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Abstract

Self-assembling peptides (SAPs) are fully defined nanobiomaterials offering unprecedented
opportunities to control nanostructure and chemical attributes to investigate and manipulate cellular
signals. To investigate the influence of chemical and morphological characteristics on inflammatory
signalling in native immunity, we designed five B-sheet SAPs: EFEFKFEFK (EF8), YEFEFKFEFK
(YEF8), YEFEFKFEFK (EF8Y), YEFEFKFEFK (YEF8Y) and EYEFKFEFK (EYF8) (F:
phenylalanine; E: glutamic acid; K: lysine, Y: tyrosine). The position of tyrosine in the peptide
sequence dictated the distinct self-assembly into nanostructures, with sequences EF8Y, YEF8Y,
EYFS8 self-assembling into thin nanofibers d=3.8 + 0.2 nm, YEFS8 self-assembling into rod-like flat
ribbons @>20 nm and EF8 (control) consisting of both types of self-assembled nanostructures. These
distinct nanostructures induced contrasting inflammatory response of monocytic model THP-1 cells-
derived macrophages (M®s). Presence of soluble EF8 nanofibers (at 2 mM) induced anti-
inflammatory response and polarization towards an M2 state, whereas YEF8 displayed tendency for
inducing pro-inflammatory response and polarization towards M1 state. The EF8Y, YEF8Y, EYF8
SAPs did not induce an inflammatory response in our models. These results were validated using
peripheral blood mononuclear cells (PBMCs)-derived M®s from human donors, confirming the
critical role of the EF8 and YEF8 SAPs as possible orchestrators of the repair of tissues or inducers
of pro-inflammatory state, respectively. These findings will facilitate the utilization of this family of
SAPs as immunomodulatory nanobiomaterials potentially changing the course of inflammation

during the progression of various diseases.
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Introduction

Multifunctional biomaterials which exhibit well-defined physicochemical properties and
encode spatiotemporally controlled biological signals are emerging as next generation advanced cell
culture and organoids growth systems. In particular, producing and manipulating a complexity of
custom instructive immunological cellular signals are key factors to achieve appropriate tissue
regeneration.! This arises from the essential role played by both the innate and adaptive parts of
immune system in inducing normal healing of damaged tissues, mediated by inflammation.2 After
injury, inflammation is the trigger of tissue repair, however chronic inflammation is detrimental. The
fine balance between these two fates is context-dependent.34 These effects are both associated with
the phenotypic state of the immune cells present at the injury site, as well as the chosen treatment
method, covering a vast array of cell types and signalling pathways. These include dendritic cells,
monocytes, neutrophils, macrophages (M®s), T-cells and B-cells, as well as cytokines, chemokines,
growth factors, and molecular interactions between all components, overall creating a complex inter-
linked system that orchestrates the progression and resolution of any healing process.> M®s are
involved in the inflammatory, proliferative and remodelling phases of wound healing,® and they
produce a wide range of cytokines and chemokines that initiate subsequent clearance and drive tissue
to natural homeostasis state.” M®s exist on a spectrum of polarization that ranges from a pro-
inflammatory M1 state, known as classically activated M®s to a range of protective anti-
inflammatory M2-like states, largely called alternatively-activated M®s.1: 48 In general, M1 and M2
M®s are two distinct phenotypes of macrophages with contrasting characteristics and functions. M1
M®s are classically activated in response to pathogens, interferon-gamma (IFN-y) and
lipopolysaccharides (LPS) from bacteria, produce high levels of pro-inflammatory cytokines (IL-1p,
IL-6, and TNF-a) and nitric oxide (NO), efficiently present antigens to T-helper 1 (Thl) cells, and
overall promote inflammation and host defence. In a wound, M1 typically phagocytises dead tissue,

cells and bacteria preparing it for the subsequent healing phases. On the other hand, the set of M2
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M®s (covering M2a, M2b, M2c and M2d) are activated in response to different anti-inflammatory
signals (including IL-4, IL-13, IL-10, TGFp, TLR agonists and glucocorticoids) and are involved in
tissue remodelling, producing arginase-1, and promoting wound healing and immunosuppression,
depending on the exact M2 sub-phenotype.l: %10 The relative ratio of M®ds phenotypes should
dynamically change during the course of tissue damage and repair, with M1 state mostly present in
early inflammatory phase of an acute injury and M2 appearing through resolution and repair phase.
M®s immune signalling pathways convert external stimuli into cytosolic events associated with
downstream adaptors and effectors undergoing substantial conformational changes and spatial
reorganization upon ligand engagement.'! Upon implantation, biomaterials provide biochemical and
physical cues to M®s.12 Recent in vitro and in vivo studies have shown that certain biomaterials have
inherent immunomodulatory properties capable of reducing the damaging innate inflammatory
response caused by M® infiltration.23-15 This process was shown to be important in inducing enhanced
bone formation by either promotion of vascular invasion and instructed earlier inflammation,4 or
prolonged shift towards M2 M® phenotype.'® From the nanomaterials perspective, it has been shown
that nanofibers (in a range 100-1000 nm) produced by electrospinning, typically made of
thermoplastic, e.g. polycaprolactone (PCL) or its copolymers, possess capacity to influence M®
phenotype.1’” These studies have shown prevalent influence of the nanofibers of rather large size (>100
nm), without decoupling of the exact effect of their chemical make-up, or exact shape. On the other hand,
there is only a handful of examples showing the effects of the self-assembled nanofibersin the scale

<100 nm on M® phenotype.18
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Figure 1. (A) Schematic representation of the self-assembly and gelation pathway of -sheet forming
peptides. Created with_BioRender.com. (B) Scheme of the formed nanofibers depicting top and side
views. The peptide illustrated here is an original sequence FEFKFEFK (F8) (F: phenylalanine, E:
glutamic acid, K: lysine), used for inclusion of tyrosine. The three shadings depict the relevant areas
of nanofibers: hydrophilic surface, hydrophobic core, and edges. (C) Chemical structures of peptides
used in this study. Sequence EF8is a derivation of original F8 by inclusion of glutamic acid, whereas
all further sequences are tyrosine-modified versions of EF8. Tyrosine is highlighted in purple.

Molecular self-assembly is a natural phenomenon in which molecules spontaneously organise

themselves into higher nanostructures, mainly via non-covalent interactions.® One of the most
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biologically potent and interesting molecules are self-assembling peptides (SAPs), which as building
blocks can be synthesized with high fidelity and high purity at reasonable costs, avoiding the batch-
to-batch variation.2° Due to their natural amino acid composition, peptides can be designed as either
promoters or inhibitors of specific cellular processes.?! Minimalistic approaches can also be used to find
short peptide sequences with tendency for aggregation towards particular nanostructures.?? 23 In fact, a
variety of peptide designs can be found in the literature that self-assemble into fibers and above a
critical gelation concentration (CGC) form hydrogels.23 242526 |ndeed, by the choice of primary
peptide sequence, functional materials with defined nanostructure and responsiveness can be designed.?:
26 So-called B-sheet SAPs are a class of attractive molecules for the design of biomaterials, in
particular hydrogels, and emulgels/emulsions.2’- 28 These materials are highly hydrated and built from
amphiphilic nanofibers that can mimic extracellular matrix (ECM),2° and have been shown to be
biocompatible and tailorable in terms of their physicochemical and biological properties. This
includes the possibilities of their use in additive manufacturing,3°-31 as well as translational potential
as platforms for multiple organoids and cellular spheroids growth.32:32 Zhang’s group devised one of
the most popular and successful short SAPs designs: (ABACABAC)n, based on the alternation of
hydrophobic (A) and hydrophilic (B/C) amino acids, typically in the 4—20 total amino acids make
up.®* These often self-assemble into nanofibers in the diameter range of 2-10 nm, and above CGC
form self-supporting hydrogels (Figure 1A). The key feature of this family of the antiparallel -sheet
peptide designs include formation of the nanofibers, where all the hydrophilic residue side groups
face outer part and aqueous phase, whereas all the hydrophobic residue groups conceal and form a
core (Figure 1B).28 The typical characteristics of these nanofibers is their 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.28 Noteworthy, these elemental nanofibers can laterally stack expanding in the overall
diameter forming nanostructures up to 200 nm, depending on the exact amino acid composition and

