosity rheology plot.   

𝜂 = 𝐾𝛾̇௡ିଵ      (1) 
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where 𝜂 is the viscosity, 𝛾̇ the shear rate, 𝐾 a consistency value and 𝑛 the shear thinning 

exponent. 

Recovery tests were performed in a rotational mode by initially subjecting sample to 

shear close to a zero-shear value (0.01 s-1) for 200 seconds. Then shear rate was increased to 

895 s-1 and kept for 100 seconds. Recovery was then monitored for 200 seconds by switching 

the shear rate back to 0.01 s-1. All recovery tests were performed at 22 °C. All measurements 

were repeated at least two times, and average and standard deviation presented. Percentage 

recovery was calculated using the values obtained from recovery test in the following way: 

𝜒 =  
ఎ @ యరబ ೞ

ఎ @ మబబೞ
 ×  100     (2) 

where 𝜒 denotes % recoverability, 𝜂 @ ଷସ଴ ௦ is the equilibrated viscosity value after the 

increased shear rate (3rd interval) and 𝜂 @ ଶ଴଴ ௦ is the last viscosity value of the 1st interval, 

before increased shear rate was applied. The error for those values was estimated from two 

recoverability values from independent experiments.  

To establish the effect of UV crosslinking (described below), frequency sweeps were 

performed in oscillatory mode from 0.1 to 15 Hz at 0.2% strain within the linear viscoelastic 

regime of all the samples at 22 °C. Briefly 800 µL of hydrogel was added to a 12 well-plate 

(with diameter, d ≈ 25 mm) and UV-crosslinked with cover off, as described below. Hydrogels 

were then carefully removed from the well-plate and directly placed on the bottom rheometer 

plate. The top rheometer plate was lowered slowly to minimise hydrogel disruption for each 

measurement. Prior to frequency tests, all hydrogels were equilibrated for 3 mins.  

UV-crosslinking: All the PF_PEG samples shown in Figure 2 that formed hydrogels were 

tested for crosslinkability. The UV setup was prepared as follows; briefly 800 μL of hydrogel 

was added to a 12 well-plate and irradiated using an in-house set-up consisting of 8 LEDs (Mfr. 

No: LZ1-30UV00-0000, Mouser Electronics, UK), arranged into a 3D-printed ring with peak 

wavelength at λ=365 nm and total irradiation power of 16 mW cm2 (Figure S1) for time 
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ranging from 30 seconds to 10 minutes. To determine crosslinking time, a spatula test was 

performed to estimate UV exposure time for full crosslinking, which was subsequently 

confirmed by oscillatory rheology. The results of this study, including the observations and 

tested times for each formulation are described in supporting information in Table S3. 

3D printing: Printability of hydrogels was evaluated using a dual-head Allevi-2 bioprinter. 

Samples were removed from the refrigerator and immediately transferred as liquids (at c.4°C) 

into the syringe and immediately returned to refrigerator for 10 mins to remove any potential 

bubbles. Then, prior to printing, syringes were finally rested at 22 °C for 30 mins. Each gel 

was printed into a 15 x 15 mm grid, using a straight stainless-steel needle with 152 µm inner 

diameter. Different head velocities 400 – 1000 mm min-1 and pressure 2.89 – 3.44 bar were 

used for different formulations (for details see main text). The parameters used are summarised 

in Table 1. The prints were imaged using 2X magnification on an Olympus BX51 Microscope, 

in most cases, 30-45 seconds after printing has finished (related to moving samples between 

laboratories). Finally, captured images were analysed using ImageJ to establish thickness of 

lines within printed grids, based on at least 9 vertical (Y) and at least 8 horizontal (X) 

measurements, represented as averages ± standard deviation. G-codes used for printing the 

grids are provided as supporting .txt files, see SI. 

Table 1. Parameters used for printing. 

Parameter Symbol Value 

Functionalised PEGs PEG 10 – 30 w/v% 

Pluronic F127 PF127 25 – 45 w/v% 

Head temperature T 22 °C 

Needle length L 12.7 mm 

Needle inner diameter D 0.15 mm 

Extrusion pressure f 2.89 – 3.44 bar 

Head velocity ν 400 – 1000 mm min-1 
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Results and Discussion  

This section is organised as follows; (i) CPNs formation and analysis of the influence 

of PEG-Pluronic interactions on the phase behaviour; (ii) SAXS analysis of CPNs, placing the 

phase diagram on a stronger physical basis; (iii) temperature dependent gelation and rheology 

of CPNs, relating dynamics to structure; (iv) assessment of links between rheology and 

printability, and; (v) 3D printing and photo-crosslinking of the final CPN formulations. 

