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Supramolecular bioinspired self-assembling peptide hydrogel (SAPH) scaffolds represent a class of fully
defined synthetic materials whose chemical and mechanical properties can be finely engineered. In this
study, the relationship between SAPHs physicochemical properties and HepG2 cells viability, spheroid
formation and function are discussed. We first report that negatively charged SAPHs promote
hepatocyte proliferation and spheroids formation in vitro 3D culture while positively charged SAPHs lead
to hepatocyte death irrespective of the hydrogel mechanical properties. More specifically HepG2
cultured in 3D in E(FKFE), negatively charged SAPH maintained a differentiated phenotype and
assembled into well-defined spheroids with strong cell-cell interactions. Furthermore, HepG2 spheroids
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responded to acetaminophen exposure with upregulation of key CYP450 enzymes expression clearly
showing their potential for drug toxicity testing. These findings demonstrate how fine-tuned functional
SAPH scaffolds can be used to identify key scaffolds parameters affecting cells. In this case we
demonstrated the potential of negatively charged SAPHs for the 3D culture of HepG2 with potential
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Introduction

Nature has evolved a variety of creative approaches to many
aspects of materials synthesis and microstructural control. One
such approach is supramolecular self-assembly, which repre-
sents a simple and efficient route to the construction of large,
complex structures. This phenomenon is a key process in all
living organisms, where many of the building blocks exhibit a
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hierarchy of structures which are critical to their functions.
As yet, we are nowhere near achieving the same ability to
control and manipulate comparable structures with such skill
or variety of end products.

Avariety of bioinspired molecular building blocks have been
devised over the years ranging from protein and polysac-
charides to DNA that allow to build a range of nanostructures
including sheets, fibres, spheres and tubes.>® One such build-
ing block that has attracted considerable attention is de-novo-
designed peptides. Although at first self-assembling peptides
were mainly studied for the role they play in diseases such as
Alzheimer’s or Parkinson’s, in the past two decades scientists
have investigated the possibility to actually exploit the self-
assembly properties of these short natural molecules to design
novel biomaterials.*” Peptides offer a number of advantages to
the material scientist. Peptide synthesis has become a routine
procedure making them easily accessible. The library of 20
natural amino acids offers the ability to play with the intrinsic
properties of peptides such as structure, hydrophobicity, charge
and functionality allowing the design of materials with a wide
range of properties. Synthetic peptides are chemically fully
defined and easy to scale through standard processes, which
is not always the case for natural polymers. Being built from
natural amino acids they can be designed with low toxicity and
low immunogenicity for use in vivo and can be degraded and
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metabolised by the body, which is not always the case for
synthetic polymers.

One particular application that has attracted significant
interest is the use of self-assembling peptides to design fully
defined 3D scaffolds for cell culture applications, ie. cell niches,
with the aim to replace poorly defined and non-translatable
animal-derived scaffolds such as mouse Engelbreth-Holm-Swarm
(EHS) sarcoma-based matrices that are currently been used across
the biomedical field.*® Although significant progress has been
made over the years, fundamental understanding of, and control
over, cell-material interactions remain key challenges.

In this context our group has developed over the past decade
a technological platform for the design of biocompatible self-
assembling peptide hydrogels (SAPHSs) scaffolds with tunable
physiochemical properties.'®™*? There materials have potential
for use are across a range of biomedical fields from cell culture'***
and tissue engineering'>'® to drug'”"® and cell delivery.">"® This
technology exploits the self-assembly properties of a family of short
synthetic peptides originally devised by Zhang and co-workers.>’
This design is based on the propensity of peptide with alternating
hydrophobic and hydrophilic residues to self-assembled into
B-sheet-rich fibers that above a critical gelation concentration
(CGC) entangle and associate to form water-entrapping 3D fibrillar
networks i.e.: hydrogels (Fig. 1(A)).>?>

The majority of self-assembling peptide hydrogels based on
Zhang’s design used by us and others in the field will have
peptide fibers that carry overall neutral or positive charges. In
this current work we were particularly interested in the effect of
fiber charge on cell fate and function. We chose the human
hepatoma cell lines HepG2 for this study. HepG2 are attractive
as they are readily available and exhibit many hepatic func-
tions, such as synthesis and secretion of plasma proteins,
cholesterol and triglyceride metabolism, bile and glycogen
synthesis.>® It has also been shown that key drug-metabolism
gene types in HepG2 cells are similar to primary hepatocytes.>*
Thus, HepG2 cells are frequently selected for drug toxicity
investigations® and their reliability has been confirmed
for unknown toxins identification.>® Hepatocytes have proven
challenging to culture in synthetic hydrogels due to their high
sensitivity to scaffolds physicochemical properties®” and cur-
rently animal-based matrices remain the scaffold of choice
across the industry to culture them, despite the scientific and
ethical issues raised by these types of materials.*®

We used for this study a series of 6 -sheet forming self-
assembling peptides that carry different charges at physio-
logical pH (Fig. 1(B)) to formulate 8 SAPHs with varying
physicochemical properties. (FEFK), (F: phenylalanine; K:
lysine, E: glutamic acid) was chosen as our base peptide as it
has been extensively used in the literature to culture a variety of
cells including chondrocytes," osteoblasts® nucleus pulposus'®?°
cells and mesenchyme stem cells.*’ One particular feature of this
peptide design is that when self-assembled into an antiparallel
B-sheet, all hydrophobic residue side groups are located on one
face of the B-sheet while all the hydrophilic residue side groups are
located on the opposite face. As a result, it is thought that two
B-sheets come together to bury their hydrophobic faces and form
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the “elemental” fibers of the network. The fibers formed have a
rectangular cross-section with a width ranging from 3 to 10 nm,
depending on the length of the peptide used and a thickness of
~1.5 nm (Fig. 1(B)).

