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ABSTRACT

A simple and versatile low-shear approach for assembling hydrogels containing aligned rod-like
particles (RLPs) that are birefringent and exhibit pH-triggered anisotropic swelling is developed.
Anisotropic composite hydrogels are prepared by applying low shear (0.1 s™) to mixtures of pH-
responsive nanogel particles (NGs) and RLPs. The NGs, which contained high methacrylic acid
contents, acted both as shear transfer vehicles and macro-crosslinkers for anisotropic gel formation.
Three model RLP systems are investigated: (i) soft triblock copolymer worms, (ii) stiff self-
assembled [-sheet peptide fibers and (iii) ultra-high modulus nanocrystalline cellulose fibers. RLP
alignment was confirmed using polarized light imaging, atomic force microscopy, small-angle x-ray
scattering as well as modulus and anisotropic swelling experiments. Unexpectedly, the composite
gel containing the soft copolymer worms showed the most pronounced anisotropy swelling. The
copolymer worms enabled higher RLP loadings than was possible for the stiffer RLPs. For fixed
RLP loading the extent of anisotropic swelling increased with intra-RLP bonding strength. The
facile and versatile approach to anisotropic gel construction demonstrated herein is expected to

enable new applications for strain sensing or biomaterials for soft tissue repair.



INTRODUCTION

A major challenge for hydrogel research is the design of hydrogels with controlled morphology
over a range of length scales. Whilst many new hydrogels have been reported with excellent
mechanical properties''?, there have been relatively few reports involving anisotropic composite
gels'" 2. Such gels are gaining increasing attention in view of their potential applications in
photonics, as well as biomaterials that mimic the extra-cellular matrix and direct tissue growth'®.
Cells can sense and respond to nanoscale textures'> which provides the opportunity to guide repair
of tissues such as artificial muscles'®, tendons'” '®, heart tissues'” and neural pathways'® '> ' 2022
and within the spinal cord”. Hydrogels containing aligned rod-like particles (RLPs) are a potential
route to anisotropic gels for such applications. Unfortunately, a facile and versatile method for
permanently aligning RLPs within hydrogels is currently lacking. Usually, RLP alignment is

24, 2 . 2 . 2 . )
» 2 cold drawing®® or solvent evaporation’’, which constrain

achieved using high shear
experimental versatility and the potential to include cells. High shear rates are known to decrease
cell viability®®. Other methods for obtaining anisotropic gels include freeze-casting®’, imprinting'”,

14,21, 31,32 These methods either

concentration via dialysis'®, magnetic fields™ or self-assembly
require conditions that are not cyto-compatible or involve specialized materials and equipment.
Alignment methods involving low shear rates provide enhanced application potential with cells.
Here, we investigate a new approach for anisotropic composite gel formation that is versatile,
scalable and uses inexpensive laboratory equipment. We hypothesized that low shear could be used
to align RLPs if they were dispersed in a mixture of soft (swollen) copolymer nanoparticles and that
this alignment could be “locked in” if the nanoparticles could be covalently inter-linked to form a
network. Herein, we investigate anisotropic gels containing RLPs assembled using nanogels (NGs).
NGs are crosslinked pH-responsive copolymer nanoparticles with a size less than 100 nm that swell

when the pH approaches the pKj of the constituent polymer33. These nanosized particles are smaller

than their larger microgel cousins®*>’. NGs have a range of delivery and diagnostics applications™®.

Three RLP systems were used in this study: soft triblock copolymer worms (W), stiff B-sheet
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peptide fibers (PP) and ultra-high modulus nanocrystalline cellulose (NCC). The copolymer worms
were the most flexible; whereas, NCC fibers were highly rigid and the PP fibers possessed
intermediate stiffness. The shear-induced alignment of small moleculesurfactant worms in the
presence and absence of spheres has been studied®®*'. Those worms were ‘living’ systems because
the characteristic time for worm breaking (7yrea) Was comparable to the experimental shear time
(7shea)- Mixtures of such surfactant worms with monomers commonly used to prepare hydrogels are
unstable*'. Furthermore, orienting such worms within hydrogels is not currently possible to our
knowledge. We overcame this obstacle by mixing nonliving RLPs with NG macro-crosslinkers to
construct anisotropic composite gels. The RLPs used here were less susceptible to breaking and the
NGs acted as nanometre-scale gel building blocks. Triblock copolymer worms were the primary
RLP system studied (Scheme 1). PP fibers and NCC were used to study the effects of intra-RLP
bonding on anisotropic gel swelling and demonstrate versatility of our new, low-shear approach for

preparing anisotropic gels.
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Scheme 1Preparation of aligned doubly-crosslinked NG / RLP gel composites (DX NGy/RLP,.).
The RLPs were either copolymer worms comprised of poly(glycerol monomethacrylate)-b-poly(2-
hydroxypropyl methacrylate)-b-poly(benzyl methacrylate), B-sheet peptide fibers or nanocrystalline
cellulose fibers. The NGs comprised poly(methyl methacrylate-co-methacrylic acid-co-
ethyleneglycol dimethacrylate) and were vinyl functionalized. A viscous fluid formed when the pH
of mixed NG/RLP,x (X = dry NG weight fraction) dispersions was increased. The latter was

sheared and the NGs were covalently interlinked to form an anisotropiccomposite gel.