pH-driven electrostatic interactions.26: 35 36 The three key nanofiber structural (Figure 1B)
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characteristics include: (i) hydrophilic surface which controls the nanofiber solubility and associative
interactions with other nanofibers; (ii) hydrophobic core which controls the nanofiber morphology
and shape, and (iii) edges, which can be both hydrophobic or hydrophilic and overall control
interactions with other nanofibers and external molecules, e.g. drugs.28-37.38 Chemical modifications
of amino acid sequence, including edge-modifications and substitions, offer ways to influence the
formation and size of the resulting nanostructure and the resulting bulk hydrogels’ properties.?’: 28 30
38 This resulted in a large pool of the modifications of SAPs as potential immunomodulatory
biomaterials. In particular, the group of Collier has shown that this class of SAP: i) can act as
modulator of adaptive immunity, ii) can act as adjuvant and vaccines, and iii) can very well modulate
antibody responses.3® They also demonstated that a peptide FKFEFKFE (KFE8)is non-immunogenic
to adaptive immunity.4? Finally, they pointed out that the SAP negative surface charge prevented T-
cell and antibody responses to antigen-carrying assemblies, whereas positive surface charge
augmented the uptake of fibrillized peptides by antigen presenting cells, providing a benchmark of
design to SAP peptide nanofibers.#1 On the other hand, Kumar et al. reported a similar SAP from this
class, forming anti-parallel B-sheets, having no immunogenecity on the THP-1 derived M®s.18 The
Mds modulation was only shown when Monocyte Chemoattractant Protein-1 (MCP-1) and IL-4 were
co-delivered from this SAP hydrogel, indicating its potential as a non-immunogenic delivery
platform. Given that in general this class of SAP nanofibers in the 4-10 nm diameter range has been
shown not to induce immunogenic responses, we were interested in demonstrating the possibility to
modulate the native immunity based on the chemical or nanostructure aspects. Tyrosine is a versatile
amino acid, both used for assembling functional materials,*2 as well as enabling subsequent chemical
crosslinking and thus modulation of viscoelastic properties and stability of the formed materials.*3
Recently we have shown the effects of tyramine-modified hyaluronic acid (THA) hydrogels along
various other biomaterials, on neutrophils, indicating relative lack of enhanced pro-inflammatory

response compared to other studied materials.'®> We have also shown that low molecular weight of
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soluble THA is mildly pro-inflammatory compares to high molecular weight in response to M®s on
PBMCs-derived M®s.#* Hence, in the current work, we chose to investigate the decoupling of the
effects the chemical peptide make-up and the type of nanostructure formed on the M®s, based on the

selection of tyrosine-modified SAPs. For that purpose, we designed five B-sheet forming SAPS:

EFEFKFEFK (EF8), YEFEFKFEFK (YEF8), YEFEFKFEFK (EF8Y), YEFEFKFEFK (YEF8Y)
and EYEFKFEFK (EYFB8) (F: phenylalanine; E: glutamic acid; K: lysine, Y tyrosine). The chemical
structures of all peptides are presented in Figure 1C. The first sequence, EF8, is one amino acid add-
on modification of the original FEFKFEFK (F8) peptide,28 45 resulting in nanofibers that are soluble
and in principle carrying an overall charge of Z=-1 at physiological pH.4¢ The EF8 sequence was
placed as a control for this study due to its known capability of self-assembly into thin nanofibers.*6
Subsequently, tyrosine was included on the edges of the EF8 peptide, either on the N-terminus
(YEF8), C-terminus (EF8Y), or both N- and C- terminal parts (YEF8Y). Finally, the 2" position
phenylalanine in the control EF8 was replaced by tyrosine to enable its closer spatial location and
incorporation into the core of the nanofiber (EYF8). This overall generated a selection of new
tyrosine-containing SAPs family. Self-assembly and gelation of all sequences were evaluated using
titrations, oscillatory and rotational rheology, Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS). We stipulate that
designing functional peptide-based nanobiomaterials that incorporate immunomodulatory effects,
biocompatibility and that allow stable long-term polarization of M®s is of high interest in tissue
engineering and biofabrication communities,? and hence in the current work we evaluated the
polarization effects of the SAPs, firstly with the monocytic model THP-1 cells-derived M®s and
subsequently with peripheral blood mononuclear cells (PBMCs)-derived M®s. Genetically similar
monocytic THP-1 cells enabled rapid screening of the immunomodulatory potential, whereas
(PBMCs)-derived M®s enabled validation towards clinical applications. M1/M2-like polarization

modulation was unravelled by immunocytochemistry, flow cytometry, gene expression analysis and
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ELISA assays. Finally, we attempted to correlate the distinct nanostructural features to the overall
inflammatory profile and to provide a basis for rules governing the immunomodulatory tissue

engineering of this family of SAP nanobiomaterials.

Results and Discussion

1. Self-assembly and gelation properties
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Figure 2. (A) Theoretical charge carried by each peptide as a function of pH. Vertical dotted lines
indicate the theoretical pKa of the different ionic groups present on the peptides. Shaded region
depicts physiological conditions. Horizontal dotted line depicts a charge state at physiological
conditions of Z=-1 e". (B) Molar ratio of added NaOH to peptide as a function of pH. Shadowed
regions indicate the protonation/deprotonation transition regions of the different ionic groups (E:
Glutamic acid, K: Lysine, Y: Tyrosine). Horizontal lines depict region of 3 — 4 equivalents of
deprotonation of moles of peptide. Theoretically 3 molar equivalents of NaOH are required to
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deprotonate all glutamic acids presents on each peptide. (C) Photograph of SAP hydrogels prepared
at 20 mM and at physiological pH. (D) ATR-FTIR spectra obtained for all hydrogels prepared at a
concentration of 20 mM. Vertical dashed lines indicate the position of the two bands characteristic
of adoption by peptides of f-sheet conformations as well as tyrosine specific peaks. (E) Storage
modulus (G') for different designed peptide hydrogels at 20 mM concentration taken at ~0.162%
strain and 1 Hz frequency from multiple amplitude sweeps and at 0.2 % strain and 1 Hz from
frequency sweeps. In total 5-6 repeats of independently prepared hydrogels are shown. Amplitude
sweeps are provided in Supporting Information (Figure S2).

The charge of SAPs has been shownto affect the immunogenicity and interactions with immune
cells,*! hence our first aim was to evaluate it for all of our chosen SAPs at physiological pH. All
peptides self-assembled into hydrogels above CGC of = 2.5 mM (Figure S1). Hydrophilic amino
acids present on the peptides (Figure 1C) contain ionic groups that can be deprotonated, in particular
here: carboxylic acid (COOH <« COO") at the C-terminus (theoretical pKa ~ 2.18) and on the
glutamic acid side chains (theoretical pPKa ~ 4.25) and amine
(NH3* < NH2) at the N-terminus (theoretical pKa ~9.13 and = 8.95 on F and K side, respectively)
and on the lysine side chains (theoretical pKa= 10.53),4” as well as (OH « O~) side group on tyrosine
(theoretical pKa= 10.07), that is prone for formation of additional hydrogen bonding.*"- 48 Previously,
it was shown that titrations can shift apparent pKa values of the amino acids due to the occurrence of
self-assembly and chemical environment,?® 4% which was demonstrated by a large spread for
calculated pKa values of individual side chains in folded proteins.>® As a result, the pH and thus
electrostatic interactions, were shown to play a key role in the self-assembly and gelation properties
of this family of B-sheet forming peptides.?8 4951 In Figure 2A, the theoretical charge carried by all
the peptides as a function of pH is depicted, along with highlighted pKa values of the different ionic
groups. As can be seen, given that all peptides contain the same number of glutamic acids (3) and
lysine (2) residues, theoretically all peptides should behave almost the same, except for minor
deviation of YEF8 peptide in the pH region 8-10 (Figure 2A). Given that deprotonated tyrosine group
is predominantly forming hydrogen bonds, theoretically, all peptides should carry a charge of Z = -1