At physiological pH (7.4) all the hydrophilic residues side
groups and the uncapped termini of the peptides will be
charged. As a result, the overall theoretical charge, Z;, carried
by the peptides/fibers is linked to the difference between
the number of positive, in our case K (ng), and negatively, in
our case E (ng), residues present along the peptide sequence:
Zs (pH 7.4) = ng — ng. Therefore, in order to generate peptide
fibers with overall positive charge, K residues were added at the
termini of the base peptide to generate the following three
sequences: (FEFK),K, K(FEFK), and K(FEFK),K. These peptides
will carry at physiological pH overall charges of +1, +1 and +2
respectively. Finally, to generate peptide fibers with an overall
negative charge two new peptide sequences were generated.
For the first one a glutamic acid residue was added at the
N-terminus and the K and E order was inverted in the base
sequence to keep the alternation of positive and negative
charges along the peptide sequence to generate E(FKFE),.
This peptide will carry an overall charge of —1 at physiological
pH. For the final peptide the first lysine in the base sequence
was replaced by a glutamic acid to create a peptide with highly
clustered negative charges and carrying an overall negative
charge of —2 at physiological pH. All peptide chemical struc-
tures and charges are shown in Fig. 1(C).

First, live/dead assay was used to investigate HepG2 viability
in the 8 SAPHs formulations over 7 days. The SAPH that
promoted the highest viability was subsequently used to further
culture HepG2 cells in 3D over 14 days and observe spheroids
formation. Hepatic function was then investigated by quantita-
tively determining the production of albumin and urea while
histochemical analysis was used to investigate liver extra cel-
lular matrix (ECM) protein production and presence of cell-cell
junctions within the spheroids. Finally, drug metabolism and
functionality of the spheroids were assessed by exposure to
2 mM of acetaminophen (i.e.: paracetamol) and investigation
of CYP450 enzymes’ gene expression levels as key hepatocyte
metabolism markers.

Materials and methods
Materials

All the peptides used were purchased as HCI salts with a purity
of >95% (TFA content <0.1%) from Biomatik Corporation,
Kitchener, Canada. The peptides purities were confirmed by
high performance liquid chromatography (HPLC) and mass
spectrometry (MS). All other chemicals used to formulate the
SAPHs were purchased from Sigma-Adrich or MERK and used
as received.

SAPHSs formulation

Peptide hydrogels were prepared in 5 mL batches by dissolving
the required amount of peptide in 3.5 mL of HPLC grade water

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of (A) the self-assembly and gelation process of B-sheet forming self-assembling peptide and (B) the fibres formed (side
and top views). The peptide illustrated here is (FEFK), (F: phenylalanine, E: glutamic acid, K: lysine); (C) names and chemical structures of the peptides
used in the present study (Zy,: theoretical charge carried by the peptide at physiological pH 7.4) see Fig. S1 (ESI{); statement describes design changes

made in relation to the base peptide (FEFK),.

and mixing vigorously for 60 s. Once fully dissolved gelation
was induced by adjusting the pH to the formulation pH
(Table 1) through stepwise addition of 5 to 10 pL of a concen-
trated NaOH (1 M) solution. After each addition the samples
were vigorously agitated to ensure homogeneity. Once the
formulation pH was reached the remainder of the HPLC grade
water was added to reach the targeted sample volume and the

This journal is © The Royal Society of Chemistry 2024

sample mixed once more. Finally, the hydrogels were placed
under UV light for 15 min to ensure sterility and then stored at
4 °C for at least 24 hours before use.

HepG2 cell culture

HepG2 cells (European Collection of Authenticated Cell Cultures,
ECACC) were passaged in maintenance medium (Eagle’s minimum

J. Mater. Chem. B, 2024, 12, 12553-12566 | 12555


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01701c

Open Access Article. Published on 24 octubre 2024. Downloaded on 16/07/2025 10:46:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Journal of Materials Chemistry B

Table 1 Summary table of SAPHs characteristics (G': shear modulus) and references

Sample (FEFK)3®  (FEFK);™° (FEFK),K  1/2(FEFK), 1/2(FEFK),K K(FEFK),K (FE),FKFE K(FEFK),  E(FKFE),
Peptide concentration 20 20 20 20 20 16 20 30

(mg mL™)

Formulation pH” 4.0 8.9 5.3 4.5 5.9 6.3 6.7 6.9
Initial G’ (kPa)b 49 +0.1 4.2+ 04 2.0 £ 0.2 5.2+ 04 1.0+ 0.1 0.8 £ 0.1 0.10 £0.1 0.2+0.1
Theoretical net charge 0 0 1.0 0.5 2.0 —2.0 1.0 —1.0

at physiological pH (7.4)°

G' after media 6.4 0.8 4.8 £ 0.5 12.0 £ 3.2 13.1 £4.7 0.4 £ 0.1 1.0 = 0.2 9.1 +£1.0 1.3 £ 0.1

conditioning (kPa)?