 

(i) Formation of composite polymer network hydrogels; binary phase diagram 

 First, we examined the effect of compositing with PEG on micellisation/hydrogelation 

of PF127. CPN ink formulations were prepared using PF127 with three different acrylate-

functionalised PEGs as additives, Figure 1B-C; diacrylate (DA); dimethacrylate (DMA); 

diacrylamide (DAA), and also PEG with OH end groups as a control. The formulations are 

labelled as, e.g. 25PF_yPEGDA700 for the series with 25% PF127 and variable (y) PEG 

diacrylate (Mn 700) content, or 30PF_20PEGDMA750 for the single formulation with 30% 

PF127 and 20% PEGDMA (Mn 750). All formulations included 1% HMPP photo-initiator for 

photo-curing after printing.  

Hydrogel formation was assessed initially using inverted vial tests for samples of 

different PF127 and PEG content and PEG molecular weight, Figures S2 and S3. The latter is 

known to affect gelation and network mesh size.[52] For PF127 the phase transition 

temperature depends on polymer concentration and the presence and concentration of salts or 

additives which can disrupt micellisation.[21, 53, 54] The critical gelation concentration (CGC) 

values quoted in the literature range from 15-25 w/v%.[54-56] Our preliminary tests showed 

gelation for PF127 at 22 °C in pure water at >21%. Compositions from 25% Pluronic (given 

the pure PF127 CGC of ~21%) and from 10% PEGDA (the lowest reported composition for 

TE [8]) were measured to reveal a coarse-grained phase diagram for the different series at 22 
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°C, Figure 2. The presence of PEG polymers disrupted hydrogelation; for all PEG types 

(except PEGDA20K, see below) there was at least one PF127 content identified at which the 

CPN was a liquid, while all the pure PF127 samples were gels. The following detailed analysis 

shows that disruption of gelation is dependent on both chain length and end group type.  

 

 

Figure 2: Binary phase diagram, showing the outcomes of the inverted vial tests for 

uncrosslinked CPN formulations, at 22 °C as a function of PF127 content at different PEG(DA, 

DMA, DAA) and PEG with OH end groups, content (uncrosslinked samples). Phase as a 

function of PEGDA Mn was also evaluated. Full and open symbols indicate homogeneous 

hydrogels and liquids respectively, grey symbols indicate the presence of macroscopic phase 

separation. Repeats, n=3, were performed for all samples except PEGDA20K, where n=2 

repeats both showed phase separation. Photographs of all inverted vial experiments are 

provided in Figures S2 and S3. The horizontal gey arrows correspond to the series studied in 

Figure 4, see text. 
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Firstly, for the PEG2K series (with hydroxyl end groups) clear hydrogels formed for 

10% PEG at all PF127 content. At 20% PEG a liquid formed at 25% PF127, but higher PF127 

content forced gelation, red arrows in Figure 2, grey panel. For 30% PEG, still higher PF127 

content, of >30%, was required for gelation. We suggest interaction of PEG chains with the 

outer PEO groups of the micelles disrupts the micelle-micelle contacts that drive gelation. We 

will refer to this effect, occurring at higher PEG content, as ‘micelle-micelle disruption’,[57] 

see Scheme 1A. The contacts are sufficiently restored by further increasing PF127 content to 

force gelation.  

 

Scheme 1: Schematic depiction of the effect of inclusion of functionalised-PEG on the network 

structure of the hydrogels: (A) micelle-micelle disruption; (B) end group-core disruption; (C) 

micelle-micelle ordering. 
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Comparison of the PEGDA700 and PEGDMA750 series (Figure 2, blue and orange, 

respectively) reveals a different effect. Note first that for these two series the end group and 

chain content, and indeed the chain length and the PEG/PF127 ratio, are all very similar. Gels 

are formed in all cases at 10 and 20% PEG, while at 30% both series were liquids at low PF127 

content. However higher PF127 content was required to force gelation for DMA than for DA, 

so this disruptive effect depends on end group type. The clogP values (partition coefficients, 

see Methods) of DA and DMA end groups were calculated as positive, at 1.36 and 1.98, 

respectively, indicating both groups prefer to avoid H2O. We suggest that these groups interact 

with the inner PPO block of PF127, disrupting micellisation and hence hydrogelation.[58] We 

will refer to this as ‘end group-core disruption', see Scheme 1B. The effect is reduced by further 

increasing the PF127 content, with higher PF127 content required for DMA due to stronger 

core disruption (higher clogP). 

