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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 signaling in
native immunity, we designed five β-sheet SAPs: EFEFKFEFK
(EF8), YEFEFKFEFK (YEF8), EFEFKFEFKY (EF8Y), YEFEFK-
FEFKY (YEF8Y), and EYEFKFEFK (EYF8) (F: phenylalanine; E:
glutamic acid; K: lysine, Y: tyrosine). The position of tyrosine in
the peptide sequence dictated the self-assembly into nanostruc-
tures, with all SAPs self-assembling into thin constituent nanofibers
with d ≈ 3.8 ± 0.4 nm, and sequences YEF8 and EF8 showing a
propensity for associative bundling. These distinct SAPs induced
contrasting inflammatory responses of monocytic model THP-1 cells-derived macrophages (MΦs). Presence of soluble EF8
nanofibers (at 2 mM) induced an anti-inflammatory response and polarization toward an M2 state, whereas YEF8 (at 2 mM)
displayed a tendency for inducing a pro-inflammatory response and polarization toward an M1 state. EF8Y, YEF8Y, and EYF8 SAPs
did not induce an inflammatory response in our models. These results were validated using peripheral blood mononuclear cells
(PBMCs)-derived MΦs from human donors, confirming the critical role of EF8 and YEF8 SAPs as possible orchestrators of the
repair of tissues or inducers of pro-inflammatory state, respectively. The same MΦs polarization responses from THP-1-derived
MΦs cultured on 20 mM hydrogels were obtained. 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.
KEYWORDS: tyrosine-modified self-assembling peptides, nanostructured peptides, macrophage polarization, inflammation,
immunomodulation

1. INTRODUCTION
Multifunctional biomaterials which exhibit well-defined phys-
icochemical properties and encode spatiotemporally controlled
biological signals are emerging as advanced systems for cell
culture and organoids growth. Producing and manipulating
complex immunological signals is critical for achieving effective
tissue regeneration,1 as both innate and adaptive immune
systems play essential roles in inflammation-mediated heal-
ing.2,3 While inflammation triggers tissue repair after injury,
chronic inflammation is detrimental, and the balance between
these outcomes is context-dependent.4 These effects are linked
to immune cell phenotypes at the injury site and the chosen
treatment method, involving dendritic cells, monocytes,
neutrophils, macrophages (MΦs), T-cells, and B-cells, along-
side cytokines, chemokines, and growth factors. Together,
these components form a complex system that orchestrates
healing.5

MΦs are central to wound healing,6 producing cytokines
and chemokines that drive tissue toward homeostasis.7 They
exist on a polarization spectrum, from a pro-inflammatory M1
state (classically activated) to anti-inflammatory M2-like
(alternatively activated) states.1,8 M1 MΦs respond to
pathogens, interferon-γ (IFN-γ), and lipopolysaccharides
(LPS), producing high levels of pro-inflammatory cytokines
(e.g., IL-1β, IL-6, and TNF-α), promoting inflammation and
preparing the wound to repair. In contrast, M2 MΦs (covering
M2a, M2b, M2c, and M2d) respond to signals such as IL-4, IL-
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13, IL-10, and TGFβ, aiding tissue remodeling and repair
depending on the subtype.9,10 The dynamic ratio of MΦ

phenotypes during healing is critical, with M1 dominating early
inflammation and M2 driving resolution and repair over time.

Figure 1. (A) Schematic representation of the self-assembly and gelation pathway of β-sheet forming peptides. Created with BioRender.com. (B) A
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 the inclusion of tyrosine. The three shadings depict the relevant areas of nanofibers: hydrophilic
surface, hydrophobic core, and edges. Partly created with BioRender.com. (C) Chemical structures of peptides used in this study. Sequence EF8 is
a derivation of the original F8 by the inclusion of glutamic acid, whereas all further sequences are tyrosine-modified versions of EF8. Tyrosine is
highlighted in purple.
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Biomaterials provide biochemical and physical cues to
modulate MΦ phenotypes.11 Recent studies highlight bio-
materials’ immunomodulatory properties in mitigating damag-
ing inflammatory responses and enhancing tissue repair.12,13

This process was shown to be important in inducing enhanced
bone formation by either promotion of vascular invasion and
instructed earlier inflammation12 or prolonged shift toward M2
MΦ phenotype.13 Further, nanofibers (>100 nm), often
produced via electrospinning from materials such as poly-
caprolactone (PCL), can influence MΦ phenotypes, primarily
promoting M2 polarization.14,15 However, few studies have
explored the effects of smaller (<100 nm) self-assembled
nanofibers on MΦ behavior,16 warranting further investigation

into their chemical composition and structural impact on
immune modulation.

Molecular self-assembly is a process where molecules
spontaneously organize into higher nanostructures via non-
covalent interactions.17 Among these, self-assembling peptides
(SAPs) are particularly notable due to their high fidelity,
purity, and cost-effective synthesis, avoiding batch-to-batch
variations.18 SAPs, composed of natural amino acids, can be
designed to promote or inhibit specific cellular processes.19

Minimalistic approaches allow for identifying short peptide
sequences prone to forming targeted nanostructures.20 Many
peptides self-assemble into fibers and form hydrogels above a
critical gelation concentration (CGC).21 By tailoring their

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. The shaded region depicts physiological conditions. The horizontal dotted line depicts a charge state at
physiological conditions of Z = −1 e−. Note that curves for EF8, EF8Y, and EYF8, as well as YEF8 and YEF8Y, closely overlap altogether,
respectively. (B) The 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). The horizontal lines depict a region of 3−4 equiv of
deprotonation of moles of peptide. Theoretically, 3 mol equiv of NaOH is required to deprotonate all glutamic acids present in each peptide. (C) ζ-
Potential values obtained for all SAPs at pH 7.1 ± 0.2. The dashed gray line depicts −32 mV. (D) Photograph of SAP hydrogels prepared at 20
mM and physiological pH. (E) 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 β-sheet conformations as well as tyrosine-specific peaks. (F) 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 the Supporting Information (Figure S3).
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primary sequences, functional materials with defined nano-
structures and responsiveness can be developed.21,22

β-sheet SAPs are an attractive class of biomaterials,
particularly for hydrogels and emulgels/emulsions.23,24 These
highly hydrated materials can mimic extracellular matrix
(ECM),25 exhibit biocompatibility, and are tunable in their
physicochemical and biological properties. They also hold
potential for additive manufacturing26 and as platforms for
growing organoids and cellular spheroids.27 Zhang’s group
pioneered one of the most successful SAP designs:
(ABACABAC)n, which alternates hydrophobic (A) and
hydrophilic (B/C) amino acids.28 These self-assemble into
nanofibers (2−10 nm diameter) and form self-supporting
hydrogels above CGC (Figure 1A). Their nanofiber structure
features hydrophilic outer surface, hydrophobic core, and
distinct edges that mediate interactions with other nanofibers
and external molecules, such as drugs or cells (Figure 1B).29,30

Chemical modifications to SAPs, including edge substitu-
tions, influence nanostructure formation and hydrogel proper-
ties.24,26,29,30 For instance, Collier’s group demonstrated that
SAPs can act as adaptive immunomodulators, adjuvants, and
vaccine platforms.31−33 They also demonstrated that a peptide
FKFEFKFE (KFE8) does not trigger adaptive immunity.34

Negatively charged SAP surfaces suppress T-cell and antibody
responses, while positively charged surfaces enhance peptide
uptake by antigen-presenting cells.35 Similarly, Kumar et al.
reported nonimmunogenic β-sheet SAPs that modulated THP-
1-derived MΦs only when codelivering Monocyte Chemo-
attractant Protein-1 (MCP-1) and IL-4,16 highlighting their
potential as delivery platforms.