“ Formulation pH is the samples’ pH as prepared before the addition of cells and media. ” Mechanical spectra for all samples are presented in
Fig. S2 (ESI). G’ values were taken at 1 Hz and 0.2% strain. © Theoretical net charge at physiological pH were taken from the charge vs. pH curves

(Fig. S1, EST).

essential medium) (M2279) with 10% (v/v) fetal bovine serum (FBS,
F9665), 1% (v/v) non-essential amino acids solution (NEAA,
11140035 and 1% (v/v) L-glutamine). For sample preparation, cell
pellets were resuspended in pre-warmed growth medium (main-
tenance medium with 1% (v/v) penicillin-streptomycin (P0781)).
A cell seeding density of 1 x 10° cells mL ™" was used for hepatocyte
encapsulation. The required number of cells was resuspended in
cell culture media in a volume equal to 20% (10% for E(FKFE),) of
the hydrogel volume. A piston displacement pipette was used to
mix cell and gel homogeneously. 100 pL of the hydrogel-cell
mixture was then pipetted into 24-well plate ThinCert inserts. After
5 min, pre-warmed cell culture medium was added on top of the
hydrogels and in the well. Samples were then placed in an
incubator at 37 °C. Cell culture medium was changed twice within
the first hour of incubation and every two days subsequently. Only 3
of the media on top of the SAPHs was changed each time to avoid
damaging the hydrogels surfaces and ensure scaffold stability.
Collagen I gel (ECM675, Sigma-Aldrich, UK) scaffold was selected
as point of comparison. Collagen I gel preparation and cell
encapsulation were performed following the manufacturer proto-
col. The same cell seeding density as above was used.

Oscillatory shear rheology

Viscoelastic properties were measured using a Discovery Hybrid
2 rheometer (DHR-2, TA Instruments). For initial hydrogel
stiffness evaluation, 180 cL of sample was directly loaded in
the center of the fixed base plate of the rheometer at room
temperature. For cell culture medium buffered hydrogel, 180 pL
of sample was first pipetted into a 12-well ThinCert insert and
buffered in media for 24 hours at 37 °C. The sample was then
loaded on the fixed bottom base plate of the rheometer by
removing the bottom membrane of the inster and pushing the
gel out on the the plate. All buffered hydrogel measurements
were performed at 37 °C. The frequency sweep measurements
were performed from 0.01 to 10 Hz at 0.2% constant strain.
A 20 mm diameter plate geometry was used with a gap of
500 um. The storage modulus G’ shown were recorded at a
frequency of 1 Hz. All measurements were repeated three times
on three distinct samples to ensure reproducibility.

Transmission electron microscopy (TEM)

SAPH hydrogels were diluted in ddH,0 to ~0.5 mg mL .
400 mesh carbon-coated copper grids (Electron Microscopy

12556 | J Mater. Chem. B, 2024, 12, 12553-12566

science, UK) were glow discharged at 25 mA for 30 s and then
placed on top of a 10 pL diluted peptide solution droplet for
30 s. Excess solution was removed from the grid edge using
Whatman 1 filter paper and then the grids were negatively
stained by placing them on top of a 10 pL droplet of 2% uranyl
acetate solution for 1 min. Excess reagent was then removed
using filter paper and the coated grids were left to air-dry
before imaging. The TEM data was recorded using a Talos
L120C transmission electron microscope with a ceta 2 camera
at 120 kv.

Cell viability

All samples were first washed once in PBS and then incubated
with live/dead (L3224, Invitrogen, UK) working solution for 1 h
at 37 °C in 5% CO, in the dark. Triplicate samples were assayed
twice. Samples were collected at days 1, 3 and 7. Images were
recorded using a Leica SP5 & SP8 confocal microscope. Live cell
signal was obtained at excitation/emission wavelength 494/
517 nm and dead cell signal was obtained at excitation/emis-
sion wavelength 528/617 nm.

Cell proliferation

Cell number was determined using PicoGreen™ dsDNA assay
kit (P11496, Invitrogen, UK). Samples were transferred to
Eppendorfs and pronase solution (10 mg mL™ ') was added.
Samples were incubated at 37 °C in a water bath for 5 min with
agitation every minute. Samples were lysed using 2x TE buffer
with 1% Triton-X and were frozen at —20 °C until later use. For
quantification, 100 pL of sample was added to 100 pL of
PicoGreen reagent (diluted 200x in 1x TE buffer) in wells of
a black 96 well plate. Fluorescence was measured using a
wavelength of 480 nm using an Optima FluoStar plate reader.
Acellular hydrogel was used as a blank and removed from all
measurements. Standard curves, fluorescence vs. HepG2 cell
number, were established in each SAPHs by seeding a known
number of HepG2 cells in the different peptide hydrogels.
Triplicate samples were collected at days 1, 3, 7 and 14 and
triplicate readings for every sample were performed.