To align RLPs under shear, the local shear rate must be high compared to the RLPs rotational
relaxation time*. The latter is determined by the RLP dimensions as well as colloidal and
hydrodynamic interactions and the viscosity of the sheared fluid. Key parameters controlling the
hydrodynamic interactions of mixed dispersions of rods and spheres are the ratio of the rod length
(L) to the sphere diameter (Dng), i.e., £ = (L/Dng). The ratio of the RLP diameter (Dgrip) to the
sphere diameter (0 = (DrLp/Dne)) is also important. If & >> 1 then q determines the nature of the
hydrodynamic interactions®. We selected RLPs with large & values and used NGs to achieve q

values close to unity. This combination provided efficient stress transfer from the NGs to the RLPs
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and enabled alignment at low shear. Furthermore, because the NGs scattered light weakly they
provided a transparent matrix which enabled RLP alignment to be probed using polarized light

optical microscopy.

The three RLP systems examined (Scheme 1) have different types of intra-RLP bonding and hence
mreak Values. Block copolymer worms are soft, flexible, RLPs that have attracted considerable

. 43-48
interest

. They can be conveniently synthesized by polymerization-induced self-assembly
(PISA)* * and are biocompatible*. The worms used for this study comprised a poly(glycerol
monomethacrylate)-b-poly(2-hydroxypropyl methacrylate)-b-poly(benzyl methacrylate) (PGMA s6-
PHPMA ps-PBzMA33) triblock copolymer synthesized directly in water using PISA*. Concentrated
worm gels have relatively low moduli*® as a result of their relatively small 7preax values. Herein, we
report for the first time their incorporation into composite gels as well as their alignment. In contrast
to worms, P-sheet peptide fibers self-assemble owing to the attractive intermolecular H-bonding
between the backbone amides of PP chains and n-m interactions of aromatic residues’’. PP gels

have a range of applications which include substrates for cell culture’'™?

. They have also been used
to form composites with temperature-responsive microgels®*. PP fiber dispersions form relatively
brittle gels at low concentration™ *°. Accordingly, PP physical gels have higher zyreax values than
worms. NCC fibers, which are obtained from a renewable, biocompatible5 7 and abundant material,
exhibit ultrahigh moduli®® > (i.e., 150 GPa®®), have been used to reinforce conventional gels®' and
can form hierarchical structures’’. NCC fibers do not break down under normal rheological

experimental time frames and so were selected in this study as an RLP system with an effectively

infinite hreakvalue. These RLPs enabled us to study the effect of zyeak value on gel properties.

We recently established a method for preparing isotropic hydrogels using pH-responsive vinyl-
functionalized NGs as macro-crosslinkers®. Concentrated NG dispersions were prepared using a
convenient scalable synthesis and formed space-filling physical gels upon raising the solution pH.

These gels formed due to NG particle swelling and were covalently inter-linked via peripheral vinyl
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groups to form pH-responsive hydrogels, which are termed doubly crosslinked NGs (DX NGs)™>. In
the present study the NGs played two crucial roles in the formation of anisotropic DX NG/RLP gels
(Scheme 1): they transferred shear stress to the RLPs and also enabled the otherwise transient

anisotropy generated under shear to be permanently locked in place.

In this paper we first characterize the NG and copolymer worm binary mixtures. Shear-induced
alignment of the worms and the formation of anisotropic DX NG/worm gels is then demonstrated
using a new rheo-optical technique, small-angle X-ray scattering (SAXS) and anisotropic swelling
studies. The DX NG/worm gels are shown to exhibit low cytotoxicity which is encouraging for
future soft tissue repair applications. The versatility of our approach is then demonstrated using PPs
and NCCs. Dynamic mechanical analysis data for the DX NG/NCC system demonstrate the
presence of anisotropic modulus values. The aligned composite gels are studied using polarized
light microscopy as well as pH-triggered swelling and the relationship between intra-rod bonding
and anisotropic swelling is discussed. The new and versatile anisotropic gel assembly established
here may lead to optical sensors using polarized light due to the strong correlation between

birefringence and RLP orientation® ** or next-generation gels for directing tissue growth in vivo.

EXPERIMENTAL SECTION
Materials

Methyl methacrylate (MMA, 98.5 %), methacrylic acid (MAA, 99 %), ethylene glycol
dimethacrylate (EGDMA, 98 %), benzyl methacrylate (BzZMA, 96 %), glycidyl methacrylate (GM,
97 %), ammonium persulfate (APS, 98 %,), sodium dodecyl sulfate (SDS, 98.5 %), N,N,N’,N'-
tetramethylethylenediamine (TEMED, 99 %) and microcrystalline cellulose (20 pm) were
purchased from Aldrich and used as received. Doubly-distilled deionized water was used for all
experiments. Glycerol monomethacrylate (GMA; 99.8 %) was donated by GEO Specialty
Chemicals (Hythe, UK) and used without further purification. 2-Hydroxypropyl methacrylate

(HPMA, 97%) and 4,4'-azobis(4-cyanopentanoic acid) (ACVA; V-501; 99 %) were purchased from
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Alfa Aesar (Heysham, UK) and used as received. 2-Cyano-2-propyl dithiobenzoate (CPDB, 80 %

from "H NMR spectroscopy) was purchased from Strem Chemicals (Cambridge, UK). Tris(2-
carboxyethyl)phosphine (TCEP hydrochloride, 99%) was purchased from Amresco (Solon, Ohio,
USA). CD;OD and d¢-dimethyl sulfoxide (DMSO) were purchased from Goss Scientific
(Nantwich, UK). All other solvents were purchased from Fisher Scientific (Loughborough, UK) and

used as received.