at physiological pH. However, the difference in experimental pKa values is expected due to the
11
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changes in the local chemical environment in which the ionic groups reside.*®: 52 To investigate the
exact effect of the self-assembly on the pKa of the different ionic groups, all peptides were titrated in
a solution state at a concentration of 1 mM (Figure 2B). This concentration is typically 1000 larger
than the minimum fibrillization concentration of this class of SAPs.53 The peptides used for this study
were purchased as HCI salts, and as a result, when solubilized in water, the pH of all the solutions
was acidic, at value of 3.1 = 0.2. These pH values are above the theoretical pKavalue of the C-
terminus COOH end groups. It can therefore be assumed that these groups are deprotonated prior to
titration experiments, whereas all other ionic groups remain protonated.2® Immediately upon addition
of the NaOH, a pKa-like transition is observed between pH 3.0 and 4.8 for all peptides, indicating the
deprotonation of the carboxylic acid groups on the glutamic acid side chains. Due to presence of 3
glutamic acids in each peptide, it is expected that this transition is complete when 3 moles of NaOH
are added for each mole of peptide present. By inspection of the titration curve, the two glutamic
acids are deprotonated faster, likely the first two in each peptide sequences starting from N-terminus,
due to lower electrostatic attraction to the neighbouring positive charges. The final glutamic acid
placed in the vicinity of the two lysine residues for each peptide sequence is held by stronger
electrostatics forces and hence its full deprotonation requires a larger amount of base. Asa result, the
final glutamic acid deprotonation is achieved at pH 6.9 = 0.2 for EF8; pH 7.3 £ 0.1 for YEF8 and
EF8Y;and pH 6.1 £ 0.3 for EYF8and YEF8Y. The pH at which this transition is observed suggests
a shift of about 1 pH unit toward lower values for the pKa of the carboxylic acid side groups in all
sequences. This shift is larger than for the paternal F8 sequence observed in the past, stemming from
the additional glutamic acid closest to the N-terminus side of each peptide.2 Previously, it has been
shown that the transition from cloudy to clear hydrogels in these SAPs correlates with the increase in
inter-peptide electrostatic repulsion, when modulus of charge |Z| > 1.28.36.54 AJl SAPs also form self-
supporting clear hydrogels (above similar CGC ~2.5 mM) except for YEF8, which retains cloudiness

at this pH and at 20 mM concentration (Figure 2C). Considering that fact and the detailed aspects of
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the subsequent deprotonation of the NHs* side chains (see supporting information paragraph), in
summary, titrations revealed that all SAPs carry a charge in the range -2 < Z < -1 at physiological pH
(7.2 £ 0.2). By fixing charge across all SAPs, any subsequent immunological effects observed
between different SAPs should not be due to the charge effects. Hence, from here on, all peptide
solutions or hydrogels were prepared at that pH range.

The formation of B-sheet conformation was confirmed using ATR-FTIR (Figure 2D). All
peptides were characterized by strong transmittance bands at 1618 cm™t and bands in the region of
1684-1693 cm™1, characteristic of the adoption by the peptides of B-sheet conformations.20-55.56 The
observed differences in the 1684-1694 cm™ region are indicative of the minor changes in the
structural packing of the sheets. Two main differences between peptides were observed. First, EF8Y
clearly had stronger band at 1694 cm™ compared to co-existence of two bands, 1984 and 1695 cm™,
for YEF8 (Figure 2D). Second, the B-sheet band has clearly shifted to a lower value of 1684 cm™
for EYF8. Barth speculated that the high-wavenumber side band in the 1684-1694 cm™ is often, but
not always, absent for parallel B-sheets and that this band depends on the exact number of strands.%®
This indicates minor changes to the conformational adaptation of -sheets for these peptides. Next,
we observed differences in the amide I region (1500—1580 cm™, Figure 2D). To analyse this region,
we assumed that all peptides have a similar propensity to form [3-sheets at the selected pH and hence
normalized the spectra to the main B-sheet band at 1618 cm™ (Figure S2). Given that there exist two
tyrosine side chain specific bands,*’ one prominent at 1517 cm~tand another one known to occur at
the 1600 cm™ shoulder (Figure 2D), we calculated their ratio for all peptides. This ratio could be
indicative of the degree of exposure of tyrosine outside of the nanofiber. The following values were
obtained: 11517/1600=1.33, l15171600=1.17, l1517/1600=1.49, l1517/1600=1.75, and l1517/1600=0.81 for EFS8,
YEFS8, EF8Y, YEF8Y and EYF8, respectively. Whilst EF8 does not contain tyrosine, the tyrosine
side chain groups are more exposed going from YEF8to EF8Y and YEF8Y, as observed by the

increased ratio l1s17/1600 (Figure S2). Much lower ratio for EYF8 indeed indicates the tyrosine side
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chain is buried inside the aromatic core of the nanofiber (Figure 1B-C). Overall, dataare indicative
that all peptides follow to a varying extent similar anti-parallel 3-sheet conformation at physiological
pH.>®

Viscoelastic features of soft materials have been shown to be a key cell-instructing factor,%
59 and we have also previously shown influence of variable stiffness of peptide hydrogels in the
development of organoids.3? Therefore, forall bulk hydrogels, prepared at 20 mM concentration, we
run amplitude (Figure S3) and frequency (Figure S4) sweeps. We found that storage modulus (G')
was typically an order of magnitude larger than loss modulus (G'’) in the linear viscoelastic region
(LVR, Figure S3) and in the linear frequency region (Figure S4, 0.1 <f < 10 Hz), confirming the
soft solid-like nature of these hydrogels. By taking storage modulus from multiple runs at values
£~0.2 % and f=1 Hz, we compared the storage modulus across all formulations and concluded that
there were no statistical differences betweenany of them (Figure 2E). We noticed that peptide YEF8
had largest spread of storage modulus, correlating well to the observed cloudy-like bulk hydrogel
state. The storage modulus of all SAPs fall in the range of 3.4 £+ 2.8 kPa, broadly covering a range of
acceptable biomechanical values for soft tissues,®® indicating that any observed effects in cellular
behaviour between these sequences should not directly be linked to any differencein stiffness, as will

be discussed in later section.
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2. Structural assessment of SAPs by TEM and SAXS.
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Figure 3. TEM images obtained for: (A) EFS8, (B) YEFS, (C) EF8Y, (D) YEF8Y, (E) EYF8diluted
hydrogels prepared originally at 20 mM concentration. (F) measured fiber and fiber bundle width
measurements. Each point defines 1 measurement across nanofiber or nanofiber bundle width.
Median with range is plotted for each peptide. A statistically significant results were considered for
p<0.05 (* - <0.05, ** - <0.01, *** - <0.005 and **** - <0.001).

Nanofiber sizes and morphologies were characterized using transmission electron microscopy
(TEM, Figure 3) and small-angle X-ray scattering (SAXS, Figure 4). TEM revealed obvious p-sheet
rich entangled nanofibers and networks in all SAP hydrogels. EF8 consisted of the thinnest nanofibers
population with diameter in the range of 10 nm, and some small population of larger rod-like objects
(Figure 3A). Our previous work demonstrated that thinnest nanofibers for EF8 formin the range 1.51
+ 0.43 nm,*¢ however we note this measurement was carried out on samples prepared directly in a
solution form at 0.5 mM, rather than measured on diluted bulk hydrogels like here. This sample
preparation leads to observations of much thicker stacks of fibrillar bundles rather than individual
smallest nanofibers. This reflects typically denser 3D environment of a bulk hydrogel.