Albumin/urea quantification

Triplicate supernatant aliquots were collected from each sample
at each time point and frozen at —80 °C. Albumin production was
measured using the Human Albumin SimpleStep ELISA® Kit

This journal is © The Royal Society of Chemistry 2024
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(ab179887, Abcam) following the manufacturer’s instructions.
Acellular hydrogel controls were cultured in the same condi-
tions as and cell laden hydrogel samples. Cell culture media
was changed 48 h before the day of collection. All data was
corrected by subtracting the average absorbance of the control
(no cells) samples. For urea production evaluation, a urea assay
kit (ab83362, Abcam) was used. The samples were collected at
the same time points and using the same process as described
above for albumin and urea production estimated according to
the manufacturer’s instructions.

Immunohistochemistry (IHC)

Immunohistochemical staining was used to determine the
presence of ECM proteins (laminin, fibronectin and collagen
I), albumin and E-cadherin up to 14 days post cell seeding.
Detail protocol and list of antibodies used (Table S1) are given
in ESL ¥

Immunofluorescent and immunocytochemical (ICC) staining

Phalloidin, DAPI and E-cadherin ICC staining were used to
confirm actin filament structure, locate cell nuclei and
determine cell-cell adhesion interactions respectively. Detailed
protocols are given in ESL¥

Response to acetaminophen exposure

HepG2 cells were cultured in 3D for 7 days to allow spheroid
formation. On day 7 acetaminophen (A3035) was freshly dis-
solved in the MEM complete growth medium at 2 mM concen-
tration. Samples were then exposed to 2 mM acetaminophen
from day 7 to 9 (48 h). Untreated controls were used as
reference.

Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)

CYP450’s genes expression was assessed by RT-qPCR by mea-
suring mRNA expressions level at days 1, 3, 7 and 14. B-Actin
gene expression was used as reference and albumin gene
expression was chosen as control. Detailed protocol including
information on genes and primers used (Table S2) are given
in ESL.{

Statistical analysis

Origin and GraphPad software were selected to analyze and
summarize data by comparing sample results with controls.
Graphs were plotted using the average value and mean stan-
dard deviation for raw data. The significance of results (ns: P >
0.5; *: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001)
was evaluated using one-way or two-way ANOVA methods,
depending on data set.

Results and discussion

When formulating the SAPHs the initial pH needs to be
adjusted depending on the charge carried by the peptide.
Indeed, we have shown that for this family of self-assembling

This journal is © The Royal Society of Chemistry 2024
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peptides if the net charge carried by the peptide falls below + 1
cloudy gels form and in some cases phase separation and
precipitation are observed.'™*> As a result, the formulation
pH of each SAPH is unique and related to the peptide theore-
tical net charge vs. pH profile (Fig. S1, ESIt). The formulations’
pH used in this study for each of the 8 SAPHs are given in
Table 1. For (FEFK),, the hydrogel can actually be formulated at
both acidic, (FEFK)3"Y, and basic, (FEFK)5*, pHs where the
net charge carried by the peptide is positive and negative
respectively."* In addition in order to formulate a hydrogel
with a +0.5 theoretical net charge at physiological pH a 1:1
ratio of (FEFK), and (FEFK),K was also used to formulate an
additional SAPH. Finally, the peptide concentrations were
adjusted to target a broad range of mechanical properties and
ensure hydrogel stability over the 7 days of cell culture.
All SAPH formulations were stable and transparent following
media conditioning at day 1. The net charge, pH and storage
shear moduli before and after media conditioning are summar-
ized in Table 1. It should also be noted that most of these
formulations have been used in previous studies by our group
and have been shown to be suitable for the culture of a variety
of cells including monocytes,*® fibroblasts,> osteoblasts,**
cardiac progenitor cells," nucleus pulposus cells'*'®'® and
mesenchymal stem cells.>**?

As can be seen from Fig. 2(A) the SAPH formualtions
selected had a range of storage shear moduli, G’, before media
conditioning ranging from to 0.1 to 5.2 kPa. Following media
conditioning the G’ of all the SAPHs were found to increase, to
varying degree depending on the fomulation, and resulted in a
panel of SAPHs with a broad range of post media G’ ranging
from 0.4 to 12 kPa (Fig. 2(B)). The collagen hydrogel used for
this study had a G’ of 0.26 + 0.34 kPa following media
conditioning which was similar to the three SAPHs with the
lowest G', (FE),FKFE, K(FEFK),K and E(FKFE),.