Given that β-sheet SAP nanofibers are generally non-
immunogenic, we sought to explore their ability to modulate
native immunity through chemical or nanostructural mod-
ifications. Tyrosine, a versatile amino acid,36 enables functional
material assembly and cross-linking, enhancing viscoelastic
properties and material stability.37 Previously, we demon-
strated that tyramine-modified hyaluronic acid exhibited
minimal pro-inflammatory responses, with molecular weight
influencing macrophage polarization.38 Unlike hyaluronic acid
or collagen-based therapies,39,40 SAP chemical modifications
offer a broader design space to modulate inflammation without
compromising physicochemical properties. Hence, in this
study, we introduce tyrosine-modified β-sheet SAPs: EFEFK-
FEFK (EF8), YEFEFKFEFK (YEF8), EFEFKFEFKY (EF8Y),
YEFEFKFEFKY (YEF8Y), and EYEFKFEFK (EYF8) (F:
phenylalanine; E: glutamic acid; K: lysine, Y: tyrosine) (Figure
1C). EF8, a derivative of the well-characterized FEFKFEFK
(F8) peptide, was used as a control, forming thin, negatively
charged nanofibers (Z ≈ −1 at physiological pH).41 Tyrosine
was incorporated at the N-terminus (YEF8), C-terminus
(EF8Y), both N- and C-termini (YEF8Y), or within the core
(EYF8). These modifications created a new family of tyrosine-
containing SAPs.

We evaluated their self-assembly and gelation using
titrations, electrophoretic light scattering (ELS), rheology,
Fourier transform infrared spectroscopy (FTIR), thioflavin T
(ThT) binding assay, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and small-
angle X-ray scattering (SAXS). Functional assessment of these
SAPs focused on their ability to modulate MΦ polarization.
We screened their immunomodulatory potential using
monocytic THP-1 cells-derived MΦs and validated findings
with peripheral blood mononuclear cells (PBMCs)-derived

MΦs for clinical relevance. M1/M2-like polarization was
analyzed via immunocytochemistry, flow cytometry, gene
expression, and ELISAs. Cytotoxicity was tested on THP-1-
derived MΦs, mouse fibroblasts, and primary human
fibroblasts. Finally, we correlated distinct physicochemical
SAP features with inflammatory profiles to establish design
principles for immunomodulatory nanobiomaterials. These
insights aim to advance tissue engineering and biofabrication
applications by integrating biocompatibility and stable MΦ
polarization into SAP design.

2. RESULTS AND DISCUSSION
2.1. Self-assembly, Charge Profiling, and Gelation

Properties. The charge of SAPs has been shown to affect the
immunogenicity and interactions with immune cells.35 To
evaluate this, we assessed the charge behavior of our selected
SAPs at physiological pH. All peptides self-assembled into
hydrogels above CGC of ≈2.5 mM (Figure S1). All samples
below CGC were clear solutions. Hydrophilic amino acids in
the peptides contain ionic groups (Figure 1C) that can
deprotonate at specific theoretical pKa values: carboxylic acid
(COOH) at the C-terminus (pKa ≈ 2.18) and on the glutamic
acid side chains (pKa ≈ 4.25) and amine (NH2) at the N-
terminus (pKa ≈ 9.13 and ≈ 8.95 on F and K sides,
respectively) and on the lysine side chains (pKa ≈ 10.53),42 as
well as (OH) side group on tyrosine (pKa ≈ 10.07), which can
also form hydrogen bonds.42,43 Past studies have shown that
self-assembly can alter apparent pKa values due to the changes
in the chemical environment,30 affecting electrostatic inter-
actions and gelation properties of this family of β-sheet
forming peptides.30,44

Figure 2A shows the theoretical charge carried by all of the
peptides across pH, with each peptide carrying a charge of Z ≈
−1 at physiological pH. To verify the effects of self-assembly,
we titrated each peptide in a clear solution state at a
concentration of 1 mM (Figure 2B) and measured their ζ-
potential at 0.2 mM (Figure 2C). This range of concentrations
is typically larger than the minimum fibrillization (i.e., critical
aggregation) concentration of this class of SAPs, noted to be in
the range of 50−100 μM.45 All peptides were purchased as
HCl salts, initially presenting an acidic pH (3.1 ± 0.2), above
the theoretical pKa of the C-terminal COOH groups, which are
hence deprotonated.30 Upon NaOH addition, carboxylic acids
on glutamic acid deprotonated between pH 3.0 and 4.8. Owing
to electrostatic factors, the final glutamic acid, close to lysine
residues, required more base, with full deprotonation occurring
at slightly varied pH values across SAPs (Figure 2B).
Previously, it has been shown that the transition from cloudy
to clear hydrogels in these SAPs correlates with the increase in
interpeptide electrostatic repulsion, when the modulus of
charge |Z| > 1.30,46 All SAPs also form self-supporting clear
hydrogels (above similar CGC ∼ 2.5 mM) except for YEF8,
which retained cloudiness at physiological pH and at 20 mM
concentration (Figure 2D). Considering that fact and the
detailed aspects of the subsequent deprotonation of the NH3

+

side chains occurring later, titrations reveal that all SAPs carry
a charge in the range −2 ≤ Z ≤ −1 at physiological pH (7.2 ±
0.2). ζ-Potential measurements confirmed that EF8, YEF8,
EF8Y, and YEF8Y SAPs all carry a charge close to −32 mV,
whereas EYF8 carries a value of −27.1 ± 2.6 mV (Figure 2C).
Given the similarly in charge status, observed immunological
effects among SAPs are unlikely to be due to charge
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differences. Consequently, all SAPs solutions and hydrogels
were prepared within this pH range.

The β-sheet conformation was confirmed using ATR-FTIR
(Figure 2E), thioflavin-T (ThT) binding assay (Figure S2A,B),
and CD spectroscopy (Figure S2C,D). All peptides were
characterized by strong transmittance bands at 1618 cm−1 and
bands in the region of 1684−1693 cm−1 (Figure 2E),
characteristic of the adoption by the peptides of β-sheet
conformations.47 The β-sheet conformation was corroborated
by the enhancement of ThT fluorescence intensity which
peaked at λ = 490 nm, both for SAPs at 2 mM (below CGC,
Figure S2A) and for SAP hydrogels prepared at 20 mM
(Figure S2B). Finally, we utilized CD spectroscopy, where we
observed a strong negative band centered in the range of 204−
218 nm, and a strong positive peak centered at 192 nm (Figure
S2C). We attempted to deconvolute these spectra (Figure
S2D), where around 43% secondary structure was obtained in
the form of β-sheet strand/turn conformations for all SAPs,
except EF8, for which only 6% was obtained (Figure S2D).
Here, we want to emphasize that the accuracy of this
deconvolution method is strongly obscured by the propensity
of SAPs to align,48 such as in the case of EF8 SAPs noticed
during later evaluations. This method also relies on the limited
availability of secondary structure referencing, stemming only
from pure protein databanks.49,50 Hence, we do not solely rely
on this methodology and utilize their combinations, including
molecular dynamics (MD) described later.

Viscoelastic features of soft materials have been shown to be
a key cell-instructing factor,51 and we have also previously
shown the influence of variable stiffness of peptide hydrogels in
the development of organoids.27 Therefore, for all 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 ε ≈ 0.2% and f ≈ 1 Hz,
we compared the storage modulus across all formulations and
concluded that there were no statistical differences between
any of them (Figure 2F). We noticed that peptide YEF8 had
the largest spread of storage modulus, correlating well to the
observed cloudy-like bulk hydrogel state. The storage modulus
of all SAPs falls in the range of 3.4 ± 2.8 kPa, broadly covering
a range of acceptable biomechanical values for soft tissues,52

indicating that any observed effects in cellular behavior
between these sequences should not be directly linked to
any difference in stiffness.

2.2. Molecular Dynamics Evaluations of SAPs. To
obtain detailed atomistic insights into the structural stability
and internal organization of SAPs, a series of MD simulations
at atomistic resolution were conducted for individual peptide
variants. For each SAP, free MD simulations starting from
preassembled antiparallel β-sheet conformations demonstrated
the stability of SAPs over 1 μs (Figure 3 and Supporting
Movies S1, S2, S3, S4, and S5). Validation was based on an
analysis of the secondary structure motifs of the SAP variants
(Figure S5). The analysis indicated that most of the identified
secondary structural motifs remained in an antiparallel β-sheet
conformation with the tendency to retain this structure
following the trend YEF8Y > EYF8 > EF8 > YEF8 > EF8Y
(Table S1). The greatest tendency to maintain an antiparallel

β-sheet structure was observed in the case of the YEF8Y
variant (with 82.05% of preserved antiparallel β-sheet motive),
suggesting that stabilization arises from the presence of
tyrosine residues on both sides of the peptide fiber moieties.
Although some individual fibers deviated (but not completely
deflated) from the preassembled structure (with two fibers in
the case of EF8, YEF8, EF8Y, and EYF8), they largely retained
their β-sheet configuration (Table S1 and Figure S5). A small
number of unstructured bends was observed, primarily at the
terminal ends of the fibers exposed to solvent molecules.
Strong internal organization was also evidenced by the robust
network of hydrogen bonds between individual fibers (Figure
S6). The data suggest a high propensity of SAPs to retain
antiparallel β-sheets and conform with the presented FTIR,
ThT binding assay, and CD spectroscopy data (Figures 2E and
S2). Overall, experimental and computational data are
indicative that all SAPs follow to a varying extent similar
antiparallel β-sheet conformation at physiological pH.