Synthesis of vinyl-functionalized nanogels (NGS)

The NG particles were prepared via monomer-starved emulsion polymerization using a method
described elsewhere® (See Scheme Sla). Briefly, SDS (1.2 g, 4.0 mmol) was dissolved in water
(240 g) and the solution purged with nitrogen before addition of APS (0.20 g, 0.90 mmol) in water
(2.0 ml). A monomer feed comprising MMA (42.0 g, 0.42 mol), MAA (10.0 g, 0.12 mol) and
EGDMA (1.1 g, 5.0 mmol) was added at a rate of 0.30 ml min™. The product was extensively
dialyzed against water. For vinyl functionalization, GM (4.50 g, 0.39 mol) was added to the NG
dispersion (120 g, 5.0 wt.%) and the pH was adjusted to 5.1. The dispersion was stirred for 8 h at 40
°C. The dispersion was repeatedly washed with n-hexane and residual solvent removed by rotary

evaporation.

Synthesis of PGMAsg

A protocol for the synthesis of PGMAss macro-CTA (chain transfer agent) is given in Scheme S1b.
To a round-bottomed flask containing CPDB RAFT agent (6.03 g, 0.020 mol,), GMA monomer
(203 g, 1.27 mol) and anhydrous ethanol (156 g, 3.38 mol) were added to afford a target degree of
polymerization (DP) of 63. ACVA initiator (1.14 g, 4.07 mmol, CTA/ACVA molar ratio = 5.0) was
added and the resulting pink solution was purged with N, for 20 min, before the sealed flask was
immersed into an oil bath set at 70 °C. After 140 min (69 % conversion as judged by '"H NMR) the
polymerization was quenched by immersion of the flask in an ice bath followed by exposure to air.

The crude polymer was purified by precipitation into excess CH,Cl, and washed three times in this
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solvent before being dried under high vacuum at 40°C. "H NMR analysis indicated a DP of 56 (See
Figure S1). DMF GPC analysis (Figure S2) indicated M, and My/M,, values of 1.43 x 10° g mol”

and 1.14, respectively.

Synthesis of PGMAss-PHPM A 05-PBzM A3 triblock copolymer

The method used is depicted in Scheme S1b. PGMAs¢ macro-CTA (4.28 g, 0.28 mmol) was added
to a 100 mL round-bottomed flask, followed by HPMA monomer (0.25 g, 0.03 mol), and water
(39.0 g, to make a 15 % w/w solution). ACVA was then added (0.02 g, 0.07 mmol, CTA/ACVA
molar ratio = 4.0) and the solution was purged with N, for 30 min. The sealed flask was immersed
in an oil bath set at 70 °C. The solution was magnetically stirred for 2.5 h to ensure complete
monomer conversion (> 99 % as judged by '"H NMR in CD;OD) and the polymerization was
quenched by cooling the flask to 20 °C and exposure to air. BZMA monomer (1.64 g, 9.33 mmol)
was then immediately added along with additional ACVA (20.0 mg, 0.07 mmol) before the reaction
mixture was degassed with N, for a further 30 min. The flask was then replaced in the oil bath at 70
°C for a further 5 h and the second-stage BZMA polymerization was quenched by exposure to air
while to 20 °C. A sample of the copolymer dispersion was freeze-dried and dissolved in de-DMSO
for '"H NMR analysis (see Figure S1), which indicated that essentially all of the BzZMA monomer
had been incorporated into the copolymer. DMF GPC analysis indicated M, = 30,600 g mol™ and
Mw/Mp = 1.13 for the PGMAs.-PHPMA s diblock copolymer and M, = 33,200 g mol! and My/M,,

= 1.13 for PGMAsc-PHPMA ps-PBzMA3; triblock copolymer (see Figure S2).

Preparation of self-assembled peptide fibers (PP)

The peptide studied was FEFEFKFE (F for phenylalanine, E for glutamate and K for lysine
residues), which was purchased from BIOMATIK Corporation (Delaware, USA) with more than 95
% purity. Its identity and purity were confirmed in-house by ESI-MS and reverse phase HPLC,
respectively. To prepare fibers, the peptide (19.4 mg, 7.0 pmole) was dissolved in HPLC-grade

water (700 pl) by sonication for 30 min at 80 kHz. The peptide solution (pH 1.8) was titrated using
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0.5 M NaOH to trigger gelation. A hydrogel was obtained at pH 5.3. The gel volume was adjusted
to 1.0 ml using water to obtain a 14 mM (~1.9% w/v) hydrogel concentration. The gel was allowed

to equilibrate overnight at 4 °C and used within 24 h.

Preparation of nanocrystalline cellulose

NCC was prepared by acid treatment of microcrystalline cellulose using a literature protocol®.
Briefly, microcrystalline cellulose (5.0 g) was mixed with water (18 g) and the resulting suspension
placed in an ice bath. Sulfuric acid (32 g of 98 % solution) was added slowly and the mixture stirred
for 150 min at 45 °C. [CARE: Concentrated acids are corrosiv&he product was purified by

repeated centrifugation and redispersion in water.

