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a b s t r a c t 

Extracellular pH can have a profound effect on cell metabolism, gene and protein expression. Nucleus pul- 

posus (NP) cells, for example, under acidic conditions accelerate the production of degradative enzymes 

and pro-inflammatory cytokines, leading ultimately to intervertebral disc degeneration, a major cause of 

back pain. Self-assembling peptide hydrogels constitute a well-established class of biomaterials that could 

be exploited as pH-tunable platform to investigate cell behaviour under normal and non-physiological pH. 

In this paper we formulated acidic (pH = 4) and basic (pH = 9) hydrogels, from the same octapeptide 

FEFKFEFK (F8) (F = phenyalanine, E = glutamic acid, K = lysine), to test the effect of non-physiological 

pH on encapsulated NP cells. Similarly, graphene oxide-containing F8 hydrogels (GO-F8) were formulated 

as stiffer analogues. Acidic and basic hydrogels showed peculiar morphologies and rheological properties, 

with all systems able to buffer within 30 minutes of exposure to cell culture media. NP cells seeded 

in acidic F8 hydrogels showed a more catabolic phenotype compared to basic hydrogels, with increased 

gene expression of degradative enzymes (MMP-3, ADAMTS-4), neurotrophic factors (NGF and BDNF) and 

NF- κB p65 phosphorylation. Acidic GO-F8 hydrogels also induced a catabolic response, although milder 

than basic counterparts and with the highest gene expression of characteristic NP-matrix components, 

aggrecan and collagen II. In all systems, the cellular response had a peak within 3 days of encapsulation, 

thereafter decreasing over 7 days, suggesting a ‘transitory’ effect of hydrogel pH on encapsulated cells. 

This work gives an insight on the effect of pH (and pH buffering) on encapsulated NP cells and offers 

new designs of low and high pH peptide hydrogels for 3D cell culture studies. 

Statement of significance 

We have recently shown the potential of graphene oxide - self-assembling peptide hybrid hydrogels for 

NP cell culture and regeneration. Alongside cell carrier, self-assembling peptide hydrogels actually provide 

a versatile pH-tunable platform for biological studies. In this work we decided to explore the effect of 

non-physiological pH (and pH buffering) on encapsulated NP cells. Our approach allows the formulation 

of both acidic and basic hydrogels, starting from the same peptide sequence. We showed that the initial 

pH of the scaffold does not affect significantly cell response to encapsulation, but the presence of GO 

results in lower inflammatory levels and higher NP matrix protein production. This platform could be 

exploited to study the effect of pH on different cell types whose behaviour can be pH-dependent. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Due to their unique combination of versatile synthesis, tunable 

hysiochemical properties and biocompatibility, hydrogels have 
. This is an open access article under the CC BY license 
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een the biomaterial of choice over the past two decades for many 

pplications in tissue engineering, drug delivery and regenerative 

edicine [1] . For the clinical translation of hydrogels, a key as- 

ect to consider is cell-biomaterial interactions. In particular, the 

H of the hydrogel used to host the cells can have a significant 

ffect on cell behaviour. For example, exposure of stem cells to 

on-physiological pH has been shown to have a critical impact 

n cell viability, differentiation and pluripotency [2–5] . Similarly, 

uctuations in the extracellular pH has been shown to influence 

etabolism and marker expression of several musculoskeletal cells, 

ncluding chondrocytes [6] and osteoblasts [7] . From a biomaterial 

cience perspective, the possibility to formulate low or high pH hy- 

rogels offers several advantages and opportunities. For instance, 

ifferent cell types may prefer specific pH and/or pH-ranges when 

hey are encapsulated, and controlling their microenvironment’s 

H may lead to more physiologically relevant outcomes. Hydrogels 

t non-physiological pH, for example, have been successfully used 

o mimic and study tumour acidosis [8] . 

Within the musculoskeletal system of the spine, the nucleus 

ulposus (NP), which constitutes the core of the intervertebral disc 

IVD), can be considered a relatively acidic microenvironment. In 

he IVD, NP cells are at least 5 mm far from a direct blood sup-

ly [9] , relying mainly on anaerobic respiration to function, which 

an cause lactate accumulation (as glycolysis by-product) and NP 

cidification [10] . During IVD degeneration, the intradiscal pH can 

each values below 6 [11] , with a direct correlation between acidic 

H, cell death and matrix catabolism [12–14] . Due to its clinical 

mpact, several in vitro systems have explored the role of pH on 

VD degeneration [ 13 , 15 ]. In these systems, typically the pH is kept

onstant by regular addition of acids or bases, such as hydrogen 

hloride (HCl) and sodium hydroxide (NaOH). However, as the na- 

ive ECM is a dynamic microenvironment, it would be useful to in- 

estigate the behaviour of NP cells in 3D hydrogels for which the 

H can change over time. Indeed, although NP cells are known to 

dopt a catabolic phenotype under constant acidic conditions, it 

s not clear whether transitory pH changes may be deleterious too. 

luctuations towards basic pH, for example, which could mimic ex- 

racellular alkalinisation [ 16 , 17 ], have never been investigated for 

P tissue engineering. 

For IVD research, encapsulation and culture of NP cells within 

on-physiological pH hydrogels could offer new insights for bio- 

aterial design and cell biology. Self-assembling peptide hydro- 

els represent a versatile pH-tunable 3D platform for cell culture 

tudies [18–20] . Indeed, depending on design, peptides can poten- 

ially undergo gelation at low or high pH and can shift to neu- 

ral pH when exposed to cell culture media [21–23] . This intrinsic 

ehaviour provides a ‘buffering time window’, in which encapsu- 

ated cells could experience ‘transitory pH shifts’ (acidic/basic to 

eutral). Over the last decade, our group has explored the gela- 

ion properties of a family of short peptides (8-10 amino acids) 

ble to form β-sheet rich nanofibres ( ∼ 3 nm in diameter) that en- 

angle / associate into 3D self-supporting hydrogels [ 24 , 25 ]. These 

ystems have been used successfully with different cell types for 

everal tissue engineering applications [26–29] . Recently, we ex- 

loited the self-assembling and gelation properties of the octapep- 

ide FEFKFEFK (F8) (F: phenylalanine, E: glutamic acid and K: ly- 

ine) to create injectable graphene oxide (GO) - self-assembling 

eptide hybrid hydrogels for NP cells culture and delivery for IVD 

egeneration [ 30 , 31 ]. Due to its sequence design, F8 can form sta-

le hydrogels at low and high pH [ 30 , 32 ] that can be buffered to

hysiological pH upon addition of cell culture media. F8 hydro- 

els were shown to be mechanically tunable and functionalised 

hrough incorporation of GO flakes. Indeed, GO was used as re- 

nforcement and as well as a nanocarriers for the solid-phase pre- 

entation and delivery of transforming growth factor β3 (TGF- β3) 