Micelle-micelle and end group-core disruption are apparent across the study, although 

the two effects are more difficult to separate for the other pairs of series. Nevertheless, as noted 

above, for five of the six CPN series studied (red arrows) a PF127 content is identifiable at 

which gelation was observed at lower but disrupted at higher PEG content. While further 

increasing PF127 content (at the higher PEG content) produced clear gels. The one exception 

is PEGDA20K, for which hydrogels did not form. This is probably due to stronger micelle-

micelle disruption from the longer chains, as any end group-core disruption must be far weaker, 

than for example in PEGDA2K, due to the 10-fold lower end group concentration. There is no 

evidence from this study to suggest that longer chains bridge micelles and so promote gelation. 

Indeed attempts to force gelation for PEGDA20K by using still higher PF127 content resulted 

in phase separation, over 24-72 hours. All other formulations remained stable rheologically 

and for printing, on storing at 4 ○C or at RT for at least 30 days (the longest time used).  
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Increased micelle-micelle disruption due to longer PEG chain length can also be 

inferred from; (i) higher PF127 content was required for gelation of PEGDA2K than for 

PEGDA700 (same end group); (ii) for the four hydrogel series with acrylate end groups, those 

with low Mn (PEGDA700, PEGDMA750) required a 5% increase in PF127 to force gelation, 

while for higher Mn (PEGDA2K, PEGDAA3.7K) a 10% increase was required, and finally; 

(iii) for PEGDAA3.7K gelation was at higher PF127 content than for the lower Mn PEG2K 

series. The end group-core disruption should be minimal for both these series; for DAA clogP 

< 0 indicating preference for water solvation.  

In summary, analysis of the phase diagram suggests a delicate balance of 

cohesive/hydrophobic interactions. The PF127/PEG ratio largely determines the phase, and the 

gelation composition is dependent on the end group clogP (for hydrophobic end groups) and 

the PEG chain length. Longer chains increase micelle-micelle disruption and decrease end 

group-core disruption indirectly by dilution. At very high chain length phase cohesion is 

compromised.  

 

(ii) Structural analysis of CPN hydrogels 

We first considered the two pure phases. SAXS scattering patterns of pure PEGDA700, 

PEGDA2K, PEGDA20K, PEGDMA750 and PEGDAA3.7K, which are liquids at 20 °C for all 

studied compositions, Figure S4A, were fitted to mass fractal or generalised Gaussian coil 

form factor models. These fits provided excellent agreement with the data, confirming the 

expected structure for functionalised, non-crosslinked PEG (Table S4) and photo-crosslinked 

acrylate-PEGs (Table S5).[52, 59]  

SAXS measurements performed on a series of PF127 hydrogels of ≥25% at 20 °C, 

yielded characteristic micellar and paracrystalline scattering curves, Figure S5, Tables S6 and 

S7.[20] The fitted form-factors assume spherical particles, of radius R, arranged in either face-
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centred (FCC) or body-centred cubic (BCC) lattices, with random orientation of the 

paracrystals arising from the initial formulation in solution. The FCC form factor accounted 

for the region between 0.1 and 1 nm-1 in the SAXS curves, providing information about the 

internal gel structure. Typical behaviour of close to q-4 was observed at low q (<0.1 nm-1) for 

all concentrations indicating the formation of approximately spherical objects, i.e. micelles, as 

expected, Figure S5. For 25PF and 30PF (25 and 30%) there was a broad peak at q c.0.7 nm-

1, corresponding to inter-micelle interactions.[20, 60] An estimate of the hydrogel mesh size or 

lattice spacing, d, can be obtained using the Bragg Law, d = 2/q*.[15, 61, 62] With increasing 

PF127 content the first peak in the pattern progressively shifted to higher q, corresponding to 

a decrease in lattice spacing, from d 18.0±0.2 nm for 25PF, down to 15.3±0.2 nm for 45PF, 

Table S6. This is a clear indicator of more densely packed micelles with increasing Pluronic 

content. For 35PF the appearance of peaks in the scattering curves demonstrated increasing 

order, i.e. paracrystallinity. The ratio of the intensity of each peak to that of the lowest q peak, 

q*, (Iqn/Iq*), Tables S6 and S7, identifies the FCC phase for 35PF, in agreement with literature 

for PF127.[20] The FCC phase is also apparent for 40PF, however with an additional peak 

corresponding to some imperfections in the unit cell. 