Y EF8 distinctly consisted of larger rod and ribbon-like nanostructured objects (Figure 3B),

whereas EF8Y, YEF8Y and EYF8 all formed well-defined thin-fibrillar networks (Figure 3C-E).
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The types of formed nanostructures are consistent with the formation of -sheet-rich nanofibers and
confirm the minor variations in the type of nanostructures formed observed by FTIR. The average
widths + SD obtained from TEM are 41 + 15,73 £ 50,37 + 8,36 £ 7,and 40 £ 8 nm for EF8, YEFS§,
EF8Y, YEF8Y and EYF8, respectively. This indicates that the only sample statistically different
sample compared to all other SAPs is YEF8 (p<0.001), Figure 3F. This confirms a more pronounced
tendency for YEF8 peptide to form aggregated p-sheet ribbon-like assemblies via lateral peptide
stacking, compared to traditional bundling of -sheet thin nanofibers observed for all other SAPs.
TEM suggests that the control sequence, EF8, has small tendency for this formation, although p-sheet
thin nanofibers remain a prevalent self-assembled nanostructure, as previously observed.*® This also
correlates well with the charge status of -2 < Z < -1 established in titrations (supporting information),
indicating that a small fraction of objects may have lower charge (towards-1), leading to this observed
aggregation and co-existence of predominant and expected nanofibrillar network and small fraction

of ribbon-like assemblies.
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Figure 4. SAXS characterization of (A) EF8, (B) YEFS8, (C) EF8Y,(D) YEF8Y, (E) EYF8 hydrogels
prepared at different concentrations (2.5, 5, 10 and 20 mM) in double logarithmic plot of In(q) vs q
representation. The straight lines depict type of slope for easier visualization. The reasons for missing
5 mM concentrations in plot D and E are explained in methods section. (F) Cylindrical fits to SAXS
data of SAPs at 2.5 mM concentrations, where R is the fitted radius.

We performed astructural analysis utilizing SAXS to confirm the presence of nanofibers and
their dimensions for all SAPs. Figure 4 shows the SAXS patterns obtained for all SAPs at various
concentrations in the range 2.5 — 20 mM, presented as double logarithmic plots. For all samples
prepared at 2.5 mM (on the border of CGC), a region of g behaviour, typical of the scattering of

rod-like objects, can be observed. For EF8 and EYF8the g* region extends for most of the g-range

(Figure 4A and 4E). For all other SAPs, even at 2.5 mM, non-linear curves were observed, with
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higher q regions following g2 behaviour, often associated with flat ribbons, lamella, or disc-shaped
particles.3%-60 This indicates formation of flattened structures in the order of 5— 20 nm, in line with
our TEM observations. The size of these ribbons shifts as the concentration increases for YEF8
sample towards low q region (Figure 4B), indicative of the formation of larger rod-like and ribbon-
like bundles, again matching well with the observed nanostructures in TEM. Furthermore, this
indicates that the critical transition and associative bundling for YEF8 occurs above 5 mM
concentration. For EF8Y and YEF8Y SAPs, the g2 region persists in the order of 5 — 20 nm (higher
q), confirming the structural built-up from individual nanofibers persists. The obtained shape of
scattering also indicates that topologically the obtained networks vary from those previously
published in the field, with more associative and heterogenous network of associated nanofibers,
promoted by the introduction of edge-driven interactions.28: 4> To confirm the individual built-up of
all SAPs, we attempted fitting a cylindrical model (see methods) to the obtained curves at 2.5 mM
concentrations (Figure 4F). In all cases, omitting small aggregation regions at low q values, we
obtained good fits of individual infinite-like cylinders with radius in the range 1.9 £0.2 nm (diameters
in the range of 3.8 £ 0.2 nm), in good agreement with the estimations for the nanofibers formed from
this family of B-sheet SAPs.28: 46

All SAPs self-assembled into hydrogels above critical gelation concentration CGC~2.5 mM,
displayed characteristic high B-sheet content, similar built up from individual nanofibers with d~3.8
+ 0.2 nm and larger associative flattened bundles in the range 5-20 nm, similar storage modulus,
except for the YEFS8, which retained cloudiness at physiological pH, had largest spread in storage
modulus and was built up from much larger flattened ribbons/rods above 20 nm size. Altogether, the
results from sections 1-2 indicate that the addition of the tyrosine residues does not affect the overall
ability of the peptides to form B-sheet nanofibers, however it doesaffect the ability of these nanofibers
to aggregate/associate and form larger fiber bundles, dependingon the tyrosine position in the peptide

sequence.
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3. Rheological properties and embedded 3D printing of the SAP inks.
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Figure 5. (A) Steady flow experiments at 37 °C of all SAP hydrogels prepared at 20 mM
concentration. Flow index (n) calculated using equation 2 (see methods) is provided for each peptide
after its name. Error bars (SD) are included for all samples (n=2), however they might not be visible
due to their small size. (B) Rotational flow recovery experiments at 37 °C of all SAP hydrogels
prepared at 20 mM concentration. Average of n=2 is plotted, without error bars, as they would
obscure the visibility of data. The used shear rate is plotted above each corresponding region. Digital
photos of concentric circles printed into 3 neighbouring wells with 20 mM SAPs ink of (C) EF8 and
(D) EYF8 into Carbopol bath.

One key property of the developed SAP hydrogels is their injectability for minimally invasive
surgery, and use in biomedical additive manufacturing.6®- 62 Therefore, we have measured viscosity
curves and rotational flow recovery for all SAP hydrogels (hence named SAP inks) at 20 mM
concentration. Figure 5A shows the viscosity curves at 37 °C which were fitted toa power law model
(equation 2, Methods) to give shear-thinning exponents (n). All of SAPs followed n<1, indicating
good downstream processability.5* Flow recovery showed an immediate decrease of viscosity of
about 3 orders of magnitude upon increase of shear rate, indicative of a transition to a low viscosity
state (Figure 5B). This profile is indicative of increased extrudability or printability under the shear
conditions present in the needle or nozzle. Upon cessation of the high shear conditions, representative

of the material leaving the nozzle, the viscosity recovers to the same order of magnitude of the initial

values, which is indicative of shape retention afterextrusion. YEF8was theonly SAP inks recovering
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more than 100% of its initial viscosity 40 s after cessation of the high shear (Figure 5B, green
squares). The peptide exhibited distinct behaviour compared to all other peptides, as evidenced by
observations in TEM and its cloudiness in the gel form. This difference could be putatively attributed
to the different nanostructure and network topology of YEF8 compared to all other SAPs. The
viscoelastic recovery of the tyrosine-containing SAP inks at the same 20 mM concentration was
investigated also in oscillatory rheology, by applying low (0.2%) in alternation with high shear strain
(100%) over 10 min intervals at a fixed frequency of 1 Hz (Figure S5A). YEF8, EF8Y and YEF8Y
behaved similarly to the previous case of F8 peptide,?® with rather rapid and steady return to the
original values, indicative of the types of networks with edge-driven adhesive points between
nanofibers. In this test, EYF8 SAP ink did not recover after the first interval, which might be
indicative of different network morphology or of much longer relaxation processes in the network.
The differences detected between oscillatory and flow recovery suggest also varying susceptibility of
these types of materials to the type of applied shear.

Finally, to demonstrate simple printability of our formulations, we selected the control SAP
EF8, and one tyrosine containing SAP, EYF8and demonstrated their freeform 3D printing. In Figure
5C-D inks were centrifuged at 1000 rcf for 5 minutes before printing, whereas in Figure S5B-C, were
centrifuged at 3220 rcf for 5 minutes before printing. We noticed that in the case of longer
centrifuging time, qualitatively assessed thinner rings were obtained for EYF8 on the expense of
higher variation and inconsistencies of the structure. Hence, final structures could be modulated by
the pre-conditioning step of the SAP ink in the cartridge (Figure 5C-D and Figure S5B-C). We chose
Carbopol-based microgel bath and ring-like circular line structures as a simple model demonstrating
that injectability and printing are possible, with obtained good structural fidelity. Multiple dynamic
factors impact printing outcome, including barrel and needle temperature, extrusion pressure and head
velocity.®1.62 Bioink physicochemical parameters can also influence printability with changes to the

rheological properties for example varying peptide concentration or compositing.31. 62. 63
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4. Immunological effects exerted on genetically similar monocytic THP-1 cells-derived M®s.