As mentioned above most of the SAPH formulations used
here have been the subject of previous studies and have already
been characterized in detail."*">* 517192931 Hence here
we focused on characterizing two novel symmetric SAPHSs:
K(FEFK), and E(FKFE),, which fibers will carry opposite charges
at physiological pH,** in parallel with K(FEFK),K, which has
been characterized in previous studies,'” as point of compar-
ison. The TEM images revealed the presence in all three
samples of long semi-flexible fibers that entangle and associate
in larger bundles to form crosslinked networks (Fig. 2(C)). Size
analysis of the thinnest fibers observed showed that all three
samples had similar elemental fibers width distributions
(Fig. 2(D)) with means around ~4 nm (Fig. 2(E)) in agreement
with adoption by these peptides of B-sheet conformations and
formation of B-sheet rich fibers, and in the case of K(FEFK),K in
agreement with our previous results.'” The fiber morphologies
and sizes observed for K(FEFK), and E(FKFE), were in good
agreement to the ones observed in a previous study’> and
similar to elemental fibers sizes observed all the other SAPHs

10-12,14,15,17,19,2931 The differences in mechanical

used here.
properties between the different SAPHs is therefore not linked

to the fiber morphology but to the network topologies formed.
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Fig. 2 Storage (G') and loss (G”) moduli of SAPH and collagen scaffolds measured at 1 Hz and 0.2% strain: (A) before media conditioning and (B) after
media conditioning; (C) transmission electron micrographs (TEM) of diluted K(FEFK),K, K(FEFK), and E(FKFE), SAPHs. Scale bar = 200 nm (inserts =
50 nm); (D) fibre width distribution histograms obtained from TEM image analysis; (E) box-whisker plot of mean fibre diameter obtained for each SAPH
(whiskers are minimum to maximum values; 100 measurements per image of individual and non-overlapping fibres recorded; n = 3; data are presented

as mean =+ SD).

We have done significant work investigating the relationship
between network topologies and hydrogel mechanical proper-
ties and have shown that increased mechanical properties in
these systems is linked to the formation of large fiber bundles
that create strong crosslinks leading to higher G’."°* The
detailed investigation of the correlation between the SAPHs
used in this study and their network topologies is beyond the
scope of this work which focusses on their use in the culture
of HepG2.

Viability and morphology of HepG2 cells cultured in SAPHs
and collagen were observed at days 1, 3, and 7 using live/dead
staining (Fig. 3). In collagen hydrogels HepG2 cells were viable
and aggregated to form irregularly shaped spheroids, which
increased in size over time. When HepG2 were encapsulated
in (FEFK)3“Y, (FEFK)5*'°, E(FKFE), and (FE),FKFE, cells were

12558 | J Mater. Chem. B, 2024, 12, 12553-12566

viable and formed more distinct regular spheroids. Particularly,
in E(FKFE),, HepG2 spheroids showed rounded shape, uniform
distribution throughout the hydrogel and similar sizes which
increased with time: average spheroid sizes in E(FKFE), were
~163 um?, ~640 pm® and ~1067 um?® at day 1, 3 and 7
respectively. When encapsulated in (FEFK),K, 1/2(FEFK),:
1/2(FEFK),K, K(FEFK),K and K(FEFK), cell viability was found
to be poor.

There are 3 key parameters that are varied when using this
panel of SAPHSs: storage modulus, charge carried by the peptide
fibers and the encapsulation pH, i.e.: pH before media con-
ditioning. From previous work we know that encapsulation pH
does not affect cell viability as long as the plating and con-
ditioning with cell culture media is performed within a few
minutes."'*?° The viability results obtained here show no

This journal is © The Royal Society of Chemistry 2024
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obvious correlation with hydrogels’ storage moduli. Indeed,
good viability was observed in E(FKFE), while poor viability was
observed in K(FEFK),K which both have similar G'. Overall, our
results suggest that hepatocytes could maintain good viability
within SAPHs with stiffnesses ranging from ~1 kPa to
~ 6.4 kPa. On the other hand, a clear direct correlation between
the charge carried by the peptide fibers and HepG2 viability was
found. Indeed, good cell viability was observed in negatively
charged SAPHs: E(FKFE), and (FE),FKFE, irrespective of their
G’ while poor cell viability was observed in positively charged
SAPHs: 1/2(FEFK),: 1/2(FEFK),K, (FEFK),K, K(FEFK),K and
K(FEFK),, once again irrespective of their G’. In addition, cell
viability was found to decrease with increasing positive charge,
with K(FEFK),K which peptide carries the highest positive net
charge (+2) showing the lowest cell viability (Fig. 3).

This sensitivity of HepG2 to fiber charge is clearly demon-
strated by (FEFK)3Y and (FEFK)*. These two SAPHs are
formulated using the same peptide (same sequence) but at
acidic pH 4, (FEFK)3Y, where fibers carry a positive charge and
basic pH 9, (FEFK)5*, where fibers carry a negative charge
respectively. As can be seen good viability was found on day 1
for (FEFK)5*' while poor viability was observed for (FEFK)3°9.
Once conditioned with media the fibers in these two SAPHs
carry an overall neutral charge (Fig. S1, ESIT). As can be seen
from Fig. 3 good viability is observed at day 3 and 7 with
spheroids forming in both systems showing that HepG2 cells
recovered after media addition in (FEFK)iCid. These results also
show that neutrally charged SAPHs are also suitable for HepG2
culture.