For all uncrosslinked CPN hydrogels studied SAXS demonstrated crystallinity, Figure 

3A. Strong features were present at 30 and even at 25% PF127, which we assign to ordered 

micelle arrays. For pure PF127 gels features of this type only emerge for ≥35%, Figure S5, so 

inclusion of PEG makes ordering of the micelle distribution energetically favourable at lower 

PF content. We will refer to this effect, occurring at lower PEG content in the gel state, as 

‘micelle-micelle ordering’, Scheme 1C. We suggest that by associating with the outer PEO 

blocks of the micelles the effective size increases, favouring ordered packing. As noted above, 

at higher PEG content the close balance of cohesive/hydrophobic interactions is altered tipping 

the system into the liquid phase, Figure 2. We suggest that ‘micelle-micelle disruption’ occurs 
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when there is sufficient PEG present that a fraction of it does not directly interact with the outer 

PEO blocks of the micelles and is free to promote dynamics of chains and micelles. 

 

 

Figure 3: SAXS patterns, recorded at 20 °C vertically offset for comparison, of (A) 

uncrosslinked and (B) crosslinked CPN hydrogels, these were fitted to an FCC or BCC form-

factor model (see text, Table S8) and to a power law (Table 2).  

 

The uncrosslinked CPN SAXS curves were all successfully fitted to an FCC model, 

Table 2, Table S8, except for 35PF_30PEGDMA750 which was fitted to BCC. Interestingly, 

the BCC phase was also observed at higher content, of 45%, than for pure PF127, which is 

again consistent with PEG-induced micelle-micelle ordering. Considering the power law 

fittings, there was significant variation in the power, or fractal, dimension, df, values across the 

series, indicating a wide range of structures in the uncrosslinked state from almost spherical 

(df, 0.03 for 40PF_20PEGDAA3.7K) to ellipsoid (df 0.6, 30PF_10PEGDAA3.7K) to mass 

fractal (df 1.5, 25PF_20PEGDA700) to smooth surface fractal (df 4.1, 30PF_20PEGDA700 

and df 4.2, 45PF_20PEGDA2K), Table 2. Despite this variation the characteristic distance, D0, 

extracted from the power law fits is relatively insensitive to the formulation with values in the 

16-18 nm range. For CPN formulations D0 reflects an average separation of the components 

(PEG and PF127), i.e. it is a measure of mesh size.[16] 35PF_30PEGDMA750 is the only 



18 
 

exception, with a lower D0 of 14.1±0.2 nm obtained. We suggest that this very small separation 

is an end group effect, arising due to the dimethacrylate functionalities (PEGDMA has the 

highest clogP value) which may be exacerbated by the BCC packing in this case. There was a 

slight decrease in D0 for xPF_20PEGDA700 on increasing PF127 from 25 to 30%, which we 

ascribe to micelle-micelle ordering on increasing the PEG/PF ratio, i.e. for 

20PF_20PEGDA700 compared 30PF_20PEGDA700, Table 2. Finally, there was no 

correlation between the fractal dimension, df, and the D0 values across the series. 

 

Table 2. Power laws (at low q) and first peaks, D0, (showing changes in unit cell size) extracted 

from the SAXS curves recorded at 20 °C for uncrosslinked (FCC form-factor model) and  for 

crosslinked (power law) CPN hydrogels. Note background colours correspond to the groups 

in Figure 2. 

Sample Uncrosslinked Crosslinked 

Power, df  a Type of df D0 [nm] b 
Power, 

df 
Type of 

df 
D0 

[nm] 

25PF_20PEGDA700 1.5 ± 0.1 
Mass 
fractal 

16.3 ± 0.1 3.7 ± 0.1 
Rough 
Surface 

14.8 ± 
0.2 

30PF_20PEGDA700 4.1 ± 0.1 
Smooth 
surface 

15.7 ± 0.2 3.5 ± 0.1 
Rough 
Surface 

14.9 ± 
0.1 

45PF_20PEGDA2K 4.2 ± 0.1 
Smooth 
surface 

16.3 ± 0.2 3.1 ± 0.1 
Rough 
Surface 

15.0 ± 
0.2 

35PF_30PEGDMA750 2.7 ± 0.1 
Rough 
surface 

14.1 ± 0.2 2.9 ± 0.1 
Rough 
surface 

15.0 ± 
0.2 

30PF_10PEGDAA3.7K 0.6 ± 0.1 Ellipsoid 17.8 ± 0.2 3.7 ± 0.1 
Rough 
Surface 

15.1 ± 
0.1 

40PF_20PEGDAA3.7K 0.03 ± 0.1 Spherical 17.1 ± 0.1 2.9 ± 0.1 
Rough 
Surface 

15.0 ± 
0.1 

a. The df values were obtained by fitting power laws from 0.0045 – 0.007 Å (corresponding to 90 – 140 nm), 

except for 35PF_30PEGDMA750 (uncrosslinked) which was fitted from 0.00969 – 0.0154 Å (41 – 65 nm).  

b. Scattering curves of uncrosslinked CPN samples were fitted to a face-centred cubic (FCC) phase, apart from 

35PF_30PEGDMA750 which was fitted to a body-centred cubic (BCC) phase. 