2.3. Structural Assessment of SAPs by TEM, SEM, and
SAXS. Nanofiber sizes and morphologies were characterized
using TEM, SEM, and SAXS, all shown in Figure 4. TEM
revealed entangled nanofibers and networks in all SAP
hydrogels, consistent with the fibrillar structure for β-sheet-
rich structures. EF8 consisted of the thinnest nanofiber
population with a diameter in the range of 10 nm, and some
small population of larger rod-like objects (Figure 4A). Our
previous work demonstrated that the thinnest nanofibers for
EF8 form in the range of 1.51 ± 0.43 nm;4141 however, we
note this measurement was carried out on samples prepared
directly in a solution form at 0.5 mM, rather than measured on

Figure 3. Snapshots of (A) EF8, (B) YEF8, (C) EF8Y, (D) YEF8Y,
and (E) EYF8 SAPs showing starting structures (left, time 0) and final
structures (right) after 1 μs of MD simulation. The position of
tyrosine residues is highlighted in magenta. Movies of full simulations
are included as supporting material (SM1−SM5).
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diluted bulk hydrogels like here. This sample preparation leads
to observations of much thicker stacks of fibrillar bundles
rather than individual smallest nanofibers. To confirm the 3D
environment of a bulk hydrogel, we performed SEM imaging in
variable pressure mode to avoid charging and coating artifacts
(Figure 4F−J). We imaged freeze-dried samples both at 20

mM (×1) and 20-fold diluted (×20) to investigate the effects
of possible interruption by the dilution effects (Figure S7). In a
nondiluted state (Figure S7, ×1), all hydrogels displayed
typical space with collapsed peptide structure and empty space
in between. Only upon dilution, regions of nanofibers were
observed (Figures 4F−J and S7). We acknowledge the

Figure 4. TEM (A−E) and SEM (F−J) images obtained for EF8, YEF8, EF8Y, YEF8Y, and EYF8 (noted on the left-hand side for all rows). TEM
images were obtained on 100-fold diluted hydrogels prepared originally at 20 mM concentration. TEM scale bars = 1 μm. SEM images were
obtained on freeze-dried 20-fold diluted hydrogels in the variable pressure mode (for uncoated samples). SEM scale bars = 200 μm. (K−O) SAXS
characterization of EF8, YEF8, EF8Y, YEF8Y, and EYF8 SAPs/hydrogels prepared at different concentrations (2.5, 5, 10, and 20 mM) in the
double logarithmic plot of IN(q) vs q representation. The straight lines depict the type of slope for easier visualization. In (N), the 5 mM YEF8Y
sample was not measured properly during beamtime due to the Arinax sample change robot’s failure to pick and load it up during automated
measurements (based on the resulting spectra of an empty capillary). In part (O), 5 mM EYF8 was the only sample for which consecutive radiation
damage was noticed, hence it was excluded from the analysis/presentation. Each 2.5 mM curve in A−E has a corresponding cylindrical fitting curve
fitted through (the used model is explained in detail in Section 2.4).
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difficulty in utilizing this microscopy technique to elucidate the
exact morphologies of SAP hydrogels but provide evidence of
their general 3D morphology by SEM and of the types of
nanostructured objects building them via TEM.

Considering TEM images, YEF8 distinctly consisted of
larger amounts of bundles of nanofibers (Figure 4B), whereas
EF8Y, YEF8Y, and EYF8 all formed well-defined thin-fibrillar
networks (Figure 4C−E). The average widths ± SD of fiber
and fiber bundle widths obtained from TEM are 41 ± 15, 73 ±
50, 37 ± 8, 36 ± 7, and 40 ± 8 nm for EF8, YEF8, EF8Y,
YEF8Y, and EYF8, respectively (Figure S8). This indicates
that the only statistically different sample compared with all
other SAPs is YEF8 (p < 0.001) (Figure S8). This might be
indicative of a more pronounced tendency for YEF8 peptide to
form aggregated β-sheet bundles via lateral peptide stacking of
β-sheet thin nanofibers, compared with thin networks observed
for other SAPs. TEM suggests that the control sequence, EF8,
has small tendency for this formation, although β-sheet thin
nanofibers remain a prevalent self-assembled nanostructure, as
previously observed.41 Although TEM cannot conclusively
discern secondary structures, the observed nanostructures are
consistent with the formation of β-sheet-rich nanofibers. Here,
we note different global rearrangements of final SAP structures
noted in MD simulations (Figure 3), indicating limitations of
computational technique to decipher differences on a larger
spatial scale. Nevertheless, FTIR, ThT binding assays, and
MDs all point to the fact that β-sheet structure is an underlying
building block of nanostructures observed for SAPs in TEM.
To note, we did not observe any significant morphological
differences in SEM between our samples, with all qualitatively
appearing similar at magnifications from 100× to 5000×.

We performed a structural analysis utilizing SAXS to confirm
the presence of nanofibers and their dimensions for all SAPs.
Figure 4K−O shows the SAXS patterns obtained for all SAPs
at various concentrations in the range of 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 q−1 behavior,
typical of the scattering of rod-like objects, can be observed.53

For EF8 and EYF8, the q−1 region extends for most of the q-

range (Figure 4K,O). For all other SAPs, even at 2.5 mM,
nonlinear curves were observed, with higher q regions
following q−2 behavior, often associated with flat ribbons,
lamella, or disc-shaped particles.26 This indicates the 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 the YEF8 sample toward the low q
region (Figure 4M), indicative of the formation of larger rod-
like or ribbon-like bundles, again matching well with the
observed bundling of nanostructures in TEM. Furthermore,
this indicates that the critical transition and associative
bundling for YEF8 occur above 5 mM concentration. For
EF8Y and YEF8Y SAPs, the q−2 region persists in the order of
5−20 nm (higher q), confirming the structural built-up from
individual nanofibers persists. To confirm this individual built-
up of all SAPs, we attempted fitting a cylindrical model (see
Section 2.4) to the obtained curves at 2.5 mM concentrations
(Figure 4K−O). 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 of 1.9 ± 0.2 nm
(diameters in the range of 3.8 ± 0.4 nm), in good agreement
with the estimations for the nanofibers formed from this family
of β-sheet SAPs30,41 and our MD simulations.

All SAPs self-assembled into hydrogels above critical
gelation concentration CGC ≈ 2.5 mM displayed characteristic
high β-sheet content, similar built-up from individual nano-
fibers with d ≈ 3.8 ± 0.4 nm and larger associative flattened
bundles in the range of 5−20 nm, similar storage modulus,
except for YEF8, which retained slight cloudiness at
physiological pH, had the largest spread in storage modulus
values, and showed higher tendency for bundling above 20 nm
size. Altogether, the results from Sections 2.1, 2.2, and 2.3
indicate that the addition of the tyrosine residues does not
affect the overall ability of the peptides to form β-sheet
nanofibers; however, it seems to affect the ability of these
nanofibers to aggregate/associate and form larger fiber
bundles, depending on the tyrosine position in the peptide
sequence.