Collagen hydrogels were used as point of comparison as
commonly used in 3D cell culture.*® The net charge carried by
collagen fibers has been reported by various researchers. It is
commonly agreed that the net charge decreases with increasing
pH, turning from positive to negative around physiological
pH.° A recent study found that the isoelectric point of collagen
is ~7.5 suggesting that under cell culture condition the overall
net charge carried by collagen fibers is neutral.’” As can be seen

This journal is © The Royal Society of Chemistry 2024

Fig. 3 Typical confocal micrographs images of live (green) and dead (red) stained HepG2 cells at day 1, 3 and 7 following encapsulation within SAPH and
collagen hydrogels (magnification: 10x; scale bar = 500 um; n = 3).
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(FE),FKFE

in Fig. 3, a significant number of dead cells were present at day
1 in collagen compared to (FE),FKFE and E(FKFE),. HepG2 cells
then recovered and formed loose cell spheroids at later time
points. The cell behavior observed in collagen is reminiscent of
the cell behavior observed in (FEFK)3“® suggesting that indeed
collagen gel had an isoelectric point between pH 7 and 8.
Collagen fibers probably carried a weak positive charge when
the cells were encapsulated resulting in low HepG2 viability at
day 1. After adding cell culture media, their charge was likely
0 or slightly negative allowing HepG2 cells to recover from the
encapsulation stress and proliferate.

The net charge of SAPHs appears to play the most pivotal
role in HepG2 3D culture. Previous studies on a range of
scaffolds have shown that the charge carried by fibers in 3D
scaffolds can affects the behavior of a range cell types but
usually these effects are linked to improved cell adhesion and
as a result improved viability*®>° Here the effect observed on
HepG2 is significantly more marked leading to cell death in the
case of negatively charges scaffolds underlying the high sensi-
tive of these cells to scaffolds physicochemical properties
beyond mechanical properties.

(FEFK)5*'° and (FE),FKFE showed low mechanical stability
after day 7 with significant hydrogel degradation being
observed at day 14. No swelling was observed in any of the
hydrogels used over time. Degradation occurred through
physical erosion of the hydrogel surface resulting from the
media changes leading to the thinning of the hydrogel layer.
(FEFK)5° and E(FKFE), showed good stability and resistance to
media changes and therefore, good potential for the culture of
HepG2 over longer time periods. PicoGreen assay (Fig. 4(A)) was
used to quantify cell number in these two SAPHs. The results
indicate that a significantly higher number of cells were present
and increased proliferation was observed in E(FKFE), compared
to (FEFK)3“Y. E(FKFE), was therefore deemed to be the optimal
SAPH scaffold from our panel to culture HepG2 in terms of
hydrogel stability, cell viability and proliferation and was selected
for further in vitro assessments of the spheroids formed.
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Fig. 4 (A) HepG2 cell numbers measured at day 1, 3, 7 and 14 when cultured within (FEFK)3°“ and E(FKFE),; (B) aloumin concentration measured at day 3,

7 and 14, (C) urea concentration measured at day 3, 7 and 14, (D) and (E) representative haematoxylin and eosin (H&E) staining images obtained at days 1, 7
and 14 (magnification: 10x; scale bar = 200 um; blue = nuclei; pink = cytoplasm and gel) and (F), (G) representative immuno-histochemical images
obtained for samples stained for E-cadherin, laminin, fibronectin, collagen | at day 1, 7 and 14 (magnification: 20 x; scale bar = 100 um; positive staining is
brown; when stained with nuclear fast red cell nuclei are pink and when stained with haematoxylin they are blue; n = 2) for HepG2 cells cultured in

E(FKFE), and collagen hydrogels respectively.

Serum albumin is the major plasma protein in the human
body and is produced by hepatocytes in the liver.* There was a
consistent increase in albumin production levels in both
E(FKFE), and collagen gels, with E(FKFE), showing signifi-
cantly higher production levels at days 7 and 14 compared to
collagen (Fig. 4(B)). Overall, albumin protein production from
3D cultured HepG2 cells within E(FKFE), increased 4.4-folds
from day 3 to day 14. Our albumin secretion results after
normalizing to per million cells closely matched in order of
magnitude results of previous studies.*""*> However, in our case
a more sustained and continuous increase in albumin produc-
tion over 14 days was observed compared to studies that used
other scaffolds types in which albumin production levels were
found usually to decrease after day 7.**** Urea production,

12560 | J Mater. Chem. B, 2024, 12, 12553-12566

another important marker of hepatocyte function, was also
evaluated. As shown in Fig. 4(C), the urea concentration in
E(FKFE), was found to increase with time and was higher than
for collagen hydrogels with the difference becoming statisti-
cally significantly at days 7 and 14. As for albumin, urea results
suggest that E(FKFE), lead to higher cellular function com-
pared to collagen.