Preparation of anisotropic doubly crosslinked gel composites

The NG and worm (W) proportions in the gel composites are reported as DX NG,/ Wy, where X is
the dry weight fraction of NG used to prepare each sample. The following gives the preparation
protocol for DX NGy s/Wy s, which was prepared at a particle concentration of 12 wt.% at pH 7.5 by
vortex-mixing a NG dispersion (0.70 g, 14.7 wt.%) with an aqueous worm dispersion (0.60 g, 17.1
wt.%) and water (0.285 g). APS solution (60 pl, 78 mM) was added followed by addition of an
alkaline TEMED solution (70 ul). The latter was prepared by mixing 4.0 M NaOH with TEMED at
a volume ratio of 24:1. The pH increase produced a physical gel containing Singly crosslinked NGs,
denoted NGy s/Wys. For DX NG/worm composites with different X values the masses of NG and
worms were adjusted and the amounts of APS and NaOH/TEMED changed in proportion to the NG
content. Unless otherwise stated, the total copolymer content (worms and / or NG) was 12.0 wt.%.
Anisotropic DX NG/worm composites were prepared by aligning worms during in Situ crosslinking
of the physical gels. Rotational shear or linear shear was used with either planar or cylindrical
geometries. For the former, an Anton Paar Physica MCR-301 rheometer equipped with a SIPLI
device was employed (See below). A shear rate of 0.1 s and a gap of 200 um were used. The

temperature employed was 45 °C.
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In the case of linear shear, the NG/ W precursor physical gel was placed between two microscope
slides fixed to the clamps of a World Precision Instruments (AL-1000) syringe pump (see Figure
S3). The gap between the two microscope slides was 500 pm and the shear rate was 0.1 s™. A
heated air flow was carefully directed over the top of the uppermost microscope slide to give a
surface temperature of ~ 45 °C and care was taken to minimize gel dehydration. Using the same
protocol anisotropic DX NG,/PP;.« gel composites were prepared by mixing 0.15 g of PP fibers (2
wt %) with NG (440 pL, 22 wt. %). Then APS (35 pL, 78 mM) was added, followed by
NaOH/TEMED solution (30 uL). DX NGyg.92/NCCy 03 was prepared by mixing NCC (0.50 g of 2 wt.

%) with NG (440 uL, 22 wt. %), followed by addition of APS (35 puL, 78 mM) and NaOH/TEMED

(30 uL) solution. The mixtures were vortexed for 2 min prior to application of shear.

For shear alignment using a cylindrical geometry, strings of DX NGos/Wys were prepared by
injecting the NGy s/Wy s precursor through a syringe needle (Gauge 18) onto a glass slide using a

shear rate of 18 s'. Such strings were cured in a sealed petri dish at 37 °C for 1 h.

Isotropic gel composites were prepared by placing the physical gel in an O-ring sealed between two
microscope glass slides. The gels were cured at 37 °C overnight. Several control DX NG gels were
also prepared using the same approach without the addition of copolymer worms (See Supporting

Information and figures S5e and S5f).

Physical measurements

Molecular weight data were obtained using a DMF GPC set-up using poly(methyl methacrylate)
calibration standards, as described earlier®. "H NMR spectroscopy was performed using a 400 MHz
Bruker Avance-500 spectrometer. Potentiometric titration data were obtained in the presence of
0.05 M NaCl using a Mettler Toledo titrator. Dynamic light scattering (DLS) and electrophoretic
mobility data were obtained using a Malvern Zetasizer NanoZS instrument and buffer solutions. A

Hitachi U-1800 spectrophotometer was used for UV-visible spectroscopy measurements. An

Olympus BX41 microscope was used to obtain optical microscopy images using transmitted light.
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For polarized light optical microscopy (POM) the light was passed through a polarizer and an
analyzer, with the latter fixed at 90° with respect to the former. SEM and TEM images were
obtained using Philips FEGSEM at 6 kV and Phillips CM100 at 100 kV instruments, respectively.
AFM studies of the DX NG/worm composites were performed using a Bruker Catalyst (mounted on
a Nikon Eclipse Ti inverted light microscope) with a Nanoscope V controller. Imaging was
performed in ScanAsyst mode™ in liquid using ScanAsyst™ Fluid cantilevers (nominal spring
constant 0.7 nm/V; nominal probe radius 20 nm (Bruker AXS, SAS)). For pure PP and NCC fibers
ScanAsyst mode™ in air was used. Images were second-order flattened using the Bruker

Nanoscope Analysis software.

SAXS data were obtained using a modified Bruker AXS Nanostar instrument equipped with a
microfocus Xenocs Genix 3D X-ray source (Cu Ka radiation), a collimator comprised of two sets of
motorized scatterless slits, a camera length of 1.46 m and a 2D HiSTAR multiwire gas detector
(pixel size 0.105 mm?). 2D SAXS patterns were collected from sample films (500 pm thickness)
sealed between two mica disks (25 um thickness each). The scattering data were reduced to 1D

plots by Nika SAS macros for Igor Pro®’.

Shear-induced polarized light imaging (SIPLI) measurements were conducted using a prototype
rheometer for mechano-optical rheology. A mechanical Anton Paar Physica MCR 301 rheometer
was coupled with an optical SIPLI device based on principles of reflection polariscopy®™. The
optical part of the instrument enabled polarized light image of the sample loaded in the rheometer to
be obtained during shear flow. Samples were placed between two parallel horizontal plates of the
rheometer (one of the plates was transparent for light) and a shear pulse was applied by rotating the

top plate.