Figure 5. (A) Steady flow experiments at 37 °C of all SAP hydrogels prepared at 20 mM concentration. Flow index (n) calculated using eq 2 (see
Section 4) 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. An 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 neighboring wells with 20 mM SAPs ink of (C) EF8 and (D) EYF8 into Carbopol bath.
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2.4. Rheological Properties and Embedded 3D
Printing of the SAP Inks. One key property of the
developed SAP hydrogels is their injectability for minimally
invasive surgery and use in biomedical additive manufactur-
ing.54,55 Therefore, we have measured viscosity curves and
rotational flow recovery for all SAP hydrogels (hence named
SAP inks in this section) at 20 mM concentration. Figure 5A
shows the viscosity curves at 37 °C which were fitted to a
power law model (eq 2, Section 4) to give shear-thinning
exponents (n). All SAPs followed n < 1, indicating good
downstream processability.54 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 as the initial values, which is indicative of shape
retention after extrusion. YEF8 was the only SAP ink
recovering more than 100% of its initial viscosity 40 s after
cessation of the high shear (Figure 5B, green squares). The

Figure 6. (A) Scheme summarizing the differentiation protocol of THP-1-derived MΦs. THP-1 cells were differentiated into M0 MΦs by
treatment with 300 nM phorbol-12-myristate-13-acetate (PMA) for 6 h, followed by resting for 24 h in cell culture media. Subsequently, M0 MΦs
were either cultured in the presence of the 2 mM SAPs (<CGC) supplemented in the cell culture medium for 48 h or detached and cultured on top
of 20 mM SAP hydrogels. Quantitative analysis of cell surface markers of (B) HLA-DR, (C) CD105, and (D) CD163 for all 2 mM SAPs.
Geometric mean fluorescence intensity (gMFI) was plotted. The black line and error bar in the plot represent mean and standard deviation,
respectively. (E−G) Cytokine secretion profile using multiplex bead-based ELISA for all 2 mM SAPs. Significant changes were found only in 3
cytokines presented here: (E) TNF-α, (F) IL-1β, and (G) IL-10, for all SAPs. In all cases (B−G), horizontal dashed lines depict median values for
the control MΦs with different polarization states obtained as indicated in the Section 4. Statistical analysis in B−G was done by the Kruskal−
Wallis multiple comparisons test. Statistically significant results were considered for p < 0.05 (* - < 0.05, ** - < 0.01, *** - < 0.005, and **** - <
0.001).
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YEF8 SAP ink exhibited distinct behavior compared with all
other SAPs, as evidenced by observations in TEM and its slight
cloudiness in the gel form. The viscoelastic recovery of the
tyrosine-containing SAP inks at the same 20 mM concen-
tration 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 S9A). YEF8, EF8Y, and YEF8Y behaved similarly to
the previous case of F8 peptide,30 with a rather rapid and
steady return to the original values. In this test, EYF8 SAP ink
did not recover after the first interval, which might be
indicative of different network morphology or 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 the simple printability of our
formulations, we selected the control SAP EF8, and one
tyrosine-containing SAP, EYF8, and demonstrated their
freeform 3D printing. In Figure 5C,D, inks were centrifuged
at 1000 rcf for 5 min before printing, whereas in Figure S9B−
C, were centrifuged at 3220 rcf for 5 min before printing. We
noticed that in the case of longer centrifuging time,
qualitatively assessed thinner rings were obtained for EYF8
at the expense of higher variation and inconsistencies of the
structure. Hence, final structures could be modulated by the
preconditioning step of the SAP ink in the cartridge (Figures
5C,D and S9B−C). We chose a Carbopol-based microgel bath
and ring-like circular structures as a simple model demonstrat-
ing that injectability and printing are possible, with good
structural fidelity. Multiple dynamic factors impact printing
outcome, including barrel and needle temperature, extrusion
pressure, and head velocity.54,55 Hydrogel physicochemical
parameters can also influence printability, for example, varying
peptide concentration or compositing will directly change the
rheological properties.56

2.5. Immunological Effects Exerted on Genetically
Similar Monocytic THP-1 Cells-Derived MΦs and SAPs
Cytotoxicity. In the first instance, we decided to screen our
family of SAPs prepared < CGC (at 2 mM, clear solutions)
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
responses indeed come from the influence of SAPs. In the
first instance, we directly tested whether SAPs have any
capacity to activate NFκB signaling pathway, well correlated
with the induction of pro-inflammatory responses,57 directly
on THP-1 monocytic cells with the NFκB-GFP reporter gene
(Figure S10). None of SAPs triggered activation of this
inflammatory pathway. This response was the same as the
untreated control and cells treated with IFN-γ, which is known
not to trigger this pathway. Across all tested samples, only
when cells treated with TNF-α activated this pathway (Figure
S10).58 Based on the absence of obvious inflammatory
response, we then aimed to confirm the general polarization
capacity and tested it for all SAPs, both at 2 mM soluble
nanofiber concentration (<CGC), as well as on the top of 20
mM hydrogels, against THP-1-derived MΦs following the
protocol established by Sapudom et al. (Figure 6A).59 First, we
confirmed that SAPs were not cytotoxic by evaluation of the
DRAQ7 in flow cytometry (see Section 4 for details). All SAPs,

both in soluble 2 mM and in hydrogel form at 20 mM showed
>90% of live cells (Figure S11).

Next, we confirmed the general cytotoxicity to both stromal
cells utilizing L929 mouse fibroblasts and primary human
fibroblasts. Lactate dehydrogenase (LDH) released into the
medium after 24 h treatment with both supplemented 2 mM
SAPs added to cell culture medium and for cells cultured
directly on 20 mM hydrogels was measured and showed no
significant differences between the constructs and the positive
TCP control, with all levels lower than 15% (and 85% viability
of cells retained) (Figure S12A). We also checked the
metabolic activity of L929 cells and albeit noted much lower
values for 2 mM SAPs, the cells cultured on 20 mM hydrogels
had their metabolic activity retained (Figure S12B). The 2 mM
supplementation of SAPs in medium lowered cell attachment
compared with the cells seeded on the SAP hydrogels directly.
This lower metabolic activity is expected as the developed
SAPs do not contain any attachment/binding sites for stromal
cells.

As an additional check, we supplemented 2 mM SAPs in cell
culture medium to primary human fibroblasts and evaluated
their cytotoxicity compared with TCP with or without TGFβ1
supplementation (Figure S12C,D). All supplemented SAPs led
to the same number of cells as in the TCP-TGFβ1 control
group (Figure S12C), indicating their lack of cytotoxic effects.
We then measured the possible influence of 2 mM SAPs on the
differentiation of fibroblasts into myofibroblasts using αSMA+

positive cell counting and found no significant differences
between TCP-TGFβ1 and SAPs groups (Figure S12C). As
such, we briefly conclude that SAPs do not induce any
cytotoxic effects on stromal cells.

2.5.1. Influence of Soluble SAPs at 2 mM (<CGC) on THP-
1 Cells-Derived MΦs. MΦ phenotypes were then charac-
terized for 2 mM SAPs using their specific surface markers,
namely, HLA-DR for pro-inflammatory macrophages (M1)
and CD105 for anti-inflammatory macrophages (M2) by flow
cytometry.10,38 We observed a significantly higher abundance
of HLA-DR surface markers for cells supplemented with YEF8
(Figure 6B), indicating its pro-inflammatory polarization
capacity. On the other hand, we noticed a high abundance
of CD105+ cells when supplemented with control EF8 SAP
(Figure 6C), indicating cell polarization toward the M2
phenotype.10 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 Interestingly, no significant differences were
found for CD206 receptors between all SAPs (Figure S13A),
whereas the highest abundance of CD163+ was found when
supplemented with EF8 SAP (Figure 6D). This indicates that
EF8 peptide may stimulate the MΦs toward a tissue repair
state, promoting the healthy restoration of normal architec-
ture.10,60

We further studied the secretion profiles of 13 most
common cytokines released by MΦs supplemented with 2
mM SAPs, using multiplex bead-based ELISA: IL-4, IL-2,
CXCL10 (IP-10), IL-1β, TNF-α, CCL2 (MCP-1), IL-17A, IL-
6, IL-10, IFN-γ, IL-12p70, CXCL8 (IL-8), and TGF-β1.
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Significant changes were found in three of the tested cytokines:
pro-inflammatory�TNF-α (Figure 7E) and IL-1β (Figure
6F), and anti-inflammatory�IL-10 (Figure 6G). Again, YEF8
SAP exhibited the largest amounts of released pro-inflamma-
tory factors (TNF-α and IL-1β) compared with all other SAPs,
and was similar in the level to control M1 (Figure 6E,F),
confirming flow cytometry data. YEF8Y and EYF8 SAPs had
slightly elevated release of IL-1β compared with EF8 (p <
0.05); however, values were significantly lower compared with
the control M1 (Figure 6F). No noticeable changes were seen
in TNF-α expression (Figure 6E). EF8 SAP induced the
highest release of IL-10, an important cytokine for the
remodeling of external matrix by MΦ, thus confirming
polarization toward the M2c subtype.10,61

2.5.2. Influence of SAP Hydrogels at 20 mM on THP-1
Cells-Derived MΦs. Subsequently, we cultured M0 MΦ on 20
mM SAP hydrogels and evaluated their polarization phenotype
using the same markers (HLA-DR, CD105, CD163, and
CD206) by flow cytometry (Figures 7A−C and S13A,B). In all
cases, we noticed the same polarization trend as in the case of
supplemented 2 mM SAPs (Figure 6B−D), albeit with gMFI
values significantly increased.