A 1: THP-1 differentiation into M0 macrophages 2: Polarization phase

Supplementation
with

MPMA

PMA
THP-1 cells (MO0 Macrophage)
@
I IRMPl media t Controls arvesting
6 hours ~ 24 hours + 2 mM peptide I
0 1 2 3 4
400+ 800 _**
DR I PR P B ey Mzc
x oM 2 300 2 6004 _}
<l - = el
! S 8 . . v
S 5 2001 %5 4001 :l[| _1_ -
n S e o MO/M2 s s | ol AT V7. - MO/M1/M2a
© 2004 ° @ 1004 o 2004
12
v T c T T c T T T T T
A > > D A A h-3 D2 A A h]
L7 & OB o & A s N ] L7 & o o (&
CEEE S CLELS CLEE ¢
E F * G ¥ %k
*%k * %k
— 1
_ 1500+ 2000, *Hx* ** e 400-
S g w00 | & g 300
g 1000 "‘g_, + 7 "“.:_. "
E E 1000 {_ —1— E 200- .
g 500+ E N LTI ., . AN M2 E
: s 500_..{__. ___________________________ o = ] l—|
"E" 2 g . & M1
0 o o s o
P & S s @ L &S SR
EELE & CELLE &

Figure 6. (A) Scheme summarizing the differentiation protocol of THP-1-derived M®s. THP-1 cells
were differentiated into MO M®s by treatment with 300 nM phorbol-12-myristate-13-acetate (PMA)
for 6 hours, followed by resting for 24 hours in cell culture media. Subsequently, MO M®s were
cultured in the presence of the 2 mM SAPs (<CGC) supplemented in the cell culture medium for 48
hours. Quantitative analysis of cell surface markers of (B) HLA-DR, (C) CD105, (D) CD163 for all
SAPs. Geometric mean fluorescence intensity (gMFI) was plotted. Black line and error bar in the
plot represent mean and standard deviation, respectively. (E-G) Cytokine secretion profile using
multiplex bead-based ELISA. Significant changes were found only in 3 cytokines presented here: (E)
TNF-a (F) IL-15 (G) IL-10, for all SAPs. In all cases (A-G), horizontal dashed lines depict median
values for the control M®s with different polarization states obtained as indicated in methods section.
Statistical analysis in B-G was done by Kruskal-Wallis multiple comparisons test. A statistically
significant results were considered for p<0.05 (* - <0.05, ** - <0.01, *** - <0.005 and **** -
<0.001).
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In first instance we decided to screen our family of SAPs prepared <CGC (at 2 mM, liquid)
with genetically similar monocytic THP-1 cells. These cells enable rapid screening of the
immunomodulatory potential by minimizing any biological variability stemming from primary
human cells, thereby ensuring any differences between response indeed come from the influence of
the SAPs. In first instance we directly tested whether SAPs have any capacity to activate NF«xB
signalling pathway, well correlated with the induction of pro-inflammatory responses,® %4 directly
on THP-1 monocytic cells with the NFkB-GFP reporter gene (Figure S6A). None of the SAPs
triggered activation of this inflammatory pathway. This response was the same as to the untreated
control and cells treated with 1FN-y, which is known not to trigger this pathway. Across all tested
samples, only when cells treated with TNF-a activated this pathway (Figure S6A).6% Based on the
absence of obvious inflammatory response, we then aimed to confirm the general polarization
capacity and tested it for all SAPs against THP-1-derived M®s following the protocol established by
Sapudom et al. (Figure 6A).56 First, M® phenotypes were characterized using their specific surface
markers, namely, HLA-DR for pro-inflammatory macrophages (M1) and CD105 for anti-
inflammatory macrophages (M2) by flow cytometry.1% We observed significantly higher abundance
of HLA-DR surface markers for cells encapsulated with YEF8 (Figure 6B), indicating its pro-
inflammatory polarization capacity. On the other hand, we noticed high abundance of CD105* cells
when encapsulated with control EF8 SAP (Figure 6C), indicating cell polarization towards M2
phenotype.1? The obtained subtypes correspond well to the control M1 and M2 types, presented in all
graphs as horizontal lines. Importantly, none of the other SAPs appeared to have significant
expression of these cell surface markers, and hence do not trigger any obvious pro- or anti-
inflammatory response in this model, under the tested conditions. Given the importance of the M2
subtypes in tissue resolution, next we evaluated specific surface receptors, including CD206 and
C163, known to be associated with M2a and M2c subtypes, respectively.10: 67 Interestingly, no

significant differences were found for CD206 receptors between all SAPs (Figure S6B), whereas
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highest abundance of CD163* was found when encapsulated with EF8 SAP (Figure 6D). This
indicates EF8 peptide may stimulate the Mds towards a tissue repair state, promoting the healthy
restoration of normal architecture.58

We further studied the secretion profiles of 13 most common cytokines released by M®s using
multiplex bead-based ELISA: IL-4, IL-2, CXCL10 (IP-10), IL-1B, TNF-a, CCL2 (MCP-1), IL-17A,
IL-6, IL-10, IFN-y, IL-12p70, CXCLS8 (IL-8), and TGF-B1. Significant changes were found in three
of the tested cytokines: pro-inflammatory - TNF-a (Figure 6E) and IL-1B (Figure 6F), and anti-
inflammatory - IL-10 (Figure 6G). Again, YEF8 SAP exhibited largest amounts of released pro-
inflammatory factors (TNF-o and IL-1B) compared to all other SAPs, and similar in the level to
control M1 (Figure 6E-F), confirming flow cytometry data. YEF8Y and EYF8 SAPs had slightly
elevated release of IL-1B compared to EF8 (p<0.05), however values were significantly lower
compared to the control M1 (Figure 6F). No noticeable changes were seen in TNF-a expression
(Figure 6E). EF8 SAP induced highest release of 1L-10, an important cytokine for the remodelling
of external matrix by M®, thus confirming polarization towards M2c subtype.1?: 6 The final M® fate
is driven by the complex interplay between external environmental signals and hardwired
differentiation programming capabilities. Given the observed opposed functional polarizations states
of M® between EF8 (M2c) and YEF8 (M1) SAPs, we hypothesize that the underlying nanostructure
or edge-driven chemical moieties could be responsible for the initiation of this function, as
demonstrated in previous sections. The role of viscoelasticity of bulk hydrogels in that modulation
can be decoupled from the seen effects, as here we used the soluble nanostructures at a concentration
of 2 mM (<CGC) before any gelation occurs. Wang and Bratlie provided guidelines for M®
polarization as a function of used polymer chemistry properties.’® They argued that chemistry leading
to more H-bonding capacity and higher hydrophilicity stimulates M® towards M1 state, whereas
overall charge plays a role in M2 modulation. Our findings suggest that in the case of YEF8 SAP, in

principle the tyrosine placed in first position may enable additional H-bonding and contribute to
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polarization of M1 state compared to EF8. However, noticing lack of such induction for other Y-
containing SAPs seems to indicate the nanostructure type (rod-like ribbons) as the putatively

prevalent factor in this polarization.

5. Immunological effects exerted on clinically relevant PMBCs-derived M®s.
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Figure 7. (A) Differentiation protocol and subsequent characterisation of peripheral blood
mononuclear cells (PBMCs)-derived M®s. PBMCs were differentiated into MO macrophages over 5
days period by supplementation with 20 ng mL-! human macrophage colony-stimulating factor (hM-
CSF). Atday 5, differentiated MO macrophages were polarized by medium supplemented with 10 ng
mL! TNF-a and IFN-y towards an M1 state (M1 control) and 10 ng mL-! IL-4 towards an M2 state
(M2 control) for 24 hours, followed by a 24-hour rest in medium without cytokines. Untreated MO
Mds were treated as a control samples and cultured in medium without any cytokines. The same
three polarization states were maintained (MO, M1, M2), either without any external influence of
materials (control), or in the presence of the 2 mM SAPs supplemented in the cell culture medium at
day 5 (for 24 hours). Gene expression of (B) TNF-o and (C) MRC1 (CD206) measured by RT-gPCR
for untreated M@®s encapsulated with 2 mM of EF8 or YEF8 SAPs. Gene expression is represented
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as fold change compared to RPLPO (a housekeeping gene) of the MO untreated control group per
each donor (n=3). Horizontal dashed lines depict average values across all donors for the control
Mdods with different polarization states. Analysis by two-way ANOVA with Tukey’s multiple
comparisons test. A statistically significant results were considered for p<0.05 (* - <0.05, ** - <0.01,
*** . <0.005 and **** - <0.001). (D) TNF-a secretion measured by ELISA for cells treated with 2
mM SAPs (represented in rows) with the same conditioning as described in parts D. Grey crossed
boxes indicate measurements below the limit of detection.