H&E staining (Fig. 4(D)) showed that HepG2 cells arranged
themselves into well-defined spheroids in E(FKFE), over 14
days culture. For comparison, the H&E staining images of
cell-free E(FKFE), are presented in Fig. S3A (ESIt). The HepG2
spheroids were regular and compact and had a clear and
smooth border. The spheroid morphology observed here
agreed well with previous description of HepG2 spheroid

This journal is © The Royal Society of Chemistry 2024
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morphology,*® and also resembled primary human hepatocytes
spheroid morphology.*® H&E staining of collagen hydrogels
(Fig. 4(E)) on the other hand showed a different cell organiza-
tion with weak staining and no regular rounded cell clusters
being observed at day 1. At day 7 HepG2 showed some partial
cell organization, with some cell stretching at the edges of
irregular and sparse clusters. By day 14, this partial organiza-
tion had loosened with a more spread-out clusters morphology
being observed. Our collagen H&E staining results were in
agreement with a previous study by Luckert et al. that also
reported the formation by HepG2 of irregular cell clusters when
cultures in collagen hydrogels.**

Immunohistochemical staining of E(FKFE), over 14 days are
shown in Fig. 4(F), with negative controls shown in Fig. S3B-S5
(ESIt). Albumin staining confimed that in E(FKFE), HepG2
cells produced albumin over the 14 days of culture, with
increased positive staining being observed over time. Albumin
staining was found to be present intracellulary and extracellu-
larly. E-cadherin staining was also found to increase over time.
In this case at day 1, no obvious E-cadherin staining was seen,
however from day 7 onwards stronger positive staining was
observed. At day 14, the strong E-cadherin staining revealed
clear cell outlines within the spheroids suggesting strong cell-
cell interactions. Positive laminin staining in E(FKFE), samples
was observed at all timepoints within the spheroids mainly,
with day 14 spheroids showing the strongest positive staining.
For fibronectin positive staining was found at every timepoint
too, in this case inside and outside of the spheroids. While at
day 7 uniform fibronectin staining was observed across the
spheroids, at day 14, weaker positive staining was observed in
the center of the spheroids, but strong positive staining was
retained at the spheroid edges. In normal liver tissue, weak
fibronectin staining is observed within area of arranged hepa-
tocyte strips, but strong positive staining is observed in sinu-
soidal area.*” Our results suggest that as in normal liver tissue,
HepGz2 cells with time increasingly expressed fibronectin extra-
cellularly. Finally, collagen I positive staining was also evident
in E(FKFE), and seen to become stronger with time both
intracellularly and extracellularly.

As far as collagen gels were concerned significant difference
in staining levels compared to E(FKFE), were observed. The
most striking is the lack of positive E-cadherin staining which
point towards the absence in collagen of strong cell-cell inter-
actions and confirming the results above which pointed
towards the formation of loose cell clusters. Finally, weaker
positive staining was observed in collagen for laminin and
collagen I compared to E(FKFE), while for fibronectin similar
level of staining were seen (Fig. 4(G)).

HepG2 spheroid morphology, cross-section structure and
cell-cell adhesions within E(FKFE), SAPH were further investi-
gated via ICC (Fig. 5). Negative controls for E-cadherin staining
are presented in Fig. S6 (ESIt). The fluorescent images con-
firmed that HepG2 cells aggregated into rounded spheroids
over 14 days culture. F-actin was mainly seen at the cell-cell
boundaries. In addition, by comparing F-actin deposition for
similar sized spheroids across different time points, it was

This journal is © The Royal Society of Chemistry 2024
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observed that F-actin also accumulated at some specific cell
junctions, and that with time these junctional regions enriched
as shown by the increase in green-fluorescence intensity from
day 7 to day 14. F-actin staining showed sharper green-
fluorescent outlines around bigger spheroids than small spher-
oids. Strong positive E-cadherin staining was evident in all
spheroids at day 7 and 14 with E-cadherin being clearly present
at the cells’ borders pointing once again to the formation over
time of strong cell-cell interactions in these spheroids. Inter-
estingly when observing the co-localization of F-actin (green)
and E-cadherin (red) at day 14 (Fig. 5, yellow arrows) it was seen
that E-cadherin was concentrated on the cell borders and
overlapped with F-actin, however, E-cadherin was also found
to surround and concentrate around the F-actin junctional
accumulation regions (bright green regions discussed above).
The immunofluorescence staining results obtained showed a
similar spheroid morphology as reported by Ramaiahgari et al.*’
and Hiemstra et al.*® Our results also agreed with 3D HepaRG
spheroid structure noted by Malinen et al.*® and primary human
hepatocyte spheroid structure determined by Tostoes et al.>®
These previous studies confirmed formation of functional bile-
canaliculi-like structures through observation of F-actin enrich-
ment regions. Therefore, our results suggest that bile-canaliculi-
like structures also likely formed in our SAPH scaffolds. Confir-
mation of the presence of these structures will require further
investigations.

[HC and ICC staining consistently confirmed increase
presence of E-cadherin at the HepG2 cells border suggesting
that stronger junctions formed between cells within the spher-
oids over time and that cells became more tightly connected in
agreement with work by Bell et al.*® The presence of E-cadherin
on hepatocyte membranes usually points towards maintenance
of the differentiated phenotype as well as functions relevant to
protein transportation across membranes.’® Our results overall
point towards HepG2 cells maintaining their polarity and
differentiated state within the spheroids when cultured within
E(FKFE), SAPH over 14 days.