In ELISAs, the same trends were obtained in the secretion of
TNF-α, IL-1β, and IL-10 for 20 mM SAP hydrogels (Figure
7D−E) as for 2 mM soluble SAPs (Figure 6E−G). However,

unlike the 2 mM soluble SAPs case, in the case of 20 mM SAP
hydrogels, we noticed significant differences in several other
cytokines in our multiplex ELISA:

• pro-inflammatory: IFN-γ (Figure S14A), IP-10
(CXCL10) (Figure S14B), IL-8 (Figure S14C), and
IL-12p70 (Figure S14D).

• regulatory: MCP-1 (Figure S14E) and IL-2 (Figure
S14F).

Higher levels of IFN-γ, IP-10, IL-8, IL-12p70, and MCP-1
(Figure S14), along with TNF-α and IL-1β secretion (Figure
7D,E), suggest that YEF8 supplementation indeed generated
MΦs with pro-inflammatory phenotype and M1-like character-
istics, as these cytokines are typically associated with pro-
inflammatory responses and activation of M1 MΦs.

We also observed higher levels of IL-8 and IL-2 and lower
levels of MCP-1 for EF8 peptide, which original investigation
suggested polarization toward an M2c phenotype. These levels
suggest possible further activations in this atypical M2c
phenotype, as IL-8 is involved in the activation of neutrophils
and possible promotion of angiogenesis,62 whereas IL-2 is
generally associated with T-cell activation.63 We also noted
significantly low levels of MCP-1 for both EF8 and YEF8Y
peptides (Figure S14E), indicating these SAPs might reduce
the recruitment of monocytes and move toward the natural

Figure 7. M0 THP-1-derived MΦs were cultured on the top of the 20 mM hydrogels for 48 h. Quantitative analysis of cell surface markers of (A)
HLA-DR, (B) CD105, and (C) CD163 for all SAP hydrogels. Geometric mean fluorescence intensity (gMFI) was plotted. The black line and error
bar in the plot represent mean and standard deviation, respectively. (D−F) Cytokine secretion profile using multiplex bead-based ELISA.
Significant changes were found only in 3 cytokines presented here: (D) TNF-α, (E) IL-1β, and (F) IL-10. In all cases (A−G), horizontal dashed
lines depict median values for the control MΦs with different polarization states obtained as indicated in the Section 4. Statistical analysis in B−G
was done by the Kruskal−Wallis multiple comparisons test. Statistically significant results were considered for p < 0.05 (* - < 0.05, ** - < 0.01, ***
- < 0.005, and **** - < 0.001).
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progression of the reparative state. The obtained cytokine
profiles for EF8 SAP suggest possibly a mixed phenotype with
characteristics of both M1 and many M2 MΦs subphenotypes,
with most of the data pointing toward M2c being a
predominant state.

The final MΦ fate is driven by the complex interplay
between external environmental signals and hardwired differ-
entiation programming capabilities. Given the observed
opposed functional polarization states of MΦ between EF8
(M2c) and YEF8 (M1) SAPs, we hypothesize that the
underlying 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 the
overall modulation does not seem apparent, as here we
observed matching profiles for both the soluble nanostructures
at a concentration of 2 mM (<CGC) and 20 mM hydrogels.
Wang and Bratlie provided guidelines for MΦ polarization as a
function of used polymer chemistry properties.64 They argued
that chemistry leading to more H-bonding capacity and higher
hydrophilicity stimulates MΦ toward the 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 the first position may enable additional H-bonding
and contribute to the polarization of the M1 state compared
with EF8 (Figure S6A,B). However, noticing lack of such
induction for other Y-containing SAPs (Figure S6C−E) seems
to indicate the other factors, such as the unique chemical
arrangement of amino acids in this SAP or associative bundling
behavior as the putatively prevalent factor in this polarization.

2.6. Immunological Effects Exerted on Clinically
Relevant PMBC-Derived MΦs. 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 MΦs38 (Figure
8A) from 5 human donors and evaluated TNF-α/CD206 gene
expression (Figures 6B,C and S15A,B) and released TNF-α
cytokine (Figures 8D and S15C). As expected, averaging from
all donors, TNF-α was typically upregulated in M1 control and
downregulated in M2 control (Figures 8B and S15A), whereas
CD206 was downregulated in M1 control and upregulated in

Figure 8. (A) Differentiation protocol and subsequent characterization of peripheral blood mononuclear cells (PBMCs)-derived MΦs. PBMCs
were differentiated into M0 macrophages over 5 day period by supplementation with 20 ng mL−1 human macrophage colony-stimulating factor
(hM-CSF). At day 5, differentiated M0 MΦs were polarized by medium supplemented with 10 ng mL−1 TNF-α and IFN-γ toward an M1 state
(M1 control) and 10 ng mL−1 IL-4 toward an M2 state (M2 control) for 24 h, followed by a 24 h rest in medium without cytokines. Untreated M0
MΦs were treated as control samples and cultured in medium without any cytokines. The same three polarization states were maintained (M0, 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 h). Gene expression of (B) TNF-α and (C) MRC1 (CD206) measured by RT-qPCR for untreated MΦs supplemented with 2 mM of
EF8 or YEF8 SAPs. Gene expression is represented as fold change compared with RPLP0 (a housekeeping gene) of the M0 untreated control
group per each donor (n = 3). Horizontal dashed lines depict average values across all donors for the control MΦs with different polarization states.
Analysis by two-way ANOVA with Tukey’s multiple comparisons test. Statistically significant results were considered for p < 0.05 (* - < 0.05, ** - <
0.01, *** - < 0.005, and **** - < 0.001). (D) TNF-α secretion measured by ELISA for cells treated with 2 mM SAPs (represented in rows) with
the same conditioning as described in part D. Gray crossed boxes indicate measurements below the limit of detection.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c19900
ACS Appl. Mater. Interfaces 2025, 17, 27740−27758

27750

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19900/suppl_file/am4c19900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19900/suppl_file/am4c19900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19900/suppl_file/am4c19900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19900/suppl_file/am4c19900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c19900/suppl_file/am4c19900_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19900?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19900?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19900?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c19900?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c19900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


M2 control (Figures 8C and S15B). When using primary cells,
variation across donors is standard.65,66 Patient-derived cells
bring in a huge variety of environmental and genetic factors,
including gender, lifestyle, cholesterol levels, and comorbidities
to name a few.67 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-α (Figure
8B) and downregulation of CD206 in 2 donors in the M2
tested group (Figure S15B) for YEF8 SAP. This also correlated
well with the elevated levels of TNF-α detected almost
exclusively for YEF8 SAP (Figures 8D and S15C). Gray boxes
in Figure 8D indicate that levels of TNF-α were below the
limit of detection.

In general, for the EF8 SAP, we observed most of the
measurements falling closer to M0 control in TNF-α gene
expression (Figures 8B and S15A) and a slight tendency
toward M2 in CD206 gene expression (Figures 8C and S15B).
No noticeable expression of TNF-α was observed in ELISA
measurements for this SAP (Figures 8D and S15C). These
results confirm the phenotype of THP-1-derived MΦs in
Section 2.4 holds true for MΦs directly differentiated from
PBMCs across multiple tested donors and brings a critical role
of the EF8 sequence as a possible orchestrator balancing repair
of tissues, such as in wound healing10 or tendon repair.68 In
general, two other tested SAPs, EF8Y and EYF8, showed
downregulation of TNF-α (Figure S15A) and upregulation of
CD206 (Figure S15B) in M0 groups, indicating possible MΦs
polarization toward M2a-like state. Although this observation
contrasts THP-1 cells-derived MΦs behavior in Section 2.4
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 with the YEF8. Unfortu-
nately, the effects of YEF8Y SAP could not be evaluated due to
the noticed interference of this SAP with the RNA extraction
process. Nevertheless, the secreted TNF-α protein levels for
EF8Y, EYF8, and YEF8Y were virtually negligible (Figure
S15C), confirming the lack of pro-inflammatory response from
these SAPs in this model.