 

On photo-crosslinking the CPNs the ordered micelle packing was lost and a series of 

broad peaks was observed, Table S8, Table S9, demonstrating a more amorphous structure. 
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The low-q region was successfully fitted to a power law (as compared to FCC for uncrosslinked 

samples). The analysis shows similar df values (2.9 < df < 3.7), corresponding to a rough surface 

fractal form, in all cases. The D0 values were also all very similar; and in most cases D0 

decreased on crosslinking, as expected, Table 2. Hence crosslinking leads to similar structuring 

(on the 90-140 nm scale), irrespective of the structure prior to irradiation. 

35PF_30PEGDMA750 is noteworthy, its uncrosslinked D0 was exceptionally small, as 

mentioned above, but this relaxed to the norm on crosslinking. It appears that the end group-

core disruption is released by converting the free DMA groups (to link PEG moieties outside 

the cores). This suggests that the final network mesh size, which prior to crosslinking was 

dictated by contacts between the PF127 micelles, is subsequently determined by the 

permanently crosslinked PEG network which disrupts micelle ordering, Scheme 1A.   

To sum up, at higher content PEG chains disrupt micelle-micelle interactions and PEG 

end groups disrupt micelle cores, resulting in liquids. At lower content PEG forces micelle 

ordering within the gels in which cases, despite the large variation in structures formed, the 

separation of the two components is very similar. This suggests that there may be potential to 

use the chain length and end group type to provide appropriate rheological properties for 

printing and to alter the degradation profiles, while capturing similar final network 

characteristics (e.g. mesh size).  

 

(iii) Temperature dependent gelation and rheology of CPN hydrogels  

Sections (i) and (ii) show that composition determines CPN structure and local 

dynamics in the resting state. These factors undoubtedly influence the formulations response 

under shear, and so may affect printability. First the effects on critical gelation temperature, 

CGT, and critical gelation concentration, CGC, were evaluated. The temperature dependence 

of gelation for the different series of formulations was studied by measuring viscosity, , across 
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the accessible printing window of 20-30 °C. A parallel plate geometry was employed at low 

shear rate, 𝛾̇, of 0.1 s-1, all the data are provided in Figures S6. Considering pure Pluronic; for 

25PF a significant decrease in  was observed on decreasing temperature from 22 to 20 °C 

(p<0.001), Figure 4A and inset, corresponding to the expected changes leading to the gel-to-

sol transition below room temperature. For 30PF the higher Pluronic content shifted the CGT 

to below our studied temperature range, as was also noted by Kushan and Senses.[42]  

 

Figure 4: Viscosity,  as a function of composition recorded at 20 (empty columns) and 22°C 

(filled columns) extracted from temperature sweep measurements, at shear rate, 𝑦̇ = 0.1 s-1, 

for uncrosslinked CPNs. (A) xPF_yPEGDA700, with inset an example full temperature sweep 

for 25PF_yPEGDA700, (B) xPF_yPEGDMA750, (C) xPF_yPEGDA2K, and (D) 

xPF_yPEGDAA3.7K. n=2 repeats measurements were performed, the error bars represent the 

ranges, in some cases these are smaller than the data mark sizes. The horizontal dashed line 

is = 2100 Pa.s, indicating the lower edge, from our experience, of the printable range, see 
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text. All formulations with  < 2100 Pa.s are liquids at that temperature; these correspond to 

the ∆ markers in Figure 2.  

 

We turn next to the CPN formulations, focusing again on the temperature range from 

22 to 20 °C (around lab temperature), in which the changes were very strong and because this 

is an easily accessible printing range. Note that the data series labelled (1)-(9) in Figure 4 

correspond to the nine sets of CPN formulations indicated by grey lines in Figure 2. First 

considering xPF_yPEGDA700, Figure 4A. For 25% PF127 on including 10% PEGDA700  

increased and gels were formed at both temperatures, with the CGT presumably shifting to 

below the studied range, Figure S6A. From a practical perspective this shift is very useful as 

the CPNs remain printable between 20-30 °C, see below. On cooling, the PPO chains are 

known to disentangle and eventually hydrate.[63] We suggest that micelle-micelle ordering 