Conventional dynamic rheology measurements were performed using a TA Instruments AR G2
rheometer. A 20 mm diameter plate geometry was used and the gap was 2500 pm. DMA

measurements were performed using a TA-Q800 instrument equipped with the shear sandwich
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(shear) geometry at 25 °C. For these measurements DX NGy 9,/NCCy s samples were prepared by
vortexing NG (700 pL, 22 wt. %) and NCC (400 uL, 3.6 wt. %) followed by addition of APS (55

pL, 78 mM) and NaOH/TEMED (47 pL), mixing and curing as described above.
Anisotropic swelling experiments

Anisotropic gel swelling was studied by allowing samples to reach swelling equilibrium in buffer
solutions over a period of ~ 18 h. The dimensions for each swollen sample (W and L) were
measured at pH 8.0, while dimensions corresponding to the collapsed state (W, and L,) were
measured at pH 5.0. A sketch of the geometries used is shown in Fig. 3e. The anisotropic swelling

parameter (A) was calculated® using

A=Y _ (1)

ar

where aw (= WW,) and o (= L/Ly) are the linear swelling ratios measured perpendicular and

parallel to the shear direction, respectively.

Cytotoxicity studies

The cytotoxicity of DX NG s/Wys was examined in presence of human nucleus pulposus (NP)
cells. The latter were seeded onto 24-well plate at a density of 5 x 10* per well and cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS, Gibco),
antibiotic/antimycotic and L-ascorbic acid 2-phosphate (10 uM) (Sigma-Aldrich, UK) in a
humidified atmosphere containing 5% CO, at 37 °C for 24 h. The DX NGy 5/Wys samples (20 mg)
were washed in phosphate buffered saline (PBS) for two days prior the biocompatibility test,
sterilized with 70% ethanol and rinsed with sterile PBS. The gel samples were put into 0.4 pm cell-
culture inserts (BD Biosciences, UK) that were placed in the well plate. Cell viability was tested by
MTT assay (Aldrich, UK) after 1, 4 and 7 days. An empty insert was used as the control. For each

time point, three data points were collected using a BMG Labtech FLUOstar plate reader.
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RESULTS AND DISCUSSION

Properties of nanogels, worms and mixed dispersions

All of the materials used to construct the anisotropic composite gels in this study were prepared
using scalable methods. The NGs and copolymer worms were synthesized by emulsion
polymerization and RAFT solution polymerization, respectively (Scheme S1). The worms were
characterized using '"H NMR spectroscopy and GPC (Figures S1 and S2) and their composition is
shown in Scheme 1. The NGs contained 22 mol.% MAA as well as vinyl groups from GM (2

mol.%) and had an apparent pKa of 7.1%. Their composition is also shown in Scheme 1.

The NG and worm morphologies were assessed using TEM (Figures la and b). The NGs were
spheres with a number-average diameter of 17 £ 3 nm. The anisotropic worms (Figure 1b) had a
mean diameter of 35 £ 5 nm and a polydisperse length distribution with a number-average worm
length of 310 = 280 nm. High worm lengthpolydispersities are typical for such syntheses and arise
from the stochastic nature of worm formation via multiple 1D fusion of precursor spheres*. The
NGs were pH-responsive and the z-average DLS diameter (d,) strongly increased from pH 5 to pH
11 (Figure 1¢). The NGs had a d; of 17 nm in the collapsed state (pH 5), but swelled up to 52 nm at
pH 9. The d, value was ~ 40 nm at pH ~ 7.5 and hence & ~ 1, as intended. The latter pH was used to

prepare the composite gels.
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Figure 1. TEM images obtained for (a) NGs and (b) copolymer worms, respectively. The scale bars
are 100 nm. (¢) Variation of z-average diameter with pH for the NG particles. (d) Electrophoretic

mobility vs pH for the NGs and copolymer worms.

One prerequisite for achieving shear-induced worm alignment in NG/RLP binary mixtures is that
these two species do not attract each other because NG/RLP aggregate formation would otherwise
oppose ordering. Electrophoretic mobility vs. pH studies (Figure 1d) confirmed that the NGs were
negatively charged and became more strongly anionic as the pH approached 7.5. The copolymer
worms remained weakly anionic at all pH values studied. The anionic character observed for the
NGs and worms was due to neutralization of MAA repeat units and also residual anionic
carboxylate groups from the ACVA initiator®, respectively. Thus, there were no attractive

electrostatic interactions between the NGs and worms.

Dilute binary NG/worm dispersions (NGy/'W,.x, where X is the dry weight fraction of NG) were
investigated using turbidity and DLS measurements to confirm that both components remained
colloidally stable when mixed. Digital photographs of the sample vials (Figure S4a) did not show

any evidence of visible aggregates. The optical density measured at 400 nm of the binary mixtures
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(Figure S4b) followed a linear relationship with X, indicating attractive interactions were not present
between the NGs and worms. The absence of attractive interactions was also shown by DLS data
(Figure S4c), which reported bimodal size distributions due to each (isolated) component. In

summary, the NGs and worms were both well dispersed in the mixed dispersions.

Low shear alignment and assembly of anisotropic DX NG/worm gels

A preliminary investigation was conducted of the ability of binary NG/worm dispersions to form
isotropic covalent gels and to determine the compositional limits of DX NG,/W,.x systems. (See
Supporting Discussion and Figure S5) Briefly, isotropic gels could be formed provided X was
greater than or equal to 0.35, which was identified from rheology data as the gel-to-fluid boundary.
Whereas the DX NGs were covalently interlinked, the worms relied upon hydrophobic interactions
and contributed less to the composite gel modulus. The zpreak value for the worms was identified as
1.0 from dynamic rheology data (Figure S6). MTT data obtained for nucleus pulposus cells in the
presence of DX NGy s/Wy s composite gel were indistinguishable from a gel-free control (Figure S7)

which indicated that significant release of toxic components did not occur over a period of 7 days.