 30 , 31 ]. 
146 
In this paper we therefore explored the possibility to formu- 

ate both acidic and basic F8 and GO-F8 hybrid hydrogels to in- 

estigate the effect of pH on encapsulated NP cells. All hydrogels 

ormulated were characterised using circular dichroism (CD), rhe- 

logy and transmission electron microscopy (TEM). Bovine NP cells 

ere encapsulated in basic and acidic hydrogels, whose pH was 

hifted to 7.4 upon conditioning with cell culture media. Following 

ncapsulation, cell viability, gene expression of characteristic NP- 

atrix, catabolic and neurotrophic genes as well as activation of 

he inflammation-related NF- κB signalling were assessed to under- 

tand the effect of pH and pH-buffering on NP cell behaviour. 

. Materials and methods 

.1. Materials 

FEFKFEFK peptide was purchased as HCl salt form from 

iomatik Corporation (Wilmington, DE, Canada). The peptide 

urity (98.4%) was confirmed in-house by mass spectroscopy 

MS) and reverse phase high performance liquid chromatography 

HPLC). All solvents and reagents were purchased from Sigma- 

ldrich and used as received. The same GO flakes as used in our 

revious studies were used here [ 30 , 31 ]. Briefly, GO solution was

repared by a modified Hummers’ method [36] . Graphite (10 g, 80 

esh, 94% carbon) was first treated with NaNO 3 (9 g) and concen- 

rated H 2 SO 4 (338 mL) at room temperature to obtain intercalated 

raphite. The mixture was then cooled in an ice bath, mixed with 

5 g of KMnO 4 and diluted with a solution of 5% H 2 SO 4 , followed

y slow addition of 5 g of H 2 O 2 . The resulting GO was purified

y repeated centrifugation and re-dispersed in deionised water. GO 

akes were characterised using SEM, AFM and XPS (Fig. SI 1). Flake 

ean-size was found to be 4.8 ± 2.2 μm, flake thickness 1.2 ± 0.2 

m and flake oxidation level ∼30%. 

.2. Titration curves and phase diagram creation 

Peptide titrations experiments were performed by adding 5 μL 

teps of 0.5 M NaOH into peptide solutions with final concen- 

rations ranging from 5 to 25 mg mL −1 . After each NaOH addi- 

ion, the samples were vigorously agitated using a vortexer to en- 

ure homogenous mixing and the pH was measured 3 times using 

n Orion 3-Star Benchtop pH Meter (Thermo Scientific, Waltham, 

assachusetts, USA). For each pH, the physical state of the solution 

as assessed as ‘liquid’ (the peptide solution flows freely upon vial 

nversion), ‘cloudy’ or ‘clear’ hydrogel (the peptide solution forms 

ither an opaque or an optically-transparent self-supporting hydro- 

el upon vial inversion, respectively). 

.3. Acidic and basic peptide hydrogel formulation 

Peptide hydrogels were prepared by dissolving 20 mg of FEFK- 

EFK peptide powder into 1 mL of HPLC water and gelation was in- 

uced by stepwise addition of a 0.5 M NaOH solution to get acidic 

pH 4) and basic (pH 9) hydrogels. Acidic and basic peptide-GO hy- 

rogels were formulated as described previously [30] , by mixing 

he peptide solutions with GO aqueous solutions (3 mg mL −1 GO 

n HPLC water) to get a final concentration of 0.5 mg GO per mL 

f hydrogels. For the formulated hydrogels, sample names and de- 

ails are collected in Table 1 . Once formulated and before cell cul- 

ure studies, all hydrogels were sterilized with UV-C pulsed light 

3 pulses of 300 mJ cm 

−3 per sample) using a SteriBeam bench- 

op sterilizer (SteriBeam System, Germany). 

.4. Oscillatory rheometry 

Oscillatory shear rheometry was performed on a Discovery Hy- 

rid 2 (DHR-2) rheometer (TA Instruments, USA) using a 20 mm 
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Table 1 

Sample names and formulation details. 

Sample 

Peptide concentration 

(mg mL −1 ) 

GO concentration 

(mg mL −1 ) Final pH 

F8A 20 0 4 

F8B 20 0 9 

GO-F8A 20 0.5 4 

GO-F8B 20 0.5 9 
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arallel plate geometry with a gap size of 500 μm. Samples were 

repared by pipetting 200 μL of hydrogels onto the rheometer bot- 

om plate. The upper rheometer head was then lowered to the gap 

ize of 500 μm and samples were left to equilibrate for 3 min 

t 37 °C. Amplitude sweep experiments were performed at 1 Hz, 

n the strain range of 0.01 to 100 % at 37 °C. A solvent trap was

sed during the experiment to minimise sample evaporation. All 

easurements were repeated at least three times to ensure repro- 

ucibility. 

.5. Circular dichroism (CD) 

Acidic and basic peptide and hybrid hydrogels were diluted to 

.05 mg mL −1 (starting concentration: 20 mg mL −1 ) with HPLC 

ater. A 200 μL droplet of each sample was gently pipetted in a 

.1 mm quartz cuvette and air bubbles were carefully removed. 

D spectra were measured with a ChiraScan® spectrometer (Ap- 

lied Photophysics, UK) in the wavelength range of 190 - 260 nm. 

ata were collected with 0.5 sec per point and 0.5 nm bandwidth. 

pectra of HPLC water was used as background for the peptide hy- 

rogels, while spectra of GO flakes in HPLC water (0.05 mg mL −1 ) 

ere used as background for the hybrid peptide-GO hydrogels. 

D data are presented as ellipticity and recorded in millidegrees 

mdeg). 