3. CONCLUSIONS
In this work, we designed five β-sheet forming self-assembling
peptide sequences: EFEFKFEFK (EF8), YEFEFKFEFK
(YEF8), EFEFKFEFKY (EF8Y), YEFEFKFEFKY (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 β-sheet-rich nanofibers. Titrations of peptides revealed
that all SAPs carry a charge in the range of −2 ≤ Z ≤ −1 at
physiological pH (7.2 ± 0.2), with close ζ-potential values in
the range of −27.1 to −35.9 mV for all SAPs, and all forming
self-supporting hydrogels above similar CGC ∼ 2.5 mM. The
only exception was YEF8, which retained slight 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 profiles in the range
of 3.4 ± 2.8 kPa and were shear-thinning. We demonstrated
SAPs EF8 and EYF8 SAP hydrogels were freeform 3D
printable in an embedded bath, providing a preliminary

assessment of the possible biofabrication routes for this class
of SAP hydrogels. All SAPs self-assembled into thin nanofibers
d ≈ 3.8 ± 0.4 nm, with YEF8 and EF8 demonstrating some
propensity for associative bundling. YEF8 was characterized by
larger variability in storage modulus, which may be due to the
presence of microscopic phase inhomogeneity, correlating well
with larger nanostructure bundling observed in TEM. These
SAPs displayed a good correlation with the response observed
in MΦs derived from genetically similar monocytic model
THP-1 cells and genetically variable peripheral blood
mononuclear cells (PBMCs) from multiple donors. The
presence of soluble EF8 nanofibers (at 2 mM) induced a
strong anti-inflammatory response and polarization toward
M2a and M2c MΦ states, indicating this SAP as a possible
modulator of the tissue repair. YEF8 SAP (at 2 mM, solution
state) displayed tendency for inducing strong pro-inflamma-
tory response and polarization toward M1 MΦ phenotype,
whereas EF8Y, YEF8Y, and EYF8 SAPs did not induce strong
inflammatory responses in our models. The same polarization
effects were observed for THP-1-derived MΦ cultured on top
of 20 mM SAP hydrogels, albeit inducing stronger expressions
of HLA-DR, CD105, and CD163 receptors for the same
polarizing peptides (EF8 and YEF8). Since immunomodula-
tion toward a certain state offers the opportunity to enhance
functional recovery, here we provide a family of SAPs that can
be used as nanobiomaterial immunomodulators. By minor
variation of the position of tyrosine in the sequence,
nanostructures with a tendency toward anti-inflammatory,
pro-inflammatory, or nonimmunogenic polarization of MΦs
were designed. At higher concentrations suitable for gel
formation, caution should be exercised when correlating
nanostructure and biological response, due to potential
changes in phase behavior, as reflected in the nontransparency
of YEF8 at high concentrations. These responses seem to be
linked to the types of nanostructures formed, as well as
possible H-bonding edge-interactions stemming from the
edges of these nanostructures or to a unique chemical
arrangement of this SAP. There are reports that this family
of SAPs can be uptaken by cells,69 and thus one of the
alternative polarization mechanisms might involve internal
signaling after endocytosis of the peptide. However, decipher-
ing the exact mechanisms of this polarization remains to be
investigated in future studies, such as transcriptomics or
proteomics. Our work brings basic physicochemical rules for
the design of future immunomodulatory SAP nanobiomaterials
and injectable hydrogels that could be used for reprogramming
of immune system toward desired reparative or inflammation-
induced states.

4. MATERIALS AND METHODS
4.1. Materials. Peptides were purchased as HCl salts from

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.

4.2. Theoretical Charge and Experimental Titrations. The
theoretical net charge of different peptide sequences at each pH value
was calculated by the following equation
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where Ni/j are the numbers of functional groups present on the
peptide, and pKai/j the pKa are the basic (i − pKa > 7) and acidic (j −
pKa < 7) values, respectively.18 Peptide titration experiments were
performed by the addition of a 0.05 M NaOH solution in 5 μL steps
to a 1 mL of miliQ water (H2O) peptide solution with an ∼1 mM
starting peptide concentration. After each NaOH addition, the
samples were vigorously agitated using a vortexer to ensure
homogeneous mixing and the pH was measured using an 827
Metrohm pH Meter (Metrohm AG, Switzerland). The experiments
were repeated at least 2 times.

4.3. 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 μL of miliQ H2O. 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 the 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 min)
was used to remove them. Concentrations and volumes were scaled as
needed for each experiment.

4.4. Zeta-Potential (ζ) Measurements. The ζ of SAPs was
measured at 37 °C and pH 7 using a Litesizer DLS 500 instrument
(Anton Paar). 20 mM SAP hydrogels were diluted to 0.02 mM
concentration using miliQ H2O and sonicated for 30 min on ice. The
final sample pH was adjusted by titration with 0.05 M NaOH or 0.05
M HCl to reach 7.1 ± 0.2. The measurements were repeated 3 times
on 2 independently prepared replicate samples to ensure reproduci-
bility.

4.5. Attenuated Total Reflectance−Fourier Transform Infra-
red (ATR-FTIR) Spectroscopy. 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−1 with a resolution
of 2 cm−1. MiliQ H2O was used as background and was automatically
subtracted from the recorded spectra using the OPUS software
provided with the instrument.

4.6. Fluorescence Thioflavin T (ThT) Assay. ThT was mixed in
20 mM of both peptide solutions/hydrogels during their preparation
with a final 5 μM concentration. ThT assay was measured on an
Infinite 200 Pro plate reader (Tecan, Man̈nedorf, Switzerland).
Excitation wavelength was set as λexc = 400 nm, and the fluorescence
scan range was measured in the range of 460−600 nm. Pure ThT at 5
μM concentration was used as a background and subtracted from all
measured peptide signals.

4.7. Circular Dichroism (CD) Spectroscopy. Samples were
prepared by diluting hydrogels (100-fold) to 0.2 mM concentration in
MiliQ water. After dilution, samples were vortexed for 60 s and
sonicated on ice for 30 min. Subsequently, solutions were gently
pipetted into a 1 mm optical path length quartz cuvette (Hellma).
Samples were then scanned using a ChiraScan, Applied Photophysics,
where spectra were recorded at a wavelength in the range of 180−280
nm with 1 nm step size, 0.5 s response time at 25 °C. Fresh miliQ
water background was taken prior to each measurement and
automatically subtracted from the data. The ellipticity data were
then acquired in mdeg and are presented in the original unit. Spectra
are shown from 180 to 260 nm as average from 5 measurements.
Deconvolution of the CD spectra was done using the freely available
DichroWeb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml)
toolkit.70 For deconvolution presented in Figure S2D, we used the
self-consistent method (SELCON3) with reference data set in the
range from 190 to 240 nm.49,50

4.8. 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 was

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 ε = 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−1, and being held at each shear rate until a stable
reading was reported by the instrument. The shear-thinning behavior
was characterized by fitting the Power Law eq 1 to the linear region of
the shear rate−viscosity rheology plot.

K n 1= (2)

where η is the viscosity, γ̇ is the shear rate, K is the consistency value,
and n is the shear-thinning exponent. Flow recovery tests in a
rotational mode were performed by initially subjecting the sample to
shear close to a zero-shear value (0.01 s−1) for 200 s. Then shear rate
was increased to 895 s−1 and kept for 100 s. Recovery was then
monitored for 200 s by switching the shear rate back to 0.01 s−1, 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 were presented.