(apparent from SAXS at relatively low PF127 content when PEG in this Mn range is included), 

enhances gel phase-stability to lower temperature. Further increases in PEG content resulted in 

a decrease in  due to increased micelle-micelle and end group-micelle disruption, with a max 

value apparent at intermediate content. On increasing the PF127 content to 30% similar effects 

were observed; inclusion of PEG at low content induced further gel stiffening and at higher 

content distinct slackening, Figure 4A. Interestingly the max was observed at the same PEG 

content of 10%, as for 25% PF127, although the dependence on PEG content was weaker, 

suggesting a predominant role of micelle content. As the number of micelles increases there is 

proportionately less PEG available for disruption. This is particularly clear for 

25PF_30PEGDA700, as compared to 30PF_30PEGDA700, Figures 4A purple and S6B.  

For the xPF_yPEGDMA750 series, Figures 4B, S6C-E, very similar effects to PEGDA 

were observed, as expected given the similarity in Mn. Interestingly the max was observed at 

higher PEG content, of 20%. The decrease in  at higher PEGDMA750 content was also 
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greater and its onset more sudden, suggesting greater core disruption due to the higher clogP 

end group used. To complete the picture, measurements were undertaken for 

35PF_30PEGDMA750, i.e. at higher content of both components. The higher micelle to PEG 

ratio ensured high viscosity was retained despite the presence of a significant fraction of this 

strong disruptor, again the relative content of micelles and disruptors determines the viscosity 

and gelation.  

Series of formulations were also prepared using PEGDA2K, Figures 4C, S6F-G, and 

PEGDAA3.7K, Figures 4D, S6H-I, with similar composition-dependent trends in gelation and 

viscosity observed. For PEGDA2K higher PF127 content, of 35 or 40%, was required to force 

gelation, and this was significantly disrupted even at 10% PEG. Comparison with 

25PF_10PEGDA700 shows that this is primarily due to chain length-dependent micelle-

micelle disruption, as the end group content is reduced by ~2.85 times. A very similar effect 

was seen for PEGDAA3.7K, Figure 4D, for which the end groups should be non-disruptive. 

As noted above, Kushan and Senses have demonstrated that when nanocompositing PF127 

with hydrophilic cellulose nanocrystals (CNC); low CNC content (1-3 wt%) leads to disruption 

of the micelles and makes the gels much softer and more flexible, while; higher CNC contents 

(4-5 wt%) leads to the formation of a more dominant CNC network that adds toughness with 

progressively less disruption of micellisation.[42] This was attributed to trapping of PF127 in 

a secondary CNC network, which is apparently not a feature of our uncrosslinked gel systems. 

It is interesting that when nanocompositing PF127 with PEG we observed the reverse 

composition dependent trend; thickening at lower and slackening at higher content.  

This analysis shows that by varying the composition, chain length and end group type 

the delicate balance of cohesive/hydrophobic interactions can be shifted, tuning the emergent 

rheological properties. In the next section we will evaluate how these changes impact print 

quality and whether this can be controlled. 
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(iv) CPN hydrogel rheological properties and printability  

In 3D extrusion printing the inks usually start from a resting state, undergo a structural 

transition due to high shear while passing through the nozzle, and then re-establish the resting 

state on deposition.[3] The key rheological properties affecting these changes are viscosity, 

viscoelastic shear moduli, elastic recovery, and shear stress, as shown schematically in Figure 

5A. However, as most of these factors are dynamic their impact on the outcome will also 

depend on printing conditions, including barrel and needle temperature, extrusion pressure and 

head velocity.[3] Paxton et al. described methods for assessing printability of Pluronic-based 

gels and reported rheological evaluation of inks to characterise the yield point, shear thinning 

and recovery behaviour.[14] 

Here printability of the five single component PF127, and the fourteen CPN 

formulations (that include acrylates or acrylamides) which formed gels, was evaluated at 22 

°C, the temperature used for rheology and for determining the phase diagram. Our interest was 

in evaluating printability in terms of composition-dependent rheology. So to quantify CPN 

properties the flow curves (dependence of viscosity at 22 °C on shear rate), Figure S7, were 

next fitted to a power law, following Paxton et al. [14] (equation 1, Methods). Successful fitting 

provided consistency (K) values and shear-thinning exponents (n). The % recovery (χ) of the 

 value was also determined from the flow recovery data, Figure S8 and Table S10, for the 

first time in the case of pure PF127. Note that the K value is a viscosity at a shear rate of 1 s-