.6. Transmission electron microscopy (TEM) 

Hydrogels were first diluted 50-fold using double deionised wa- 

er (ddH 2 0). A carbon-coated copper grid (400 mesh, Electron Mi- 

roscopy Sciences, UK) was then placed sequentially in contact 

ith 1) 10 μL sample droplet for 1 min; 2) 10 μL ddH 2 O droplet

or 10 s; 3) 10 μL 1 % uranyl acetate solution (negative staining) 

roplet for 30 s and finally with 4) 10 μL droplet of ddH 2 O for

0 s, as final wash. Excess liquid was removed after every step us- 

ng a lint-free tissue. Samples were left to air-dry for 1 hour before 

maging. Images were acquired using a FEI Tecnai12 BioTwin at 100 

V. A total of 300 individual peptide fibre and fibre bundle widths 

ere measured manually from multiple TEM images using ImageJ 

oftware, v1.52a. Fibre distribution were fitted using a lognormal 

istribution with OriginPro software, v8.5.1. 

.7. Bovine NP cell encapsulation and culture 

Bovine NP cells (BNPCs) were isolated from bovine tails (cows 

ged 18 to 36 months) obtained from a local abattoir. Three sam- 

les of bovine cells from three independent animals were used 

cross this study. BNPCs were expanded in monolayer culture us- 

ng Dulbecco’s Modified Eagle’s Media (DMEM) supplemented with 

00 U mL −1 penicillin, 100 μg mL −1 streptomycin, 0.25 μg mL −1 

mphotericin, 10 μM ascorbic acid 2-phosphate, 100 mM of sodium 

yruvate and 10 % (v/v) FBS. The cells were passaged at 70 – 80 % 

onfluency using a 1X trypsin/EDTA solution and re-suspended in 

resh culture media to the desired cell density after centrifugation 

350g for 5 mins). Hydrogels were pre-warmed at 37 °C and NP 

ells were encapsulated by mixing 100 μL of cell suspension into 
147 
 mL of hydrogel to a final cell density of 4 ×10 6 cells mL −1 . Af-

er encapsulation, 100 μL aliquots of cell-laden hydrogels were dis- 

ensed in transwell ThinCert TM inserts (code: 662610, Greiner Bio 

ne, UK) and conditioned by adding 0.9 mL of culture media for 

ach well, 650 μL of media in the well and 250 μL in the transwell,

nto the surface of the hydrogels. 

.8. Assessment of NP cell viability 

To assess NP cell viability, media was removed from the cell 

ulture wells and hydrogels were incubated for 1 hour at 37 °C 

nd 0.5% CO 2 with a LIVE/DEAD 

TM assay solution (10 mL of PBS, 

0 μL of ethidium homodimer-1 (EthD-1) and 5 μL of calcein AM 

 Invitrogen, Thermo Fisher Scientific, UK). After incubation, the 

IVE/DEAD 

TM assay solution was gently removed and the cell-laden 

ydrogels were transferred on a microscope glass slide for imaging. 

amples were covered with a glass coverslip and images were col- 

ected using a Nikon Eclipse 50i fluorescence microscope (emission 

avelengths: green channel at 515 nm; red channel at 635 nm; 

xcitation wavelength: 495 nm). Green-stained cells (stained with 

alcein AM) showed live cells, while red-stained cells (stained with 

thD-1) showed dead cells. To quantify the DNA content of NP cells 

ver time, a PicoGreen® reagent was prepared using a 1:200 di- 

ution with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and 

tored away from light. A DNA standard curve (fluorescence vs to- 

al DNA, with DNA between 0.1 and 10 0 0 ng mL −1 ) and a stan-

ard curve for cell numbers (fluorescence vs cell numbers) were 

reated. Hydrogels (100 μl) were first pre-digested with 300 μl of 

ronase E for 5 mins at 37 °C, then the hydrogels were pulse vor- 

exed for 1 min before being centrifuged at 120 0 0 rpm for 5 mins.

 clear supernatant was extracted and separated from the hydrogel 

ellet. Extracted DNA samples (100 μl) were pipetted into a black 

6-well plate and equal amount of PicoGreen® reagent was added. 

amples were incubated at room temperature for 5 mins and pro- 

ected from light before being analysed on an FLx800 microplate 

eader (BioTEK, USA) with an excitation wavelength of 485 nm and 

mission of 520 nm. Three samples per time point were used. 

.9. Assessment of gene expression via RT-qPCR 

Gene expression was assessed by RT-qPCR for cells in mono- 

ayer culture (referred as ‘2D’ and ‘day -1’) and for cells encap- 

ulated in the hydrogels after 30 mins (day 0), 1, 4 and 7 days 

fter encapsulation. To extract the RNA at desired time points, 

ell-laden hydrogels were firstly pre-digested in 10 mg mL −1 of 

ronase E solution at 37 °C for 5 mins, as previously described 

 31 , 33 ]. Then, hydrogels were further disrupted in TRIzol® solu- 

ion and RNA was extracted according to the manufacturer’s in- 

tructions (Geno Technology, US). Extracted RNA was reverse tran- 

cribed to cDNA with a high-capacity reverse transcription kit 

Thermo-Fisher Scientific, UK) and gene expression measured by 

T-qPCR using a StepOnePlus TM Real-Time PCR system (Applied 

iosystems, UK). Reactions were prepared in triplicate by using 

ast SYBR Green Master Mix (Applied Biosystems, UK) and DNA 

ligo Primers (Sigma-Aldrich, UK) to a final volume of 10 μL, con- 

aining 10 ng cDNA and 300 mM of each primer. Data were anal- 

sed according to the 2 −�Ct method, with gene expression nor- 

alised to the pre-validated reference gene GAPDH. The list of 

enes and primers used in this study is shown in Table 2 . 

.10. Assessment of NF-kB p65 phosphorylation 

Proteins were extracted from cell-laden hydrogels using a pro- 

ocol adapted from Burgess and co-workers [34] . Briefly, cell-laden 

ydrogels were snap-frozen in liquid nitrogen and thawed in urea 

uffer (8 M urea, 2 M thiourea, 100 mM Tris-HCl, 5 mM DTT, 
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Table 2 

List of genes and primers used for the qRT-PCR analysis. 