4.9. Molecular Dynamics (MD) Simulations. Model systems of
all peptide variants (EF8, YEF8, EF8Y, YEF8Y, and EYF8) were
studied by means of molecular dynamics simulations. Initial structures
of single peptide chains were built using the Fab tool implemented in
PyMOL (ver. 2.5.5) software.71 The protonation states of all peptides
correspond to pH 7, with the C- and N-termini, as well as the charged
polar amino acids (K, E), in their ionized forms. Subsequently, all
peptide variants were preassembled along the fiber axis as single
ladders in antiparallel β-sheets conformation, each composed of six
individual peptides (see Figure 3). Resulted preassembled structures
were placed into cubic box of 8 × 8 × 8 nm3. All molecular dynamics
simulations were performed using AMBER22 simulations software.72

Parameters for peptides were described using Amber ff19SB.73

Systems were solvated with OPC water model74 and Li-Merz ions75

were added to maintain the electroneutrality of systems. Prior to the
production run, each system was subjected to energy minimization
followed by a short 10 ns NpT simulation to equilibrate the box. The
final production run was conducted in the NVT ensemble, with each
simulation time set to 1 μs and time step of 2 fs. The temperature was
kept constant at 298 K using weak-coupling algorithm76 and the
temperature coupling constant was set to 0.2 ps. The SHAKE
algorithm77 was used to constrain all bonds including hydrogen
atoms. A cutoff of 1.0 nm was used for the Lennard−Jones interaction
and the short-range electrostatic interactions. Long-range electro-
statics was treated by Particle Mesh Ewald (PME) summation.78

Periodic boundary conditions were applied in all directions.
4.10. Transmission Electron Microscopy (TEM). Peptide

hydrogels were prepared at 20 mM concentration as described
above and diluted 100-fold using deionized H2O. The samples were
then gently pipetted up and down for 60 s, followed by 60 s 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 μL sample droplet for 60 s. The sample was then blotted and a 10
μL droplet of Uranyless solution was applied for 60 s, blotted, and
then rinsed using H2O until finally left to dry for 5 min. TEM images
were taken using a Hitachi TEM H800 transmission electron
microscope running at 100 keV. A minimum of 100 nanofibers and
nanofiber bundle widths were measured manually using ImageJ
software for each SAP.

4.11. Scanning Electron Microscopy (SEM). Peptide hydrogels
were prepared at 20 mM concentration as described above and
diluted 20-fold using deionized H2O. These were noted as ×1 and
×20 in names, respectively. All samples were then flash-frozen at −70
°C and lyophilized to form freeze-dried porous solids. These were
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carefully cut into disks and prepared on a multi-sample holder using
carbon tapes for fixing. The samples were transferred via an airlock
into the SEM chamber of the Hitachi field emission scanning electron
microscope SU8700. They were then imaged at an accelerating
voltage of 10 kV, at a recording speed of 20−40 s, a probe current of
107 pA, and a variable pressure between 45 and 50 Pa, using a BSE-
signal (PDBSE, Photo Diode BSE) detector and an SE-signal (UVD,
Ultra Variable Pressure) detector.

4.12. Small-Angle X-ray Scattering. SAXS experiments were
performed on beamline B21 at the diamond light source (DLS)
synchrotron (Didcot, U.K.), following the setup previously
described.79,80 Briefly, the energy of the beam was 13.05 keV,
corresponding to an X-ray wavelength of 0.95 Å. The sample-to-
detector distance was fixed to 3.7 m corresponding to an accessible
momentum transfer vector range of 0.03 nm−1 < q = (4π/λ) sin(θ/2)
< 3.4 nm −1, where θ is the scattering angle and λ is 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 h 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, U.K.). These were, respectively, for Kapton
tapes, used as background; they were subtracted from all spectra and
data were reduced using ScatterIV (Rambo, R. P.). 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 azimuthal integration to generate the 1D
scattering patterns. SAXS data were fitted using SasView 5.0.6
software (http://www.sasview.org/). The form factor used to fit this
data was the cylinder model in SaSView (https://www.sasview.org/
docs/user/models/cylinder.htm), which is a circular cylinder with
uniform scattering length density. The scattering intensity of
orientated cylinders is given by the model
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where V is the volume of the cylinder (V = πR2L, R = radius, L =
Length), Δp is the contrast, thus is the scattering length density
difference between the object that is scattering and the solvent, α is
the angle between the axis of the cylinder and vector q, and J1 is the
first order of the Bessel function.

For randomly orientated particles in a SAXS experiment
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Therefore, the output of the one-dimensional scattering of
randomly orientated cylinders can be given by
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The second virial coefficient for the cylinder is calculated based on
the length and radius values and is used as the effective radius.

The 5 mM YEF8Y sample was not measured properly during
beamtime due to the Arinax sample change robot’s failure to pick and
load it up during automated measurements (based on the resulting
spectra of an empty capillary). Hence, we could not analyze this
concentration in the analysis provided in Section 4.2. 5 mM EYF8 was

the only sample for which consecutive radiation damage was noticed,
hence it was excluded from the analysis/presentation.

4.13. Freeform 3D printing. For embedded printing, we
prepared a microgel bath from 0.8% (w/v) Carbopol 940 (Acros
Organics Geel, Belgium) printing bath following previous protocols.81

Briefly, 0.20 g of Carbopol 940 was dissolved in 20 mL of MiliQ H2O
and prior to printing, the pH of the bath was adjusted to 7.2 ± 0.2
with 2 M sodium hydroxide (NaOH). The Carbopol bath was stored
at 4 °C until printing. One mL of bath per well was deposited into 24-
well plates and degassed using an Eppendorf centrifuge at 500g 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). 3 mL of SAP hydrogels EF8 and
EYF8 were prepared at 20 mM concentration prior to printing as per
the procedure above, with the addition of 20 μL of 10 mg mL−1

Coomassie Brilliant Blue R250 dye to enable easier visualization of
printed structures. SAP inks were loaded into 3 cm3 printing
cartridges, which were either centrifuged at 1000 rcf for 5 min before
printing (presented in Figure 5C,D) or centrifuged at 3220 rcf for 5
min before printing (presented in Figure S9B,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−1 and with a pressure of 0.5−1 bar. The
printed structures were 3 circles vertically spaced by 1 mm in 3
separate wells. Printing was done at 23−25 °C range of ambient
temperature and 12−25% relative humidity.

4.14. L929 Cells Culture. L929 mouse fibroblasts (Sigma-
Aldrich, catalogue 85011425) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10% v/v fetal
bovine serum (FBS, Corning), 1% v/v Pen-Strep (100 U mL−1 of
penicillin, 100 μg mL−1 of streptomycin, Gibco). The medium was
changed every second day and cells were passaged until 80%
confluency. Cells at passage 24 were used for all cell culture
experiments.

4.15. L929 Cells Metabolic Activity. The metabolic activity of
L929 cells was assessed using the CellTiter-Blue Cell Viability Assay
(Promega, Dübendorf, Switzerland). 10,000 cells per well were
cultured either on SAPs peptide hydrogels prepared at 20 mM and
casted in the wells, or with 2 mM SAPs supplemented within the
culture medium, for 24 h. A mixture of CellTiter-Blue Reagent and
DMEM Low Glucose cell culture medium at a 1:5 (v/v) ratio was
added to each well containing the gels at the 24 h time point. The
fluorescence intensity of the samples was measured at 560Ex/590Em
using the Infinite 200 Pro plate reader (Tecan, Ma ̈nnedorf,
Switzerland) after transferring the reagent-media mixture to a 96-
well plate. The medium placed on hydrogel samples without any cells
for 24 h and 2 mM SAPs supplemented within the culture medium
were used as blank measurements. These were subtracted from the
readings taken with cells for respective samples.

4.16. L929 Cells Cytotoxicity. The amount of lactate
dehydrogenase (LDH) released into the cell culture supernatant,
indicating damage to the cellular plasma membrane, was measured
using the Cytotoxicity Detection KitPLUS LDH (Roche, Sigma-
Aldrich), following the manufacturer’s protocol. In brief, supernatants
of L929 cells cultured on hydrogels and with supplementation of 2
mM SAPs as described above were collected at the 24 h time point
and centrifuged at 300g for 5 min at +4 °C. A 100 μL sample from
each supernatant was transferred to 96-well plates, followed by the
addition of 100 μL of working solution to each well. The plates were
incubated for 30 min at room temperature. After adding 50 μL of stop
solution, absorbance values were measured at 490 nm using the
Infinite 200 Pro plate reader (Tecan, Man̈nedorf, Switzerland). The
percentage of cytotoxicity was calculated for each sample using the
formula provided below

cytotoxicity(%)
(experimental value low control)

(high control low control)
100%= ×

(7)
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The low control value was determined using the medium from cells
cultured on plates at t = 30 min, while the high control value was
obtained from the medium of cells treated with 9% Triton X-100 at
24 h.