1,[3] which is a higher rate than used in the experiments shown in Figure 4, so as expected, the 

extracted K parameters are lower than the measured  values. Although we noticed small 

discrepancies between the viscosities extracted from the two measurement methods, i.e. from 

temperature sweep and from flow curves recorded using the same parameters of 𝑦̇ = 0.1 s-1 and 

at 22 °C, Figure S9, the overall trends across all formulations persisted. This enables evaluation 

of the outcomes in terms of the composition-dependent materials parameters (K, n and χ).  
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Simple grid patterns, shown in Figure 5C for 30PF_yPEGDA700, were produced using 

a cylindrical 152 m (ID) needle. Printability was evaluated by measuring the average feature, 

or line, thickness, which under ideal conditions should be close to the ID. Printing parameters, 

thickness values and images are provided in Table 1, Table S11 and Figures S10-11, 

respectively. We note that all measurements were taken within ~1.5 min of printing to eliminate 

any time-dependent drying, see Methods. 

First the effects of extrusion pressure and velocity are shown for one case, 

30PF_10PEGDA700, in Figure 5D. The behaviour was as expected; (i) when higher pressure 

was used thinner lines were obtained by increasing the velocity and this effect weakened for 

lower pressure (this is observed for all fifteen CPN series, Table S11), and similarly; (ii) when 

lower velocity was used thinner lines were obtained by reducing the pressure (this was 

observed in eleven cases, and the remainder are marginal). Despite this consistency, the sweet 

spot in parameter space remains difficult to predict. 

Next, we evaluated the effect of composition-dependent materials parameters (K, n and 

χ) on the printing thickness, representative images are shown in Figure 5C. The K values and 

line thickness are cross-plotted in Figure 5E for four series; 25PF_yPEGDA700 (blue); 

25PF_yPEGDMA750 (green); 30PF_yPEGDA700 (red), and; 30PF_yPEGDMA750 (orange), 

with fixed printing parameters of p 3.17 bar, ν 1000 mm.min-1. The effect of increasing PF127 

content was primarily to increase K, which reduced line thickness. This was observed for all 

possible pairwise comparisons in the library (black arrows in Figure 5E). This trend was also 

observed for all combinations of printing parameters studied, Figure S12, Table S11. On the 

other hand, the effect of PF127 on both n and on χ was inconsistent from formulation to 

formulation for a given printing condition, i.e. the consistent trends shown in Figure 5E 

between pairs of formulations are not present in Figures S12A, B. Furthermore, these latter 

trends changed once the printing conditions were altered, Figure S12C-E. Overall, correlation 
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of rheological properties (K, n and χ) with line thickness of printed features indicates that K is 

the most sensitive formulation-dependent parameter reducing line thickness at higher values, 

while the effects on n and χ are inconsistent and less predictable. 

 

 

Figure 5: Effects of composition / rheological properties on printability and fidelity of printed 

structures. (A) Schematic representation of 3D printing, indicating the role of the printing 

parameters and CPN properties. (B) Rotational recovery experiments at 22oC with varied 

concentrations of 30 w/v% PF127 with increasing concentrations of PEGDA Mn 700. (C) 
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Comparison of grids printed using pressure 3.17 bar and velocity 1000 mm min-1 for the 

25PF_yPEGDA700 series, the red scale bar indicates 1.5 mm. (D) Effect of printing 

parameters on feature thickness for the same series. (E) Thickness of grids printed at pressure 

of 3.17 bar and velocity of 1000 mm min-1 as a function of consistency K, for the four series, 

see Tables S10, S11 and Figures S7, S8 and S12.  

 

The effects of increasing PEG content varied across the 30PF_yPEGDA700 (red) series 

but were independent of the printing parameters. Changing the end group from PEGDA700 to 

PEGDMA750 consistently led to an increase in  and χ, but a decrease in n. In terms of 

performance, the thinnest lines achieved were for 30PF_yPEGDA700. We obtained; (i) 211 ± 

7 μm for 30PF_10PEGDA700 at 3.17 bar pressure and 1000 mm min-1 head velocity; (ii) 215 

± 10 μm for the same formulation at 2.89 bar and 600 mm min-1, and; (iii) 224 ± 9 μm at 3.44 

bar and 1000 mm min-1 for 30PF_20PEGDA700. In all cases conditions could be identified 

that provide line thickness no worse than c.40% greater than the needle ID. 

 

(v) Photo-crosslinking and 3D printing of higher order structures  

CPNs were photo-crosslinked to stabilise selected printed structures. As expected, the 

UV exposure significantly increased the materials stiffness and resulted in retention of fidelity. 