Genes Forward primers (5 ′ -3 ′ ) Reverse primers (5 ′ -3 ′ ) 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) TGCCGCCTGGAGAAACC CGCCTGCTTCACCACCTT 

Aggrecan (ACAN) GGGAGGAGACGACTG 

CAATC 

CCCATTCCGTCTTGTTT 

TCTG 

Collagen type II (COL2A1) CGGGCTGAGGGCAACA CGTCAGCCATCCTTCAGA 

Interleukin-1 beta (IL-1 β) AAACAGATGAAGAGCTGCATCCAA CAAAGCTCATGCAGAACACCACTT 

Interleukin-1 receptor (IL-1R) CACTCTGCTGGACTCTAAGGAG CCTAAATCTGTCTATAGATGGTG 

Metalloproteinase-3 (MMP-3) CACTCAACCGAACGTGAAGCT CGTACAGGAACTGAATGCCGT 

A Disintegrin and Metalloproteinase with 

Thrombospondin motif-4 (ADAMTS-4) 

CCTGGCAACGAGGACTCAAC GGGTAAACAGAATGGCTGTGTCA 

Nerve Growth Factor (NGF) AAGGGCAAGGAGGTGATG CTTGACGAAGGTGTGGGT 

Brain-derived Neurotrophic Factor (BDNF) TATTGGCTGGCGGTTCATAC TCCCTTCTGGTCATGGAAATG 
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H 8.0) before undergoing multiple cycles of sonication lasting 

80 s (40W) to aid solubilization. Three and five cycles of son- 

cation were used for GO-free and GO-containing hydrogels re- 

pectively to obtain complete solubilization. Between each cycle, 

amples were purified by centrifugation at 120 0 0 rpm, for 5 mins 

t 4 °C. Extracted proteins were quantified using an InstantBlue TM 

oomassie protein stain (code: ab119211, Abcam, UK). 10 μg of pro- 

ein from each sample were loaded into the wells of a NuPage 4–

2% Bis-Tris Plus Gels (ThermoFisher Scientific). Gel electrophoresis 

as performed at 120 V and separated proteins were transferred 

o a 0.45 μm pore size poly(vinylidene difluoride) (PVDF) mem- 

rane. PVDF membranes were then blocked for two hours at room 

emperature with 5% (w/v) BSA in Tris-Buffered Saline (TBS) with 

.1% (v/v) Tween20 (TBS-T) and incubated with primary antibod- 

es against NF-kB p65 (1:10 0 0 dilution, code: 4764S, Cell Signaling, 

K), phospho-NF kB 65 (1:10 0 0 dilution, code: ABS403, Merck, UK) 

nd HRP-conjugated anti- β actin (1:10 0 0 dilution, code: ab20272, 

bcam, UK) in 5 % (w/v) BSA overnight at 4 °C, under gentle ag- 

tation. Blocked membranes were washed 5 × 5 mins with TBS-T 

nd further probed with HRP-conjugated secondary antibody in 5 

 (w/v) BSA (1:10 0 0 0 dilution, code: NEF8120 01EA, Perkin Elmer, 

K) for 1 h at room temperature. After incubation, protein bands 

ere visualized by incubation with ECL Plus reagent (Pierce, USA) 

nd exposure to a photographic film. 

.11. Statistical analysis 

Data were presented as mean ± standard deviation (SD). All ex- 

eriments were carried out at least in triplicate. Analysis of vari- 

nce test (ANOVA test), with a Tukey’s post hoc test was used to 

ompare samples. Differences among groups are indicated as fol- 

ows: ( ∗∗) for p -values < 0.05, ( ∗∗∗) for p -values < 0.001, (ns) when

ifferences were not statistically significant. All graphs and statisti- 

al analysis were generated and performed using OriginPro v8.5.1. 

. Results and discussion 

.1. Hydrogel formulations 

As shown in our previous work, electrostatic interactions play 

 pivotal role in the self-assembly and gelation of β-sheet form- 

ng peptides [ 22 , 30 ]. Assuming the process of self-assembly does 

ot affect the pKa of the different ionic groups the theoretical net 

harge, Z , carried by a peptide can be calculated through: 

 = 

∑ 

i 

N i 

10 

pK a i 

10 

pH + 10 

pK a i 
−

∑ 

j 

N j 

10 

pH 

10 

pH + 10 

pK a j 
(1) 

here N i/j are the numbers of amino acids and pKa i/j are the pKa 

alues of the basic (i-pKa > 7) and acidic (j-pKa < 7) groups 

resent on the peptide sequence, respectively. For F8 ( Fig. 1 A), 

he ionic groups present are carboxylic acid (COOH / COO 

−) 
148 
t the C-terminus (pKa = 2.18) and on the glutamic acid side 

hain (pK a = 4.25), and amines (NH 

3 + / NH 2 ) at the N-terminus 

pK a = 9.13) and on the lysine side chains (pK a = 10.53). The 

heoretical net charge of F8 as a function of pH ( Fig. 1 B) ranges

rom + 3 at low pH to − 3 at high pH with the isoelectric region

anging from 6 to 8. 

We investigated the gelation behaviour of F8 by building the 

physical-state” phase diagram as a function of pH and concen- 

ration. As can be seen from Fig. 1 C, gelation of F8 is affected by

oth pH, and therefore peptide charge, and concentration. Below 

8 mg mL −1 F8 was found to form solutions across the full pH 

ange. Above ∼ 8 mg mL −1 F8 was found to form solutions as 

ell as transparent and cloudy hydrogels depending on pH. For 

mphipathic β-sheet forming peptides, such as F8, molecular in- 

eractions between adjacent peptides and peptide-fibres play a key 

ole in dictating the physical state of the sample, in particular the 

ransparency and turbidity of the hydrogels formed. Indeed, for 

ransparent hydrogels to be obtained the electrostatic repulsion be- 

ween peptide fibres needs to be strong enough to ensure limited 

bre aggregation, as structures larger than ∼ 300 nm will scat- 

er in the visible light range, leading to opaque or ‘cloudy’ sys- 

ems. When, as received, peptide were dissolved in HPLC water, 

8 solutions had a pH of ∼ 2. In this work, NaOH was used to 

ncrease the pH of the samples. At low pH, peptide self-assembly 

nd peptide-fibre aggregation are hindered by electrostatic repul- 

ion leading to formation of low viscosity solutions. When sam- 

le pH is increased, electrostatic (repulsive) interactions between 

eptides and peptide-fibres are reduced, as the charge carried by 

he peptides decreases, leading to hydrophobic (attractive) inter- 

ctions becoming dominant, resulting in fibres formation and ag- 

regation [ 22 , 35 ]. Increasing the sample pH, therefore, leads in a 

rst instance in an increased solution viscosity and then formation 

f transparent hydrogels, which become cloudy as the pH is fur- 

her increased towards the peptide’s isoelectric range [25] . Hydro- 

elation will result from the formation of a percolated crosslinked 

etwork across the sample and formation of self-supporting ma- 

erials. As shown in the literature, when the charge modulus car- 

ied by peptides in these systems becomes smaller than ∼ 1, the 

evel of fibre-fibre aggregation, in other words network crosslink- 

ng, increases such that hydrogels become “cloudy” suggesting the 

ormation of large ( > 300 nm) fibre aggregates [ 23 , 36 ]. 