Next, to confirm and assess clinical viability of the unique polarization capacity of EF8 and YEF8
SAPs, we used an established protocol of peripheral blood mononuclear cells (PBMCs)-derived
M®s* (Figure 7A) from 5 human donors and evaluated TNF-a/CD206 gene expression (Figure 7B-
C and Figure S7A-B) and released TNF-a cytokine (Figure 7D and Figure S7C). As expected,
averaging from all donors, TNF-a was typically upregulated in M1 control and downregulated in M2
control (Figure 7B and Figure S7A), whereas CD206 was downregulated in M1 control and
upregulated in M2 control (Figure 7C and Figure S7B). When using primary cells, variation across
donors is standard.”! Patient-derived cells bring in a huge variety of environmental and genetic
factors, including gender, life style, cholesterol levels, co-morbidities to name a few.”2 Despite these
challenges, data from primary cells increase the clinical relevance of our findings. Therefore, within
the experimental variations, the overall results confirm previous observations, i.e. the upregulation of
TNF-a (Figure 7B) and downregulation of CD206 in 2 donors in the M2 tested group (Figure S7B)
for YEF8 SAP. This also correlated well with the eleveted levels of TNF-a detected almost
exclusively forthe YEF8 SAP (Figure 7D and Figure S7C). Grey boxes in Figure 7D indicate levels
of TNF-a were below the limit of detection.

In general, for the EF8 SAP, we observed most of measurements falling closer to MO control in
TNF- o gene expression (Figure 7B and Figure S7A) and slight tendency towards M2 in CD206
gene expression (Figure 7C and Figure S7B). No noticeable expression of TNF-a were observed in
ELISA measurements for this SAP (Figure 7D and Figure S7C). These results confirms the

phenotype of THP-1 derived M®s in section 4 holds true for M®s directly differentiated from PBMCs
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across multiple tested donors, and brings a critical role of the EF8 sequence as a possible orchestrator
balancing repair of tissues, such as e.g. in wound healing® or tendon repairs.”® In general, two other
tested SAPs, EF8Y and EYFS8, showed downregulation of TNF-o (Figure S7A), upregulation of
CD206 (Figure S7B) in MO groups, indicating possible M®s polarization towards M2a-like state.
Although this observation is contrasting THP-1 cells-derived M®s behaviour in section 4 and
potentially depicts differences between the two types of cell sources, the conclusions from these two
studies still indicate that these SAPs do not induce any significant inflammatory response compared
to the YEF8. Unfortunately the effects of YEF8Y SAP could not be evaluated due to noticed
interference of this SAP with the RNA extraction process. Nevertheless, the secreted TNF-a protein
levels for EF8Y, EYF8and YEF8Y were virtually negligible (Figure S7C), confirming the lack of

pro-inflammatory response from these SAPs and their non-immunogenecity.

Conclusions

In this work we designed five B-sheet forming self-assembling peptide sequences:
EFEFKFEFK (EF8), YEFEFKFEFK (YEF8), YEFEFKFEFK (EF8Y), YEFEFKFEFK (YEF8Y)
and EYEFKFEFK (EYF8) (F: phenylalanine; E: glutamic acid; K: lysine, Y: tyrosine). We then
investigated the role of repositioning the tyrosine residue on the self-assembly, gelation and
immunological function of macrophages derived from two discrete cell sources. Our results showed
that the addition of tyrosine did not affect the ability of the peptides to form B-sheet-rich nanofibers.
Titrations of peptides revealed that all SAPs carry a charge in the range
-2 <Z < -1 at physiological pH (7.2 £ 0.2) and all form self-supporting hydrogels above similar CGC
~2.5 mM. The only exception was Y EF8, which retained cloudiness at this pH when bulk hydrogels
were formed. Furthermore, in bulk hydrogel form at 20 mM, all SAP hydrogels were characterized
by similar storage modulus profile in the range 3.4 + 2.8 kPa, were shear-thinning, injectable and

freeform 3D printable in an embedded bath. Y EF8 was characterized by larger variability in storage
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modulus, correlating well with its self-assembly to larger rod-like flat ribbon nanostructures (>20
nm). Sequences EF8Y, YEF8Y, EYFS8 self-assembled into thin nanofibers ¢~3.8 = 0.2 nm, YEFS8
self-assembled into rod-like flat ribbons @>20 nm and EF8 (control) consisted of both types of self-
assembled structures with the prevalence of thin nanofibers. The nanostructure form of SAP
correlated very well with the response of M®s derived from genetically similar monocytic model
THP-1 cells and donor genetically variable peripheral blood mononuclear cells (PBMCs). Presence
of soluble EF8 nanofibers (at 2 mM) induced a strong anti-inflammatory response and polarization
towards M2a and M2c M® states, indicating this SAP as a possible modulator of the tissue repair.
YEF8 SAP displayed tendency for inducing strong pro-inflammatory response and polarization
towards M1 M® phenotype, whereas the EF8Y, YEF8Y, EYF8 SAPs did not induce strong
inflammatory responses in our models. Since immunomodulation towards a certain state offers the
opportunity to enhance functional recovery, here we provide a family of SAPs that can be used as
nanobiomaterial immuno-modulators. By minor variation of position of tyrosine in the sequence,
nanostructures with tendency towards anti-inflammatory, pro-inflammatory, or non-immunogenic
property were designed. These responses seem to be linked to the type of nanostructure formed, as
well as possible H-bonding edge-interactions stemming from the edgesof these nanostructures. There
are reports that this family of SAPs can be uptaken by cells,’* and thus one of the alterantive
mechanisms might involve internal signalling after endocytosis of the neighbouring
nanofibers/nanorods, however deciphering exact mechanisms of this polarization remains to be
investigated in the future studies. Our work brings basic physicochemical rules for the design of future
translational immunomodulatory SAPs nanobiomaterials that could be used for reprogramming of

immune system towards desired reparative, or inflammation-induced states.
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Materials and methods

Materials: Peptides were purchased as HCI salts form Biomatik Corporation (Wilmington, DE,
Canada) and used as received. The peptide sequence purity was confirmed using reverse phase high-
performance liquid chromatography (HPLC) and was >92%. All solvents and reagents were
purchased from Sigma-Aldrich and used as received.

Theoretical charge and experimental titrations: The theoretical net charge of different peptide

sequences at each pH value was calculated by the following equation:

P Ka; H .
Ly N R (Equation 1)

Kg-
10PH 41077 ¢

oo e 2 ) J
, Where Njj; are the numbers of functional groups present on peptide, and pKaij the pKa are the basic
(i - pKa> 7) and acidic (j - pKa < 7) values, respectively.2? Peptide titrations experiments were
performed by addition of a 0.05 M NaOH solution in 5 puL steps toa 1 mL miliQ water (H20) peptide
solution with a ~1 mM starting peptide concentration. After each NaOH addition, the samples were
vigorously agitated using a vortexer to ensure homogenous mixing and the pH was measured using
an 827 Metrohm pH Meter (Metrohm AG, Switzerland). The experiments were repeated at least 2
times.

Hydrogel preparation: Typically, for the preparation of 1 mL volume of the 20 mM hydrogel, the
required amount of peptide powder was first dissolved in 700 puL of miliQ H20. To ensure full and
homogeneous dissolution, the samples were then sonicated at 80 kHz for 30 min in an ice bath (to
ensure low temperature). Hydrogels were then prepared by adjusting the pH of the peptide solutions
to the desired value through stepwise addition of a 0.5 M NaOH solution. After each addition, the
samples were vigorously agitated using a vortexer to ensure homogeneous mixing. If bubbles were
present after mixing, gentle centrifugation (at 4000 rpm for 1 minute) was used to remove them.
Concentrations and volumes were scaled as needed for each experiment.