Shear-induced worm alignment was investigated using a modified rheometer incorporating SIPLI,
which enables in situ monitoring of the sample under shear (See Experimental Section)®. Figure 2
shows polarized light images obtained for two NG s/Wy s physical gels. A mixed dispersion (top
row) contained added APS initiator. The other control dispersion (bottom row) did not contain APS.
Both binary gels were heated to 45 °C and characteristic Maltese cross patterns were observed under
shear, indicating uniaxial alignment® " "', After 10 min, the shear was terminated. The now
doubly-crosslinked APS-loaded gel retained the Maltese cross. In contrast, the Maltese cross
rapidly disappeared for the control sample after shear was terminated. The NGs aligned the worms
when sheared in both cases, but covalent interlinking of NG particles was required to “lock in” this
alignment once shear was terminated. The NGs enabled the worms to be aligned at very low shear

rates (~ 0.1 s at the sample edge). These results contrast to other studies which have required much
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higher shear rates (i.e. 200 s™) to align anisotropic particles in gels® "

. In the present study the
ability to align the worms at low shear is attributed to the formation of a space-filling physical gel

due to pH-triggered NG particle swelling and the mutual repulsion between the two colloidal

components with comparable diameters (i.e., q~ 1).
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Figure 2. Rotational shear () was applied to NGy s/Wy s binary mixtures while being viewed with
polarized light using SIPLI. The samples were heated to 45 °C and the shear was terminated after
10 min. The top row shows the sample that underwent double crosslinking (and formed DX
NGy s/Wos) during shear due to APS. The bottom row shows the control sample that did not contain
APS. The green arrows indicate the direction of shear and the cartoons depict the proposed initial

and final composite gel morphologies.

Building on the above results we developed a simple linear shear method for aligning worms within
DX NG/worm gels using inexpensive laboratory equipment (see Figure S3). NG/ W .« physical gels
were subjected to planar shear (0.1 s) and simultaneously cured at ~ 45 °C. A polarized light
optical microscopy (POM) image (Figure 3a) shows a bright area due to shear-aligned worms
within the DX NG s5/Wys gel. A control (isotropic) DX NGy s/Wy s gel that had not been subjected
to shear is also shown (Figure 3b) for comparison. In that case bright areas were not observed in
any orientation, indicating that no alignment had occurred. The anisotropic DX NGy s/Wos gels

were examined using AFM (Figure 3c). Worm alignment in the direction of shear and an
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anisotropic morphology are evident. As a control, a non-aligned DX NGy s/W s control sample was
examined using AFM (Figure 3d). The film showed randomly dispersed nano-objects and was
isotropic. These data confirm that shear-induced alignment was achieved for planar DX NG/worm

films using low shear.

0.0-
NGI]_SOIWIJ_HJ NGO_BZIWU_M NGllmlwo,ﬁo
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1
e

Figure 3. POM images of DX NG s/W 5 gels prepared using (a) linear shear and (b) without shear.
A and P in (a) are the directions of the analyzer and polarizer. (c¢) and (d) show AFM images
obtained for anisotropicand isotropic DX NGy s/W s composites in water, respectively. 2D SAXS
patterns for each film are shown as insets. The shear direction for the inset in (¢) is indicated. (e)
Isotropic DX NGos/Wos ((i) — (i1)), anisotropic DX NGg92/Woos films ((iii) and (iv)) and
anisotropic DX NG s/Wys ((v) and (vi)) films at pH 5.0 or 8.0. Blue marker pen lines were used to
record the shear directions. Scale bars: (a) and (b) 400 um; (c) and (d) 200 nm; (e) 6.0 mm. The
cartoon depicts the anisotropic swelling. (f) Anisotropic swelling parameters (A) from the images

shown in (e).
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SAXS is an ideal method for probing anisotropy because it is statistically robust and reports
averaged structural information via scattering. 2D SAXS patterns were obtained for DX NGy s/Wy s
films where the incident beam was perpendicular to the film plane. An anisotropic film (inset of
Figure 3c) and a control isotropic film (inset of Figure 3d) were examined. Only the former gave a
2D pattern that was clearly elongated (Figure 3c), confirming worm alignment. The 2D SAXS
patterns were reduced to 1D profiles both parallel and perpendicular to the direction of shear (see
Figure S8). The SAXS data for both the aligned and isotropic films have intensity minima at Qmin ~
0.028 A associated with the first minimum of the worm form factor and suggest that the radius of
the worm core cross-section Ry was about 13.5 nm (using QminRw = 3.8373). A higher scattering
intensity was observed for the low Q region for the aligned film which indicates the preferred
orientation of the worms along the shear direction (Figure S8c). In contrast, there was no difference
between the scattering profiles within the film plane for the isotropic, non-aligned, film (Figure

S8d).