As the pH is increased above 7, the peptides become nega- 

ively charged and peptide / peptide-fibre electrostatic repulsion 

ncreases causing the formation, for concentrations smaller than 

22.5 mg mL −1 , of transparent hydrogels and solutions. Interest- 

ngly, the low and high pH behaviour of F8 was not symmetric 

 Fig. 1 C). At pH > 7 the cloudy gel range was larger in the basic

ide and for concentrations > 22.5 mg mL −1 only cloudy hydro- 

els were obtained. This suggests some additional molecular inter- 

ctions being present at high pH that promoted further fibre aggre- 

ation. As mentioned above, the pH was modified through NaOH 
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Fig. 1. A) Chemical structure of FEFKFEFK (F8) peptide at pH 7; B) Theoretical net charge carried by F8 as a function of pH calculated using Eq. 1; C) Concentration – pH 

physical-state phase diagram of F8 peptide. Three physical states were observed: liquid (red triangles), clear hydrogel (green dots), and cloudy hydrogel (blue squares). 
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ddition and as a result Na + ions were added to our system. These 

ill interact with peptide and peptide-fibres when their charge be- 

omes negative (pH > 7), probably leading to charge screening, 

hich is known to promote fibre-fibre lateral interaction and fi- 

re aggregation [37–39] . The detailed investigation of salt effect on 

8 gelation is beyond the scope of this work. A number of studies 

an be found in the literature in which several authors have inves- 

igated the effect of salt addition in the context of the Hofmeister 

eries on the gelation of self-assembling peptides [40–42] . 

In our previous work we have shown that 20 mg mL −1 is the 

ptimal concentration for the formulation of F8 and GO-F8 hybrid 

ydrogels for the 3D culture of NP cells. From the phase diagram 

iscussed above, at 20 mg mL −1 clear hydrogels were obtained at 

H 4 and 9. These two pH where therefore chosen to formulate 

cidic (F8A and GO-F8A) and basic hydrogels (F8B and GO-F8B) re- 

pectively. The addition of 0.5 mg mL −1 of GO, concentration used 

n our previous work [32] and for which good biocompatibility of 

O flakes with NP cells was shown [ 30 , 31 ], did not induce any

hysical state change in the final hydrogels. 

.2. Hydrogel microstructure 

To confirm that pH did not significantly modify the fibre mor- 

hology and network topology, the hydrogels were characterised 

sing CD and TEM. In Fig. 2 the CD spectra of the four hydro-

els, F8A, F8B, GO-F8A and GO-F8B are presented. For F8A and F8B 

imilar CD spectra were obtained ( Fig. 2 A-B ) typical of the adop-

ion by the peptide at both pH of anti-parallel β-sheet secondary 

onformations: i.e. presence of a strong positive peak at 193.5 nm 

nd strong negative peak at 201.5 nm [43] . Specifically, the spec- 

ra obtained are reminiscent of spectra associated in the literature 

ith the formation right-handed twisted β-sheet structures [44] . 

n both spectra two additional small negative shoulders at 215 and 
149 
25 nm were observed and for F8A an additional shoulder at 205 

m was noticed. These types of features have been associated with 

he re-arrangement of aromatic rings [43] , suggesting minimal dif- 

erences at the two pH in phenyl-rings arrangement. Overall, the 

D spectra clearly suggested that F8 adopted a similar molecular 

onformation both at pH 4 and 9. The incorporation of GO flakes 

n the hydrogels did not affect the tendency of F8 to form anti- 

arallel β-sheets. Indeed, as can be seen from the spectra pre- 

ented in Fig. 2 C & D similar features as above were observed, i.e. 

trong positive and negative peaks at 193.5 nm and 201.5 nm re- 

pectively, typical of anti-parallel β-sheets. Moreover, small shoul- 

ers at 215 and 225 nm attributed to phenyl-rings arrangement, 

ere also observed for the samples containing GO flakes, both 

t low and high pH. The presence of an additional small positive 

eak at 235 nm, usually attributed to the presence in proteins of 

andom-coil secondary structures, was observed for both GO con- 

aining samples [43] . As discussed in our previous work, when GO 

akes are introduced in F8 hydrogels, peptide nanofibres are ad- 

orbed on the surface of the flakes through π- π stacking and hy- 

rophobic interactions [30–32] . Here, we postulate that the small 

andom coil peak observed in the CD spectra may be due to the 

eptides adsorbed on the surface of the GO flakes. Indeed partial 

e-arrangement of secondary structures from β-sheet to random 

oil has been reported for several amyloid β-sheet fibrillar systems 

pon interactions with graphene and GO-based substrates [45–47] . 

The ability of F8 to form extended fibrillar structures under 

cidic and basic conditions, in the presence and absence of GO 

akes, was confirmed by TEM ( Fig. 3 A). For each sample fibre 

idth distributions measured were fitted with lognormal curves 

nd their parameters collected in Table S1. In all four hydrogels ex- 

ended fibrillar networks were observed with similar fibre average 

iameters ranging from 4.6 ± 1.1 nm for GO-F8B to 5.7 ± 1.2 nm 

or F8A. These values are in agreement with fibre sizes obtained 
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Fig. 2. CD spectra obtained for diluted peptide hydrogels (A, B) and diluted hybrid hydrogels (C, D). HPLC water was subtracted as background for A) and B), while spectrum 

of GO flakes dispersed in HPLC water was subtracted as background for C) and D). 
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n our previous work for similar octapeptide systems, as well as 

ith the theoretical diameter expected for cross β-sheet-rich fibres 

 25 , 32 , 36 ]. In the case of F8, a rectangular cross-section is expected

ith a width of ∼ 4 nm and a thickness of ∼ 1.2 nm [48] . F8A

istribution seems to be shifted towards slightly higher size range 

5.7 ± 1.2 nm), suggesting additional fibre thickening through lat- 

ral association occurring in this sample. As we and other authors 

ave shown, peptides fibres aggregation / association can be mod- 

lated through a range of factors, including pH changes and/or 

alt addition [ 22 , 23 , 49 , 50 ]. For example, Feng and co-workers have

hown that at low ionic strength (0.1 M NaCl) negative and positive 

ndecapeptides (E11 and K11) aggregate into thick nanofibres ( ∼7.7 

m), while when the ionic strength is increased ( > 0.6 M NaCl) fi- 

res diameters can be drastically reduced by ∼ 40 % [51] . Overall, 

he fibre size distributions observed suggest similar fibrillar topolo- 

ies for all four samples. 