The extent of change was clearly dependent on the sample thickness and PEG content. 

Typically, 1 min of UV exposure was sufficient, but some formulations with lower acrylate 

content did not fully crosslink even with extended time, Table S3. The mechanical stiffness at 

22 °C of 25PF_20PEGDA700, selected as it gave good line thickness and appeared to fully 

crosslink, was measured using oscillatory rheology, Figure 6A. A significant increase in 

storage modulus was observed (p<0.001) from 10.0 ± 0.2 to 74.3 ± 1.7 kPa for the crosslinked 

(CL) as compared to the uncrosslinked (UCL) print. Rheological measurements for multiple 
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formulations confirmed this outcome. 5 minutes of crosslinking typically resulted in 3- to 7-

fold increases in storage modulus, Figure S13. For several samples that appeared to the eye to 

be fully converted, extending the irradiation time provided no further increase in G’.  

 

Figure 6: (A) Storage modulus, measured at 22 °C, for 25PF_20PEGDA700 CPN 

uncrosslinked (UCL), and crosslinked (CL) for 1 min under 365 nm UV light at 16 mW power 

(n=2), *** p<0.001. Representative complex structures printed using 25PF_20PEGDA700 

(B) uncrosslinked, which (C) was subsequently crosslinked. The scale bars indicate 1.5 mm.   

 

For the 25PF_20PEGDA700 experiment excellent smoothness and good line thickness 

of 246 ± 9 μm was obtained at 2.86 bar and 1000 mm min-1. The formulation was coloured 

using Nile red dye, at a concentration of 0.002 w/v% for visualisation prior to UV crosslinking, 

which unfortunately bleached the colour. Nevertheless, on crosslinking the line thickness 

decreased to 203 ± 14 μm, and encouragingly the junctions and gross structure were both 

unchanged despite the increase in stiffness.  

Finally, the integrity of both uncrosslinked and crosslinked printed structures in water 

at 20 °C, was evaluated. Representative 25PF_20PEGDA700 prints were placed in 5 mL of 

water, sufficient to fully submerge them, see Supporting movies SM1 and SM2, for the 

uncrosslinked and crosslinked responses, respectively. The uncrosslinked print could not be 
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picked up using a spatula and was observed to dissolve within minutes. The crosslinked print 

retained its integrity and could be easily lifted. The crosslinked prints retained fidelity for at 

least for a month in water at 20 °C, after a week they started to shrink if not kept in water, but 

when water was subsequently added they rehydrated (swelled) and recovered their original 

printed shape without any signs of breakage. 

 

Conclusions  

Measurements of the composition dependence of gelation and internal structuring of CPN 

networks, and of their dynamical responses to shear provide insight into the interactions 

determining micellization, assembly, and flow. A picture emerges of a fine, PEG/PF127 

composition-dependent, balance between cohesive and disruptive interactions, modulated by 

chain length and end group type. Low PEG content forces micelle ordering at lower micelle 

content than for pure PF127, we suggest that persistent associations between the PEG and 

micelle surfaces extend the length scale of inter-micelle interactions, and this also increases 

viscosity. At higher PEG content micelles are disrupted by the acrylate end groups and 

viscosity decreases due to an increasing fraction of non-associated PEG, which increases local 

dynamics and disrupts gelation. By varying PEG chain length and end group it may be possible 

to both adjust the rheology and determine the degradation. 

The effect of PF127 content on printability is found to be predictable; with increasing 

content the consistency, K, increases and line thickness decreases. On the other hand, the effect 

of PEG is unpredictable but independent of the printing conditions, reflecting complex 

interplay of end group- and chain length-dependent effects. The analysis suggests that rational 

design may be possible when compositing CPN networks that include supramolecular 

assemblies. On the other hand, brute-force optimisation may be needed to determine optimal 

composition of molecular ink components, which do not have intermediate scale order. There 
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may be a role for machine learning in predicting optimal printing conditions for 

supramolecular/molecular composite inks, once larger training datasets become available.  

 

Supplementary information 

The following file is available free of charge:  

Supporting method, modelling description and discussion of SAXS; Additional SAXS data 

graphs and Tables; Additional Photographs depicting inks/hydrogels phases; Additional 

rheological characterisation of inks/hydrogel formulations; Additional photographs and tables 

depicting printability study for remaining formulations; Table describing UV-crosslinking 

study observation and times; G-codes used for printing of the structures. Rheological 

assessment of crosslinked formulations. Supporting Movies showing degradation of 

uncrosslinked and crosslinked formulation placed in H2O.  
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