RT-qPCR was used to investigate the relative gene expression
levels of cytochrome P450 (CYP450) enzymes and evaluate
spheroids functionality (Fig. 6). CYP3A4, CYP2C9, CYP1A2
and CYP2E1 are the main CYP450 enzymes used to identify
toxins response.’” As can be seen there was a significant fold-
increase in mRNA expressions of CYP1A2 (P < 0.001) over
14 days, following an initial drop from day 1 to day 3 (Fig. 6(A))
and CYP2C9 (P < 0.01) mRNA level increased steadily up to day
7 and then stabilized (Fig. 6(B)). CYP1A2 and CYP2C9 gene
expression levels in our study were in agreement with those
found by Ramaiahgari et al,*> where CYP2C9 expression
increased significantly after 21 days culture. CYP2E1 gene
expression showed a small increased over 14 days although
results were not statistically significant (Fig. 6(C)). High level of
CYP2E1 expression was not expected as over expressed CYP2E1
is related to HepG2 cell apoptosis which can be triggered by
oxidative stress or toxicity.”> CYP3A4 expression increased from
day 1 to day 3 and then decreased from day 3 to day 14
(Fig. 6(D)), in agreement with findings from previous studies
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Fig. 5 Representative confocal micrographs of z-stack scanned cell spheroids and images of spheroid cross-sections (right) obtain for HepG2
cells cultured within E(FKFE), over 14 days; yellow arrows indicate F-actin accumulation regions (blue = nuclei; green = F-actin; red = E-cadherin;

scale bar = 50 um; n = 3).

that also observed an increase followed by a decrease in this
gene expression over 14 days culture.”>*® Finally, albumin gene
expression levels were found to increase with cell culture time
in agreement with our results above that showed increasing
level of albumin production by HepG2 when cultured in
E(FKFE), (Fig. 6(E)).

CYP450 enzymes response following hepatocytes exposure
to drugs was investigated following 48 h exposure to 2 mM
acetaminophen. As can be seen from Fig. 6(F) following acet-
aminophen treatment, enhanced gene expression of CYP1A2
(P < 0.001), CYP2C9 (P < 0.001) and CYP2E1 (P < 0.001) was
observed. There was no difference detected for CYP3A4 gene
expression levels between control and acetaminophen-treated

12562 | J Mater. Chem. B, 2024, 12,12553-12566

samples. Albumin gene expression level on the other hand was
also found to increase (P < 0.001).

CYP1A2 and CYP2E1l are the main enzymes involved in
acetaminophen clearance.® Exposure to low-concentration of
acetaminophen (<2 mM) was shown in previous studies to
result in enhanced enzyme activity of CYP1A2 and CYP2E1.****">
The absence of increase in CYP3A4 activity was also in agree-
ment with the common understanding of acetaminophen
metabolism.>* Finally the increased level of albumin gene expres-
sion upon exposure to 2 mM of acetaminophen suggests that the
drug did not cause any visible hepatocyte damage or apoptosis
and that albumin may contribute to the clearance of acetamino-
phen. Overall, these preliminary studies suggest that HepG2

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Gene expression levels of CYP1A2 (A), CYP2C9 (B), CYP2EL (C), CYP3A4 (D) and albumin (E) obtained for HepG2 cells cultured within E(FKFE), at
day 1, 3, 7 and 14; (F) gene expression levels following 48 hours exposure to 2 mM of acetaminophen from day 7 to day 9 (data are presented as mean +

SD; n=3;** =P < 0.01; ** =P < 0.001).

spheroids formed in E(FKFE), SAPH displayed drug metabolism
functions after 7 days of culture, and therefore that E(FKFE),
SAPH could be a good fully synthetic scaffold candidate for the
design of HepG2 spheroids for drug toxicity testing.

Conclusions

Hepatocyte behavior was investigated within a variety of SAPHs
which properties were tuned by design. HepG2 were found to
be sensitive to the charge carried by the fibers with negatively
charged networks leading to good cell viability while positively
charged networks lead to cell death independently from encap-
sulation pH and hydrogel storage shear-moduli. The negatively
charged E(FKFE), was found to be the optimal SAPH in our
panel to develop an HepG2 based in vitro spheroid model to
mimic normal hepatic function. Albumin secretion and urea
synthesis functions of hepatocytes were improved and higher
than in collagen hydrogels. Production of hepatic ECM pro-
teins: laminin, collagen I and fibronectin were observed.
In addition, cell-cell junction marker E-cadherin was clearly
visible from day 7 onwards showing strong cellular interactions
within the observed spheroids. Significantly, hepatocytes con-
tinuously expressed specific CYP450 genes and presented a
drug metabolism response to acetaminophen.

Although previous work by us and others has clearly demon-
strated the suitability of neutrally and positively charged SAPHs
for the culture of a range of cells, the results presented here
clearly show that only neutrally and negatively charged SAPHs
are suitable for the culture of HepG2. The biological reason
behind the sensitivity of cells to SAPHs fiber charge is still

This journal is © The Royal Society of Chemistry 2024

unclear and to our knowledge has not been investigated in the
literature until now. Further biological studies are currently
being undertaken to elucidate the relationship between cell fate
and fiber charge in these SAPHs.

The use of bioinspired fully defined SAPHs as 3D scaffolds
for cell culture offers the potential to investigate cell-material
interactions in a controlled and defined way. In particular they
allow careful design of scaffold’s physicochemical properties,
beyond simple mechanical stiffness changes, to understand
their effects on cell viability and function and therefore
improve our understand of material-cell interactions.
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