.3. Hydrogel mechanical properties 

The effect of pH formulation on hydrogels mechanical proper- 

ies was investigated via oscillatory shear rheology. As can be seen 

rom Fig. 4 A for all four samples, before and after media condi- 

ioning, mechanical spectra typical of solid-like hydrogels were ob- 

ained. The storage moduli ( G 

′ ) were found in each case to be, in

he linear viscoelastic region (LVR), at least one order of magnitude 

arger than the loss moduli ( G 

′′ ). At higher strain hydrogel break- 

ge occurs resulting in a cross-over point γ c (strain value at which 

 

′ = G 

′′ ) being observed, which is related to the “brittleness” of 

he material and marks the transition from solid-like to liquid-like 

ehaviour. The formulation of hydrogel at acidic pH leads to stiffer 

ydrogels ( G 

′ 
F8A = 7.4 ± 1.1 kPa) compared to basic pH ( G 

′ 
F8B = 2.7

0.3 kPa), resulting also in higher γ c ( Fig. 4 B). As discussed above 

learly subtle microstructural differences exist between hydrogels 

ormulated and high and low pH, which probably affect bulk hy- 
150 
rogel mechanical properties. At pH 4 the addition of GO flakes re- 

ulted in an increase in hydrogel stiffness, which is thought to be 

ue to positive charged peptide fibres interacting with negatively 

harge GO flakes, leading to an increase in network crosslinks and 

igher G 

′ ( G 

′ 
GO-F8A = 9.5 ± 0.3 kPa) [30] . This is accompanied by a

ignificant decrease in γ c ( γ cGO-F8A = 9.3 ± 0.3 % vs. γ cF8A = 17 ±
.2 %), or in other words by a significant increase in hydrogel “brit- 

leness”. When GO flakes are added to the basic hydrogel (pH 9), 

on-statistically significant small increase in G 

′ and decrease in γ c 

re observed between F8B and GO-F8B, pointing towards weaker 

nteractions between the peptide fibres and GO flakes, which are 

oth negatively charged at pH 9. 

Following conditioning with cell culture media the stiffness of 

he hydrogels formulated at pH 4 were found to increase signifi- 

antly ( G 

′ Media 
F8A = 9.5 ± 0.3 kPa) confirming the results obtained 

n our previous works [30] . In this case again the incorporation of 

O was found to lead to a significant further increase in the stor- 

ge modulus ( G 

′ Media 
GO-F8A = 14 ± 0.4 kPa). For the hydrogel for- 

ulated at basic pH in this case too media conditioning resulted in 

 significant increase in G 

′ leading to slightly stiffer hydrogels than 

hose formulated at acidic pH. For basic hydrogels, the incorpora- 

ion of GO did not lead to any changes in G 

′ nor in γ c , once again

ointing towards minimal interactions between GO flakes and pep- 

ide nanofibres. Interestingly, at pH 7.4 the peptide fibres will carry 

verall a neutral charge and one would have expected interactions 

etween GO flakes and fibres to be the similar in both hydrogels. 

owever, clearly the formulation pathway does have some impact 

n the final mechanical properties of the hydrogels after media 

onditioning. 

.4. Hydrogel buffering and cell viability 

In order to estimate the pH changes cells experience upon en- 

apsulation, the pH of the four hydrogels was measured over the 
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Fig. 3. A) TEM images obtained for diluted acidic and basic peptide (F8A, F8B) and hybrid hydrogels (GO-F8A, GO-F8B), Scale bars = 100 nm (images) and 50 nm (insets); 

B) Fibre width distributions and lognormal fits obtained (fitting parameters are collected in Table SI 1). 

151 
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Fig. 4. A) Amplitude sweep rheological tests of peptide (F8A, F8B) and peptide-GO hybrid hydrogels (GO-F8A, GO-F8B) before and after media conditioning. B) G ′ and G ′′ 
obtained at 0.2% strain (left) and γ c (cross over strain - right) obtained at G ′ = G ′′ . Amplitude sweeps were performed at 1 Hz and 37 °C in the strain range: 0.01 - 100%, 

(n = 3). Data are shown as mean ± SD, ∗∗p-value < 0.05, ∗∗∗p-value < 0.001, ‘ns’ stands for ‘non-statistically significant’. 
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rst hour following addition of the media (media conditioning). 

he pH vs. time curves, Fig. 5 , obtained were then fitted with an

xponential decay function, often used to describe diffusion phe- 

omena and reaction kinetics [52] : 

pH = A e ( −kt ) + B (2) 

here A is the amplitude of the fitted exponential, B the offset 

nd k the rate constant of pH-change over time. All fitting pa- 

ameters obtained for the four hydrogels are listed in Table SI 2. 

rom Fig. 5 A and Table SI 2 it is clear that F8A, GO-F8A and GO-F8

resent the same rate of pH-change over time ( k F8A ≈ k GO- F8A ≈
 GO- F8A ≈ 0.10 ± 0.03 s −1 ) and that after 30 min conditioning the 

H reaches 7.4, i.e. the pH of culture media. F8B seems to have a 

aster rate of pH-change ( k F8B = 0.27 ± 0.02 s −1 ) with pH reaching

quilibrium after just 10 min. 

In order to elucidate the effect of hydrogels’ initial pH on en- 

apsulated NP cells, LIVE/DEAD 

TM and PicoGreen assays were used 

t day 0 (30 min after addition of media), 1, 4 and 7 to assess via-

ility and proliferation. As shown in Fig. 5 B, NP cells with a char-
152 
cteristic rounded morphology [53] were observed in all samples, 

ith no notable morphological differences between time points. 

isibly larger cell aggregates were observed in GO-F8B hydrogels 

t day 7, while isolated cells were visible for the three other hydro- 

els. As discussed above, at high pH minimal interactions between 

bres and GO flakes is suspected, potentially allowing NP cells to 

irectly interact with the flakes and aggregate around them. The 

NA content ( Fig. 5 C) was found to be the highest in F8A on

ay 1 after encapsulation, before decreasing to the same level of 

he other hydrogels at day 4 and 7 ( Fig. 5 C). Interestingly, despite 

ome subtle differences among samples, the total DNA content of 

P cells encapsulated in all four hydrogels converged to a nearly 

dentical DNA content ( ∼ 430 ng mL −1 ) after 4 days of 3D cul- 

ure. Our results therefore point towards a similar viability for all 

our hydrogels suggesting that either initial pH, acidic and basic, 

id not have any particular detrimental effect on cells. The stable 

NA content observed from day 4 onwards also suggests that these 

els preserved the cells in a “healthy” state. Indeed, it should be 

oted that, as discussed in the literature and in our previous works 
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Fig. 5. A) Hydrogel pH vs time curves. Dotted lines are the best fits obtained using Eq. 2 . Day 0 was taken 30 min following encapsulation. B) LIVE/DEAD TM assay 

(green = calcein AM to stain viable cells and red = EthD-1 to stain dead cells) images. Scale bar = 100 μm. C) Hydrogels’ DNA content assessed via PicoGreen. 