Transmission Electron Microscopy (TEM): Peptide hydrogels were prepared at 20 mM

concentration as described above and diluted 100-fold using deionised H20. The samples were then
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gently pipetted up and down for 60 seconds, followed by 60 seconds vortexing and sonication at 35
kHz at room temperature in normal mode for 3 min. A carbon film coated 300 Mesh copper grid
(Electron Microscopy Sciences, CF300-CU-50) was placed sequentially on a 10 pL sample droplet
for 60 s. The sample was then blotted and a 10 puL droplet of Uranyless solution was applied for 60
s, blotted, and then rinsed using H20 until finally left to dry for 5 min. TEM images were taken using
a Hitachi TEM HB800 transmission electron microscope running at 100 keVV. A minimum of 100
nanofibers and nanofiber bundle widths were measured manually using ImageJ software for each
peptide system.

Small-Angle X-ray Scattering: SAXS experiments were performed on beamline B21 at the diamond
light source (DLS) synchrotron (Didcot, UK), following setup previously described.”® Briefly, the
energy of the beam was 13.05 keV, corresponding to an X-ray wavelength of 0.95 A. The sample-to-
detector distance was fixed to 3.7 m corresponding to an accessible momentum transfer vector range
of 0.03 nm~! < q = (4n/A) sin(6/2) < 3.4 nm %, where 0 is the scattering angle and A the wavelength
of the incident photons. Calibration of the SAXS detector (Eiger 4M, Dectris, Switzerland) was
performed using silver behenate powder. Samples were collected at 20 °C for 20 consecutive framers
at the exposure time of 1 s each. The samples were prepared as described above at 20 mM, and
subsequently diluted to lower concentrations of 10, 5 and 2.5 mM prior to measurements. pH was
checked after each dilution to ensure the original pH was unaffected by the dilution process. Such
prepared hydrogels were left on the agitator for 4 hours at room temperature to ensure complete
homogeneity.. Samples were measured either in an empty Kapton tape, or in quartz capillaries (1.5
mm outer diameter and 0.01 mm wall thickness) from Capillary Tube Supplies Ltd (Bodmin, UK).
These were respectively For Kapton tapes, used as background, they were subtracted from all spectra
and data were reduced using ScatterlVV (Rambo, R. P. (2017). For samples placed in capillaries, an
empty capillary was used as the background and subtracted from all spectra, and data were reduced

using the Dawn software suite available from DLS. The 2D scattering patterns were integrated using
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azimuthal integration to generate the 1D scattering patterns. Fitting cylinders (right circular cylinder
with uniform scattering length density function) was done using SasView 5.0.6 software

(http://www.sasview.org/). The 5 mM YEF8Y sample was not measured properly during beamtime

due to the Arinax sample change robot fail to pick and load it up during automated measurements
(based on the resulting spectra of an empty capillary). Hence, we could not analyse this concentration
in the analysis provided in section 2. 5 mM EYF8 was the only sample for which consecutive
radiation damage was noticed, hence it was excluded from the analysis/presentation.

Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR):
Hydrogels or solutions were spread as prepared onto the crystal surface of a Bruker Tensor 27
spectrometer equipped with a diamond multibounce attenuated total reflectance (ATR) plate. The
transmittance spectra were recorded (256 scans) between 4000 and 400 cm™ with a resolution of
2 cm L, MiliQ H20 was used as background and was automatically subtracted from the recorded
spectra using the OPUS software provided with the instrument.

Rotational and oscillatory Rheology: Rheological studies were carried out on an Anton Paar MCR-
302 rheometer (Anton Paar GmbH, Austria). All measurements were taken with a gap size of 0.5 mm
and a parallel plate with a diameter of 25 mm. Samples were prepared as described above. Hydrogels
were gently spread onto the rheometer’s static bottom plate and the rheometer top plate lowered to
the desired gap size. To prevent sample drying during the measurements, silicone oil was applied
around the plate to seal the hydrogel. Samples were left to equilibrate for 180 s and then frequency
sweeps were assessed at a temperature of 37 °C, with a strain of € = 0.2%. Amplitude sweeps were
performed in an oscillatory mode at a constant frequency of f = 1 Hz at 37 °C, with strain varied from
0.01 to 1000%. All viscosity-shear rate experiments (flow curves) were performed at 37 °C, with
samples subjected to shear rate from 0.01 to 1000 s, and being held at each shear rate until a stable
reading was reported by the instrument. The shear thinning behaviour was characterised by fitting the

Power Law equation (1) to the linear region of the shear rate-viscosity rheology plot.
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n=Kym"1 (Equation 2)

where 7 is the viscosity, y the shear rate, K a consistency value and n the shear thinning exponent.
Flow recovery tests in arotational mode were performed by initially subjecting sample to shear close
to a zero-shear value (0.01 s1) for 200 seconds. Then shear rate was increased to 895 st and kept for
100 seconds. Recovery was then monitored for 200 seconds by switching the shear rate back to 0.01
s, and the same cycle was repeated. The oscillatory recovery experiments were performed by
applying sequentially low (0.2%) and high shear strain (100%) in 10 min intervals over 2 cycles. All
recovery tests were performed at 37 °C. All measurements were repeated at least two times, and
average and standard deviation presented.

Freeform 3D printing: For embedded printing, we prepared microgel bath from 0.8% (w/v)
Carbopol® 940 (Acros Organics Geel, Belgium) printing bath following previous protocols.’
Briefly, 0.20 g of Carbopol® 940 was dissolved in 20 mL of MiliQ H20 and prior to printing, the pH
of the bath was adjusted to 7.2 = 0.2 with 2M sodium hydroxide (NaOH). The Carbopol bath was
stored at 4 °C until printing. 1 mL of bath per well was deposited into 24-well plates and degassed
using an Eppendorf centrifuge at 500 g for 5 min. Freeform 3D printing was then performed using a
3D Discovery™ Printer and BioCAD software (version 1.1-12) from RegenHu Ltd. (Villaz-St-Pierre,
Switzerland) using a 20G needle with PTFE- with 0.61 mm (Nordson EFD, Westlake, USA). 3 mL
of SAP hydrogels EF8 and EYF8 where prepared at 20 mM concentration prior to printing as per
procedure above, with the addition of 20 uL of 10 mg mL-! Coomassie Brilliant Blue R250 dye to
enable easier visualization of printed structures. SAP inks were loaded into 3cc printing cartridges,
which were either centrifuged at 1000 rcf for 5 minutes before printing (presented in Figure 5C-D)
or centrifuged at 3220 rcf for 5 minutes before printing (presented in Figure S5B-C). SAP inks were
deposited at a height of 2 mm above the bottom inside the Carbopol bath at a velocity of 0.5 mm s,

and with a pressure of 0.5 — 1 bar. The printed structures were 3 circles vertically spaced by 1 mm in
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3 separate wells. Printing was done at 23-25 °C range of ambient temperature, and 12-25% relative
humidity.

Quantification of the pro-inflammatory response of monocytes via NFKB expression: THP-1
monocytic cells with the NFkB-GFP reporter gene were kindly provided by Dr. Xin Xie (Core
Technology Platform, New York University Abu Dhabi, UAE). The cells were cultured in RPMI -
1640 media supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate, 0.01%
mercaptoethanol, and 1% penicillin/streptomycin at 37°C, 5% CO2, and 95% humidity. Cell culture
media and supplements were purchased from Gibco™ (Thermo Fisher Scientific, Inc., Dreieich,
Germany). To quantify the pro-inflammatory response, 5 x 10° cells were cultured with or without
SAPs prepared at 2 mM (<CGC) for 24 hours under standard cell culture conditions. As a positive
control, the cells were treated with 10 ng mL-! TNF-a (Biolegend, San Diego, CA, USA), known to
activate NF«kB signalling. Cells were also treated with 10 ng mL-* IFN-y, as it is a known to confirm
specificity of control because it does not trigger NFkB signalling pathway. Subsequently, the cells
were analysed using an Attune NxT Flow Cytometer equipped with an autosampler (Thermo Fisher
Scientific, Inc., Dreieich, Germany). Data analysis was performed using FlowJo software (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). The geometric mean fluorescence intensity
(gMFTI) of the NFxB-GFP reporter was evaluated. Experiments were performed in quadruplicate.
Macrophage differentiation from THP-1 cells and treatment with the SAPs: For macrophage
differentiation, 1 x 10° THP-1 cells (ATCC, Manassas, VA, USA) were incubated with 300 nM
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Darmstadt, Germany) in RPMI-1640 media
supplemented with 1% sodium pyruvate, 0.01% mercaptoethanol, and 1% penicillin/streptomycin but
without fetal bovine serum (FBS), following previously published protocols.%6: 68 The cell culture
media and supplements were acquired from Gibco™ (Thermo Fisher Scientific, Inc., Dreieich,
Germany). After 6 hours, the differentiation medium was removed, and the cells were allowed to rest