4.17. Human Fibroblast Culture, Cytotoxicity, and Myofi-
broblast Differentiation. A total of 1.5 × 104 primary human
fibroblasts (ATCC, Manassas, VA) were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Gibco, Thermo Fisher Scientific, Inc.,
Dreieich, Germany), with or without 2 mM SAP, for 3 days. Cell
number and differentiation into myofibroblasts were assessed by cell
counting and immunocytostaining using a flow cytometer equipped
with an autosampler (Thermo Fisher Scientific, Inc., Dreieich,
Germany). α-Smooth muscle actin (αSMA) was used as a marker
to distinguish myofibroblasts from fibroblasts. Fibroblasts were
detached from the tissue culture plate using TrypLE (Gibco, Thermo
Fisher Scientific, Inc., Dreieich, Germany), fixed with 4%
paraformaldehyde (PFA, Sigma-Aldrich), permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich), and blocked for nonspecific binding
with 1% bovine serum albumin (BSA, Sigma-Aldrich). Each step
lasted 10 min, followed by a PBS wash. Cells were then stained with
mouse antihuman αSMA antibody (1:500 dilution; clone: 1A4,
Biolegend, San Diego, CA) for 1 h, followed by secondary staining
with rabbit antimouse antibody conjugated to AlexaFluor 488
(Biolegend, San Diego, CA) for 30 min on ice. After washing, cells
were analyzed by flow cytometry to quantify total cell number and
αSMA-positive cells. As a positive control for fibroblast differ-
entiation, cells were treated with 10 ng mL−1 TGF-β1 for 3 days.

4.18. Quantification of the Pro-inflammatory Response of
Monocytes via NFKB Expression. THP-1 monocytic cells with the
NFκB-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%
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 × 105 cells were cultured with or without SAPs prepared
at 2 mM (<CGC) for 24 h under standard cell culture conditions. As
a positive control, the cells were treated with 10 ng mL−1 TNF-α
(Biolegend, San Diego, CA), known to activate NFκB signaling. Cells
were also treated with 10 ng mL−1 IFN-γ, as it is known to confirm
the specificity of control because it does not trigger the NFkB
signaling pathway. Subsequently, the cells were analyzed 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). The geometric mean fluorescence intensity
(gMFI) of the NFκB-GFP reporter was evaluated. Experiments were
performed in quadruplicate.

4.19. MΦ Differentiation from THP-1 Cells and Treatment
with SAPs. For MΦ differentiation, 1 × 105 THP-1 cells (ATCC,
Manassas, VA) 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% mercaptoe-
thanol, and 1% penicillin/streptomycin but without fetal bovine
serum (FBS), following previously published protocols.10,59 The cell
culture media and supplements were acquired from Gibco (Thermo
Fisher Scientific, Inc., Dreieich, Germany). After 6 h, the differ-
entiation medium was removed, and the cells were allowed to rest for
24 h in RPMI-1640 without FBS and PMA. Subsequently, the
differentiated MΦs were cultured either with or without SAPs
prepared at 2 mM for 48 h. As a control, MΦs were activated into
pro-inflammatory (M1) MΦs for 48 h by adding 10 pg mL−1

lipopolysaccharide (LPS; Sigma) and 20 ng mL−1 interferon-γ
(IFN-γ; Biolegend, San Diego, CA). For anti-inflammatory activation,
MΦs were induced into the M2a subtype with 20 ng mL−1 interleukin
4 (IL-4; Biolegend) and 20 ng mL−1 interleukin 13 (IL-13;
Biolegend), or into the M2c subtype with 20 ng mL−1 interleukin
10 (IL-10; Biolegend).

4.20. Quantitative Analysis of THP-1-Derived Macrophages
(MΦs) Cytotoxicity, Cell Surface Markers, and Their Cytokine
Secretion Profile. For analysis of MΦ cell surface markers, MΦs
were detached from the cell culture plates using Macrophage
Detachment Solution DXF (PromoCell, Heidelberg, Germany)
following incubation with 2 mM SAPs or by placing on top of 20
mM SAP hydrogels. Before cell staining, they were incubated with
Human TruStain FcX − Fc Receptor Blocking Solution (5 μL of
blocking solution in 1000 μL of staining volume; Biolegend, San
Diego, CA) for 5 min under standard cell culture conditions.
Subsequently, the cells were stained with mouse antihuman HLA-DR
(clone: L243) conjugated with Brilliant Violet 421, CD163 (Clone:
GHI/61) conjugated with PE-Cy7, mouse antihuman CD206 (Clone:
15−2) conjugated with Brilliant Violet 510, and DRAQ7 (a cell
viability staining dye) for 30 min 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 analyzed 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), focusing on the
geometric mean fluorescence intensity of the cell surface markers.
Experiments were performed in 5 replicates for 2 mM SAPs and 4
replicates for 20 mM SAP hydrogels. For cytokine secretion profile
analysis, cell culture supernatants were harvested following incubation
with SAP products. The cytokine levels were quantified using a bead-
based multiplex immunoassay (LEGENDplex Human Essential
Immune Response Panel; Biolegend, San Diego, CA) designed for
IL-4, IL-2, CXCL10 (IP-10), IL-1β, TNF-α, CCL2 (MCP-1), IL-17A,
IL-6, IL-10, IFN-γ, IL-12p70, CXCL8 (IL-8), and TGF-β1, according
to the manufacturer’s protocol. The samples were analyzed on an
Attune NxT Flow Cytometer (Thermo Fisher Scientific, Carlsbad,
CA). Data were processed using a 5-parameter curve fitting algorithm
with LEGENDplex data analysis software (Biolegend, San Diego,
CA), and experiments were performed in 5 replicates.

4.21. Peripheral Blood Mononuclear Cells (PBMCs)-Derived
Macrophages (MΦs) Cell Culture. Primary human monocytes
were isolated from buffy coats purchased from the Regional Blood
Donation Service SRK Graubünden (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 labeled with CD14 magnetic beads followed by
magnetic-activated cell sorting.82 CD14+ monocyte cells were
resuspended in RPMI medium supplemented with 10% FBS and
then seeded onto tissue culture plastic at a density of 3 × 105 cells
well−1 in the presence of 20 ng mL−1 human macrophage colony-
stimulating factor (hM-CSF) for 5 days, similarly to our previous
protocol.38 Medium (still containing hM-CSF) was exchanged on day
2 (see Figure 8A for timing). At day 5, the hM-CSF-free medium was
supplemented with 10 ng mL−1 TNF-α and 10 ng mL−1 IFN-γ for M1
MΦs and 10 ng mL−1 IL-4 for M2 MΦs for 24 h followed by a 24 h
rest in medium without cytokines (see Figure 8A for timing). Control
samples (M0 MΦs) were cultured in a medium without any
cytokines. Furthermore, on day 5, the same three polarization states
were maintained (M0, 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 the formation of any self-
supporting physical hydrogels. On day 7, a conditioned medium was
collected for ELISA, whereas samples were washed two times with
PBS and stored in TRI-reagent for subsequent RNA isolation.

4.22. 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-α) and
anti-inflammatory (CD163, IL-10, IL-12) cytokines, associated with
M1 and M2 MΦs, respectively. The DuoSet ELISA systems were used
according to the manufacturer’s instructions of DY210 (TNF-α)
R&D Systems. Absorbance values were measured on an Infinite 200
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Pro plate reader (Tecan, Man̈nedorf, Switzerland) at 450 nm with a
background wavelength correction of 540 nm.

4.23. RNA Isolation and RT-qPCR Gene Analysis. To assess
the polarization of MΦs, cells were collected and seeded in a 24-well
plate at a concentration and with treatments described above. RNA
was isolated with salt precipitation and TaqManTM Reverse
Transcription Kit was used to generate cDNA. Relative gene
expression reactions were set up in 10 μL reaction mixes using
TaqManTM 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 a 2−ΔΔCt value with
RPLP0 as endogenous control and positive control (M0 MΦs, no
supplemented material or cytokines) was used for normalization.
Normalization was performed per each donor, i.e., all relative
expression are normalized to the M0 untreated control group of
each donor.

4.24. Statistical Analysis. All results were analyzed 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 Šid́aḱ’s multiple comparisons, Tukey’s multiple
comparisons test, or Kruskal−Wallis multiple comparisons was used
and noted in each case in Figure description. Statistically significant
results were considered as of p < 0.05 (ns - >0.05, * - <0.05, ** -
<0.01, *** - <0.005, and **** - <0.001).
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Table 1. Human Primer Sequences for Real-Time PCR

marker assay ID (THERMOFISHER) role

TNF-α Hs00174128_m1 pro-inflammatory marker
(associated with M1 MΦs)

MRC1
(CD206)

Hs00267207_m1 surface marker for M2 MΦs

RPLP0 Forward: 5′-TGG GCA AGA
ACA CCA TGA TG-3′

housekeeping gene

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

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