[  

d

p

i

c  

N

c

G

t

d

s

i

[  

b

p

i

i

p

a

a

3

t

t

d

C

i

f

a

C

t

g

s

I

o

a

t

r

t

[

a

d

(

N

c

i  

m

o

p

c

r

g

u

s

a

c

t

p

i

(

e

 30 , 54 ], NP cells are not expected to be highly proliferative. In-

eed, NP cells will proliferate significantly only when subjected to 

athological stress [55] , when cultured in monolayer [56] or dur- 

ng stages of IVD degeneration [57] . 

Different groups have explored the effect of acidic pH on NP 

ells survival both in 2D and 3D studies [ 13 , 15 , 58 ]. In these studies,

P cells (either in 2D or 3D studies) were exposed to pH-modified 

ell culture media, whose pH was kept at a constant value [13] . 

ilbert et al. , for example, showed that exposing NP cells in 2D 

o low pH (6.2 to 6.8), mimicking degenerated IVD, resulted in a 

ecrease in cell viability and proliferation [13] . Similarly in a 3D 

etting, Buckley’s group found a good correlation between increas- 

ng environmental acidity and decreased porcine NP cell viability 

 13 , 15 , 58 ]. In our study, NP cells experienced a transitory acidic or

asic pH, albeit from significantly lower (pH 4) and higher (pH 9) 

H than encountered under physiological conditions and explored 

n the literature, over the first 30 minutes of cell culture follow- 

ng encapsulation. Our results suggest that such short term non- 

hysiological pH exposure did not induce significant NP cell death 

nd that cells remained similarly viable over 7 days of culture in 

ll four hydrogels used. 

.5. Assessment of gene expression 

Having assessed cell viability we then investigated the effect 

hat the hydrogel initial pH had on NP cells’ gene expression. For 

his experiment, the genes of interest that we selected can be 

ivided into four subgroups: matrix-associated genes: ACAN and 

OL2A1; degradative enzymes genes: MMP-3 and ADAMTS-4; pro- 

nflammatory cytokines genes: IL-1 β and IL1R; and neurotrophic 

actors genes: BDNF and NGF. Genes and primers used in this work 

re listed in Table 2 . The relative gene expressions of ACAN and 

OL2A1 were studied as aggrecan and collagen type II constitute 
153 
wo key components of the NP’s native ECM [59] . The relative 

ene expressions of MMP-3, ADAMTS-4, IL-1 β and IL-1R were as- 

essed because these genes are known to be upregulated during 

VD degeneration, where matrix degradation and inflammation are 

rchestrated by degradative enzymes such as MMPs and ADAMTS, 

nd pro-inflammatory cytokines, such as IL-1 β [ 60 , 61 ]. Finally, due 

o the clinical link existing between acidic environment and neu- 

ite ingrowth in degenerate discs, the relative gene expressions of 

wo neurotrophic factors, BDNF and NGF, were also investigated 

 62 , 63 ]. For comparison purposes, relative gene expressions were 

lso measured just before cell encapsulation (cell cultured in 2D: 

ay −1). 

As shown in Fig. 6 , encapsulation of NP cells in the hydrogel 

day 0) led to a downregulation of ACAN, MMP-3, ADAMTS-4 and 

GF, while the gene expression of COL2A1, IL-1 β and BDNF in- 

reased. In particular, the increased expression of COL2A1 pass- 

ng from a 2D (day −1) to a 3D (day 0) setting was in agree-

ent with Kluba and co-workers findings. These authors, in fact, 

bserved a decreased production of collagen II when NP were ex- 

anded in monolayer and a re-expression of this gene when NP 

ells were embedded in alginate hydrogels [56] . Interestingly, the 

elative gene expression of IL-1R did not change significantly, sug- 

esting that encapsulated cells did not produce substantial IL-1 

pon encapsulation to elicit a receptor response. 

From day 0 onwards expression of ACAN and COL2A1 showed a 

imilar trend over time, whether NP cells were encapsulated into 

n acidic or basic hydrogel: ACAN expression remained roughly 

onstant, while COL2A1 expression decreased by nearly 10-fold be- 

ween day 0 and day 7. Gene expression of degradative enzymes, 

ro-inflammatory cytokines and neurotrophic factors was signif- 

cantly higher when cells were encapsulated in acidic hydrogels 

F8A) compared to their basic counterparts (F8B), with a peak of 

xpression occurring at day 4. Interestingly, for IL-1 β the peak 
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Fig. 6. Gene expression of ACAN, COL2A1, MMP-3, ADAMTS-4, IL-1 β , IL-1R, BDNF and NGF relative to GAPDH by NP cells (n = 3) cultured in acidic F8A and basic F8B 

hydrogels. Data are presented as mean ± SD, ∗∗p < 0.05 and ∗∗∗p < 0.001. Statistical differences are calculated between cells seeded in F8A and F8B at the same time point. 
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f expression was observed earlier at day 1 for F8A compared to 

8B, GO-F8A and GO-F8B, suggesting a faster pro-inflammatory re- 

ponse under acidic conditions in the absence of GO flakes. 

Although it has a multifactorial cause, several studies have 

inked IVD degeneration with an increased production of pro- 

nflammatory cytokines and degradative enzymes [64] . In partic- 

lar, it is known that increased production of IL-1 β is linked with 

n increased release of degradative enzymes and neurotrophic fac- 

ors [ 60 , 63 , 65 , 66 ]. In our in vitro systems, it seems that a peak of

L-1 β gene expression at day 1 within F8A was indeed followed by 

n increased gene expression of the degradative enzymes, MMP- 

 and ADAMTS-4, and neurotrophic factors, NGF and BDNF, which 

eached a peak in expression on day 4 after encapsulation and 

hen decreased on day 7. Interestingly, the gene expression of cell 
154 
eceptors IL-1R also showed a peak at day 4. Within the same 

imeframe, the expression of ACAN remained stable, while COL2A1 

howed a significant increase up to day 4 before decreasing at 

ay 7. Overall, after 7 days of 3D culture, all the gene expressions 

eached a common level of relative expression, suggesting that af- 

er 7 days NP cells reached a ‘steady state’ in agreement with the 

NA content assessed above. Moreover, these results suggest that 

fter 7 days of culture any negative effect occurring from the en- 

apsulation of NP cells in F8 hydrogels, whether acidic or basic, has 

ubsided. 