for 24 hours in RPMI-1640 without FBS and PMA. Subsequently, the differentiated macrophages
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were cultured either with or without self-assembling peptides (SAPs) prepared at 2 mM for 48 hours.
As a control, macrophages were activated into pro-inflammatory (M1) macrophages for 48 hours by
adding 10 pg mL-! lipopolysaccharide (LPS; Sigma, USA) and 20 ng mL! interferon-gamma (IFN-
v; Biolegend, San Diego, CA, USA). For anti-inflammatory activation, macrophages were induced
into the M2a subtype with 20 ng mL! interleukin 4 (IL-4; Biolegend, USA) and 20 ng mL™
interleukin 13 (IL-13; Biolegend, USA), or into the M2c subtype with 20 ng mL- interleukin 10 (IL-
10; Biolegend, USA).

Quantitative analysis of THP-1 derived macrophages (M®s) cell surface markers and their
cytokine secretion profile: For analysis of macrophage cell surface markers, macrophages were
detached from the cell culture plates using Macrophage Detachment Solution DXF (PromoCell,
Heidelberg, Germany) following incubation with 2 mM SAPs. Before cell staining, they were
incubated with Human TruStain FcX™ — Fc Receptor Blocking Solution (5 pL of blocking solution
in 1000 pL of staining volume; Biolegend, San Diego, CA, USA) for 5 minutes under standard cell
culture conditions. Subsequently, the cells were stained with mouse anti-human HLA-DR (clone:
L243) conjugated with Brilliant Violet 421, CD163 (Clone: GHI1/61) conjugated with PE-Cy7, mouse
anti-human CD206 (Clone: 15-2) conjugated with Brilliant Violet 510, and DRAQ?7 (a cell viability
staining dye) for 30 minutes on ice. The antibodies and DRAQ7 dye were diluted in PBS at a 1:250
ratio. All antibodies used in this study were sourced from Biolegend, San Diego, CA, USA. The
stained cells were then analysed using an Attune NxT Flow Cytometer equipped with an autosampler
(Thermo Fisher Scientific, Inc., Dreieich, Germany), with compensation settings adjusted prior to
analysis. Data analysis was conducted using FlowJo software (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA), focusing on the geometric mean fluorescence intensity of the cell surface
markers. Experiments were performed in 5 replicates. For cytokine secretion profile analysis, cell
culture supernatants were harvested following incubation with SAPs products. The cytokine levels

were quantified using a bead-based multiplex immunoassay (LEGENDplex™ Human Essential
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Immune Response Panel; Biolegend, San Diego, CA, USA) designed for IL-4, IL-2, CXCL10 (IP-
10), IL-1B, TNF-0, CCL2 (MCP-1), IL-17A,I1L-6, IL-10, IFN-y,IL-12p70, CXCL8 (IL-8), and TGF-
B1, according to the manufacturer's protocol. The samples were analysed on an Attune NxT Flow
Cytometer (Thermo Fisher Scientific, Carlsbad, CA, USA). Data were processed using a 5-parameter
curve fitting algorithm with LEGENDplex™ data analysis software (Biolegend, San Diego, CA,
USA), and experiments were performed in 5 replicates.

Peripheral blood mononuclear cells (PBMCs)-derived macrophages (M®s) cell culture:
Primary human monocytes were isolated from buffy coats purchased from the Regional Blood
Donation Service SRK Graubtinden (Chur, Switzerland) from five human donors (abbreviated as D1,
D2, D3, D4 and D5) using Ficoll density gradient separation. Obtained peripheral blood mononuclear
cells (PMBCs) were labelled with CD14 magnetic beads followed by magnetic-activated cell
sorting.”” CD14* monocytes cells were resuspended in RPMI medium supplemented with 10% FBS
and then seeded onto tissue culture plastic at a density of 3 x 10° cells well*in the presence of 20 ng
mL-1 human macrophage colony-stimulating factor (hM-CSF) for 5 days, similarly to our previous
protocol.** Medium (still containing hM-CSF) was exchanged on day 2 (see Figure 7A for timing).
At day 5, hM-CSF-free medium was supplemented with 10 ng mL-t TNF-a and 10 ng mL"* IFN-y for
M1 M®s and 10 ng mL* IL-4 for M2 M®s for24 hours followed by a 24-hour rest in medium without
cytokines (see Figure 7A for timing). Control samples (M0 M®s) were cultured in medium without
any cytokines. Furthermore, on day 5, the same three polarization states were maintained (MO, M1,
M2), either without any external influence of materials, or in the presence of the 2 mM SAPs
supplemented in the cell culture medium. Noteworthy, 2 mM of all SAPs was below CGC to maintain
the supplementation of nanostructure form (<CGC, solution form) and did not result in a formation
of any self-supporting physical hydrogels. On day 7, conditioned medium was collected for ELISA,
whereas samples were washed two times with PBS and stored in TRI-reagent for subsequent RNA

isolation.
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Enzyme-linked immunosorbent assay (ELISA): At the end of each polarization experiment,
supernatant media was collected and kept for measurements of pro-inflammatory (IL-6, TNF-a) and
anti-inflammatory (CD163, IL-10, IL-12) cytokines, associated with M1 and M2 M®s, respectively.
The DuoSet ELISA systems were used according to the manufacturer’s instructions of DY 210 (TNF-
a) R&D Systems. Absorbance values were measured on Infinite® 200 Pro plate reader (Tecan,
Mannedorf, Switzerland) at 450 nm with a background wavelength correction of 540 nm.

RNA isolation and RT-qPCR gene analysis: To assess the polarization of macrophages, cells were
collected and seeded ina 24-well plate at a concentration and with treatments described above. RNA
was isolated with salt precipitation and TagManTM Reverse Transcription Kit was used to generate
cDNA. Relative gene expression reactions were set up in 10 pL reaction mixes using TagManTM
MasterMix, relevant human primers (Table 1), diethyl pyrocarbonate treated water (DEPC-water)
and cDNA. Real-time polymerase chain reaction (real-time PCR) was performed on two technical
replicates for n=3 repeats, using QuantStudio 7 Flex. The relative gene expression was identified
using 24A¢t value with RPLPO as endogenous control and positive control (MO M®s, no
supplemented material or cytokines) were used for normalization. Normalization was performed per
each donor, i.e. all relative expression is normalized to MO untreated control group of each donor.

Table 1. Human primer sequences for real-time PCR.

Marker Assay ID (THERMOFISHER) Role
TNF-a Hs00174128 m1l Pro-inflammatory marker (associated with M1 M®s)
MRC1 Hs00267207_m1 Surface marker for M2 M®s
(CD206)
RPLPO Forward: 5'-TGG GCA AGA ACA Housekeeping gene
CCATGA TG-3'

Reverse: 5'-CGG ATA TGA GGC
AGC AGT TTC-3'

Probe: 5'-AGG GCA CCT GGA AAA
CAA CCC AGC-3'

Statistical analysis: All results were analysed and presented with GraphPad Prism version 9.3.1.
Results are shown as an average + standard deviation (SD), with individual points marked. To
perform statistical significance one-way analysis of variance (ANOVA) with Sidak's multiple

comparisons, Tukey's multiple comparisons test, or Kruskal-Wallis multiple comparisons were used
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and noted in each case in Figure description. A statistically significant results were considered as of
p<0.05 (ns - >0.05, * - <0.05, ** - <0.01, *** - <0.005 and **** - <0.001).

Schemes: Figure 1A-B and graphical abstract were created with BioRender.com.
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