Because our composites consisted of aligned (anisotropic) worms that contained a hydrophobic core
dispersed within a gel matrix (of isotropic inter-linked NGs), we investigated whether the composite
gels exhibited anisotropic swelling. The anisotropic swelling parameter (A) was calculated using
equation (1). (See also cartoon in Figure 3e and equations in Figure 3f.) pH-triggered swelling
experiments for the non-aligned DX NG s/Wos system confirmed they underwent isotropic
swelling (Figures 3e(i) and (ii), .. = aw and A = 0). Interestingly, the aligned DX NGy .92/ W 08
(Figures 3e(iii) and (iv)) and DX NGqs/Wy s gels (Figures 3e(v) and (vi)) both exhibited anisotropic
swelling. The A values for the latter two systems were 0.11 = 0.01 and 0.31 £+ 0.03, respectively.
These A values are shown in Figure 3f. (Values for a1, aw and A for all of the gels studied in this
work are shown in Figure S9.) The anisotropic gels swelled leastin the direction parallel to worm
alignment (lower 1) because the worm cores were connected and extended within this plane
(which contrasts to the perpendicular plane). The hydrophobic worm cores behaved as physical

crosslinks and opposed swelling. The extent of DX NGy/W.x anisotropic swelling increased with
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increasing worm content (i.e., decreasing X) because the contribution from the physical crosslinks of
the worm cores increased most in the parallel plane. These results demonstrate the ability to tune

anisotropic swelling for these soft aligned gels by varying X.

Gel strings containing anisotropic RLPs are attracting considerable interest for biomaterials
applications'®. As a proof-of-concept study to demonstrate versatility, we used a simple syringe to
prepare anisotropic DX NG so/Wo s strings. A concentrated NGy s/Wy s physical gel was injected
through a syringe needle (inner diameter = 0.84 mm). Such extrusion induced worm alignment via
shear from the inner syringe needle walls. The physical gel was subsequently converted into the
corresponding DX NGgs50/Wos string by heating at 37 °C. Worm alignment within the DX
NGy 50/Wo.s composite gel string was confirmed by POM (Figure S10). Formation of an anisotropic

composite gel string using such a simple protocol is rare in the literature'*.

Anisotropic DX NG/RLP gels containingpeptides or nanocrystalline cellulose

To investigate the effects of intra-RLP bond strength and also to establish versatility of our
approach we prepared (linear) shear-aligned DX NGs gel films containing PP fibers. The PPs had a
mean diameter of 16 + 2 nm as determined by AFM. Frequency-sweep rheology data for a pure PP
gel dispersion was measured (Figure S11) and G’ and G” did not intersect in the frequency range
from 0.1 to 70 Hz. Consequently, we infer that zneakwas at least 10 s for this system. This relatively
high value is most likely due to the stronger intra-RLP interactions. Figures 4a and 4b show POM
images obtained for DX NGy ,/PPgs. The birefringence evident for this system is similar to that
shown in Figure 3a and indicates alignment of the PP fibers. This birefringence disappeared when
the sample was rotated through 45° (Figure 4b). AFM studies were conducted (Figure 4c) and
confirmed that the peptide fibers were indeed aligned in the shear direction. In contrast, the AFM
image for the parent peptide (Figure 4d) showed interconnected, randomly-oriented fibers. The DX
NGo.92/PPg s gel films were examined for pH-triggered anisotropic swelling (Figure 4e). The A

value of 0.14 £+ 0.02 significantly greater than the value measured for DX NGy 92/Wy 5. This result



21

indicates that the intra-RLP bond strength dictates the extent of anisotropic swelling.

Figure 4. (a) POM images for aligned DX NGy 92/PPy0s composite gels. (b) shows that the film was
dark when the shear direction was parallel to the analyzer. (c) and (d) show AFM images for
aligned DX NGy.92/PPg s and deposited PP fibers, respectively. PP fibres are highlighted in (c). (e)
shows images for pH-dependent swelling of DX NGy 9,/PPy 5. The textured appearance is due to

the background. Scale bars: (a) and (b) 400 pum; (¢) and (d) 200 nm; (e) 6.0 mm.

A RLP system derived from abundant biomass (cellulose) was also examined. The NCCs had a
mean diameter and length of 10 = 1 nm and 161 £+ 30 nm, respectively, as determined from AFM.
NCC fibers possess an ultrahigh modulus®, have strong covalent and hydrogen bonds within the
RLP interior and exhibit essentially infinite zhreak values. These RLPs were mixed with NGs for the
preparation of anisotropic DX NGy 9/NCCy s films. Birefringence was observed using POM
(Figures 5a and b), which indicated NCC alignment. AFM data were also obtained for the sheared
composite (Figure 5c¢) and provided evidence for NCC fiber alignment when compared to

randomly-dispersed NCCs present for a non-aligned sample of deposited pure NCCs (Figure 5d).
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Figure 5. (a) and (b) show POM images for a DX NGy 9,/NCCys composite gel oriented at
different angles with respect to the polarizer and analyzer. (c) and (d) show AFM images for an
anisotropic DX NGy 92/NCCy g composite gel and the deposited pristine NCC fibers, respectively.
(e) Anisotropic swelling images for a DX NG 92/NCCy s film. Scale bars: (a) and (b) 400 um; (c)
and (d) 200 nm; (e) 6.0 mm. Storage modulus as function of frequency for (f) anisotropic DX
NG.92/NCCy s film and (g) control NCC-free DX NG (x = 1.0) measured parallel or perpendicular

to the shear direction used during film formation.