When GO flakes were added to the peptide hydrogels, upon en- 

apsulation (day 0) the gene expression for ACAN and COL2A1 was 

otably higher, ∼ 30-fold increase ( Fig. 7 ) compared to the hydro- 

els formulated without GO flakes, ∼ 7-fold increase, in agreement 
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Fig. 7. Gene expression of ACAN, COL2A1, MMP-3, ADAMTS-4, IL-1 β , IL-1R, BDNF and NGF relative to GAPDH by NP cells (n = 3) cultured in acidic GO-F8A and basic GO-F8B 

hydrogels. Data are presented as mean ± SD, ∗∗p < 0.05 and ∗∗∗p < 0.001. Differences were calculated between conditions at same time point. 
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ith what observed in our previous work [31] . From day 0 on- 

ards the expressions trends for ACAN and COL2A1 were nearly 

dentical between GO-F8A and GO-F8B, with a significant increase 

 ∼ 13-fold) observed on day 7. For the other genes checked, GO- 

8B promoted a larger upregulation of pro-inflammatory and neu- 

otrophic factors genes (i.e. IL-1 β , IL-1R, NGF and BDNF). As dis- 

ussed above at high pH weaker interactions between peptide fi- 

res and GO flakes are suggested. This phenomenon might cause 

ncreased cell-flakes interactions, which are thought to lead to cell 

ggregation around the flakes as seen above ( Fig. 5 ) and also in-

reased inflammatory response as seen here. Indeed, higher cy- 

ocompatibility and less inflammatory effects have been observed 
155 
n the literature when GO flake surfaces were coated, either with 

eptides or proteins [ 31 , 67 , 68 ]. 

.6. Effect of pH buffering on NF- κB signalling 

To confirm the effect of encapsulating NP cells in acidic and ba- 

ic hydrogels, we finally quantified the amount of total and phos- 

horylated p65 protein at day 0, i.e. 30 mins after cell encapsu- 

ation. The production of pro-inflammatory enzymes and factors 

e.g. MMP-3 and ADAMTS-4) is mediated by the nuclear transcrip- 

ion factor-kappaB pathway (NF- κB) and the phosphorylation of 

he p50-p65 subunits [69–71] . As shown in Fig. 8 A-B, encapsu- 
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Fig. 8. A) Western blots gel scan of p65 and phospho-p65. B) Densiometric analysis showing the relative levels of p65, C) phospho-p65 and D) phospho-p65/p65 ratio. Cell 

lysates were obtained from NP cells after 30 mins of encapsulation. Data is shown as mean ± SD, n = 3, ∗∗p < 0.05 and ∗∗∗p-value < 0.001. 
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ation in acidic F8A induced the highest production of p65, fol- 

owed by F8B and then GO-F8A and GO-F8B. As discussed above, 

lso these results suggest that F8A elicits the strongest inflamma- 

ory response, while the presence of GO appears to dampen it. This 

as further confirmed by the level of phosphorylation observed for 

65 ( Fig. 8 C-D). In particular, among peptide hydrogels the amount 

f phosphorylated p65 in F8B was significantly lower than F8A, 

onfirming a harsher response in the acidic hydrogels, as seen at 

he gene level ( Fig. 6 ). In particular, the ratio between phospho- 

65 and p65 expression levels can provide an insight on the pro- 

nflammatory NF- κB pathway’s function, since for each condition 

 higher amount of phosphorylated p65 compared to total p65 

s associated with further downstream evolution of the pathway 

72] . Hence, across the tested hydrogels, it was possible to observe 

hat for F8A and F8B the ratio between phospho-p65 and total p65 

as nearly 1, while for GO-containing hydrogels the same ratio de- 

reased to a value of ∼0.6 ( Fig. 8 D), suggesting that the presence

f GO may induce a milder inflammatory response. 

. Conclusions 

Due to its molecular design, F8 peptide is able to self-assemble 

nto β-sheet-rich hydrogels at low (pH 4) and high (pH 9) pH in 

he presence and absence of GO flakes reinforcements. Hydrogel 

haracterization showed subtle differences in fibrillar morphology 

t low and high pH that lead to slightly stiffer hydrogels formed 

n acidic conditions. In particular, the addition of GO to the ba- 

ic hydrogels did not add any mechanical reinforcement, suggest- 

ng significantly reduced interaction between GO flakes and pep- 

ide fibres. All four hydrogels once exposed to cell culture me- 

ia buffered com pletely after 30 minutes. Once NP cells were en- 

apsulated, acidic peptide hydrogels (F8A) induced a higher pro- 

nflammatory response on day 1, both at the gene level and for the 
156 
ctivation of the NF- κB pathway compared to its high pH counter- 

arts (i.e. F8B). The incorporation of the GO flakes led to an over- 

ll decrease in the inflammatory response, with the basic hydro- 

el GO-F8B showing a higher response compared to GO-F8A due 

o lack of interaction between GO-flakes and fibres, allowing in- 

reased cells-GO interactions. Interestingly in all cases after 7 days 

f 3D culture any specific effect due to the encapsulation of NP 

ell in an acidic or basic (non-physiological pH) hydrogel were ob- 

erved to have gone. NP cells, in fact, encapsulated in acidic and 

asic hydrogels showed the same behaviour whether at the cell vi- 

bility level (all four gels) or at the gene expression level, with the 

ydrogels containing GO showing lower inflammatory levels and 

igher matrix protein production in agreement with our previous 

ork [31] . 

The possibility to formulate acidic and basic pH hydrogels pro- 

ided two platforms to study the effect of pH (and pH buffering) 

n encapsulated NP cells. Moreover, new aspects of peptide-GO hy- 

rid hydrogels were studied. We think that these proof-of-concept 

ystems could be extended to other cell types, where pH may play 

n important role to ensure cell survival and maintenance of cor- 

ect phenotypes. 
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