Anisotropic pH-dependent swelling (Figure 5¢) occurred for the DX NGy 92/NCCy s composite and
an A value of 0.15 + 0.02 was measured. Interestingly, this value is indistinguishable from that
obtained for DX NGy 9,PPgos (Figure S9b shows all A values). As mentioned above, anisotropic
swelling was caused by restriction of swelling parallel to the direction of shear imposed by intra-
RLP bonding and was strongest for the RLPs with high zyeak values. It appears that once the intra-
RLP bond strength exceeds a critical value (which corresponds to a zyreak value greater than 10 s)

the extent of anisotropic swelling reaches a maximum for a given X value. Following the example of
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the DX NGy /W x gels (Figure 3f), further increases for A should be possible by increasing X.
However, a limitation with stiff RLPs is that their dispersion becomes increasingly difficult with
increasing concentration because of entanglements. Attempts to prepare DX NGy/'W,x gels with X
values of 0.10 or greater were unsuccessful because of NCC entanglements which prevented good
dispersion being achieved prior to composite formation. This constraint was not present for the soft
worms and they were able to be loaded into the gels at higher concentrations (e.g., 50% dry weight),
whilst retaining good dispersion, to give larger anisotropic swelling (Figure 3f). So, unexpectedly,
the use of soft worm RLPs enabled the preparation of films with the most pronounced anisotropic

swelling and highest A value compared to that which could be achieved using hard RLPs.

Dynamic mechanical analysis (DMA) was used to assess the anisotropic mechanical properties of
the DX NGy 92/NCCyos composite. For this purpose, we used a DMA equipped with a shear
sandwich clamp which applied dynamic planar shear stress. The DMA data (Figure 5f) show that
the frequency-dependent storage modulus (E’) values for aligned DX NGy 9,/NCCy s measured
parallel to the shear direction ranged from 1.3 x 10* to 1.9 x 10* Pa and were about a factor of two
higher thanthe values of those measured perpendicular to the shear direction (which ranged from
6.5 x 10° t0 9.5 x 10° Pa). This implies a doubling of the number of elastically-effective chains for
the gel in the parallel plane and is due to the contribution of the aligned ultrahigh modulus NCCs. In
contrast, the mechanical properties of a control pure DX NG sample (X = 1.0) subject to planar
shear did not show any dependence on the direction of applied shear (Figure 5g). The data confirm

that these new anisotropic gels also have strongly anisotropic mechanical properties.

Table 1 summarizes the dimensions of the RLPs and NGs used in this study. For all RLP/NG
mixtures explored,  was comparable to unity, whereas & greatly exceeded unity. It was not possible
to determine the precise value of & for NG,/PP,.x mixtures because the peptides had a pronounced
tendency to form branches (Figure 4d). We propose that the use of NGs and RLPs with &

reasonably close to unity was a key reason for achieving low shear alignment because of efficient
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stress transfer from the abundant NGs to the RLPs. Because all three systems exhibited shear-
induced alignment, suitable design criteria for future DX NGy/RLP, x formulations can be suggested
as & and q values > 9.5 and approximately 0.2 to 1.0, respectively. Furthermore, the zyeak values
should be at least 1 s. These parameters should enable different RLPs to be utilized, ranging from
water-dispersible multi-walled carbon nanotubes’ to the tobacco mosaic virus’". Furthermore, NGs
are very well-suited for systematic variation in size and / or internal modulus, which should further

increase versatility.

Table 1 Summary of structural parameters for the NGs and RLPs.

System Toreak' /S Diameter / nm Length / nm £P q°
NG - 40 - - -
Worm 1.0 35 307 18.0 0.90
PP >10 16 - ¢ - 0.40
NCC 00 10 161 9.5 0.25

3 Characteristic RLP breaking time. ° &= Lr.e/Dne. “g= Drue/Dne , where Lrip and Dryp are the
length and diameter of the RLPs, respectively. The values shown were obtained from TEM or AFM
(see text). Dng is the diameter of the NGs. The d, value measured at pH 7.5 was used for Dye. 41t

was not possible to determine the length of the peptide fibers due to their branched nature.
CONCLUSIONS

This paper reports a new low-shear approach for the preparation of anisotropic gel composites. Key
to the success of our approach was the NGs which enabled low-shear alignment of three types of
RLPs with varying intra-RLP stiffness (triblock copolymer worms, PPs or NCC fibers). The worms

were aligned using three different shear regimes: rotational shear, linear shear and also via extrusion
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using a syringe. All three types of DX NG/RLP systems exhibited shear-induced birefringence and
pH-triggered anisotropic swelling, which demonstrates that our new approach to forming
anisotropic composite gels is versatile. The ability of NG particles to lock in the alignment of RLPs
at low shear was critical for success and should also apply to other RLPs and in principle is also be
compatible with cells. Remarkably, the softest RLPs (worms) enabled preparation of aligned films
with the strongest anisotropic swelling. This unexpected result was due to the ability to disperse the
worms within the gel composites at high concentrations. It is highly likely that increases in the
extent of anisotropic swelling can be achieved in future through optimisation of the NG and RLP
properties. We stress that the NGs were prepared using a scalable, simple, emulsion polymerization
approach® and that alignment was achieved using inexpensive laboratory equipment. The DX NG /
worm gel binary mixtures were not cytotoxic and anisotropic swelling could be induced at around
physiological pH, thus these formulations are potentially useful new biomaterials. This suggestion
also applies to the anisotropic gels containing PPs and NCCs because these RLPs are known to be

biocompatible®" 7

. Possible applications include strengthening and guiding regeneration of load-
bearing soft tissues (e.g., intervertebral disks’’). In this context, the observation of worm alignment
simply via injection is promising (Figure S10. Supporting Information). Furthermore, all of the DX
NG/RLP composite gels exhibited strain-induced birefringence when viewed under polarized light,

which suggests potential for strain sensor applications®"®
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