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Mucus is a complex biological hydrogel that acts as a barrier for almost everything

entering or exiting the body. It is therefore of emerging interest for biomedical and

pharmaceutical applications. Besides water, the most abundant components are the

large and densely glycosylated mucins, glycoproteins of up to 20 MDa and carbohy-

drate content of up to 80 wt%. Here, we designed and explored a library of glycosy-

lated peptides to deconstruct the complexity of mucus. Using the well-characterized

hFF03 coiled-coil system as a hydrogel-forming peptide scaffold, we systematically

probed the contribution of single glycans to the secondary structure as well as the

formation and viscoelastic properties of the resulting hydrogels. We show that

glycan-decoration does not affect α-helix and coiled-coil formation while it alters gel

stiffness. By using oscillatory macrorheology, dynamic light scattering microrheology,

and fluorescence lifetime-based nanorheology, we characterized the glycopeptide

materials over several length scales. Molecular simulations revealed that the

glycosylated linker may extend into the solvent, but more frequently interacts with

the peptide, thereby likely modifying the stability of the self-assembled fibers. This

systematic study highlights the interplay between glycan structure and hydrogel

properties and may guide the development of synthetic mucus mimetics.
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1 | INTRODUCTION

Mucus is a biological hydrogel at the interface between the body and

the environment. It lines every wet epithelial surface and forms a

highly selective barrier. While it allows for the exchange of nutrients

and gases, noxious agents, and pathogens are entrapped. Mucus also

serves to hydrate the underlying mucosa and acts as a lubricant.1

Moreover, it hosts a remarkably diverse microbial community

essential to human health.2 Primarily responsible for many of these

properties are the major structural components of mucus, the mucins.

Mucins are a class of over 20 mucin-type high molecular weight glyco-

proteins, all belonging to the MUC gene family. The mucin molecule is

composed of a rigid and extended protein backbone with a variable

number of tandem repeats rich in proline, threonine, and serine

(PTS domains), as well as cysteine-rich regions at the two termini and

between PTS domains.3 The PTS domains are usually densely
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O-glycosylated with branched oligosaccharide chains forming a struc-

ture that resembles a bottlebrush. The semi-flexible protein backbone

and the highly hydrophilic nature of the O-glycans contribute to the

biophysical properties of mucus. The hydrogel character of mucus is

mainly arising from the entanglement of mucin fibers that form a

three-dimensional network as well as non-covalent interactions and

disulfide bonds. While the viscoelastic properties can vary drastically

depending on the organ of origin and the state of health or disease,

the storage modulus G' of healthy mucus is in the range of 1–10 Pa

for probing frequencies above 1 Hz. The mesh size of mucus is also

highly heterogeneous and can vary from 20 to 1800 nm across differ-

ent organs.4

In order to understand this very complex material and its role in

the pathways of many infectious and chronic diseases there is a need

for artificial mucin-like systems that mimic some of the properties and

functions of native mucus. Ribbeck et al have shown recently that sin-

gle glycans are inhibitors of virulence in Vibrio cholerae.5 Well-defined

synthetic model systems that display single glycans can thus help

identify such core structures and elucidate their role in the onset of

disease, for example by performing binding studies with pathogens. It

is however not trivial to mimic and investigate these intricate struc-

tures based on chemically synthesized materials and current research

often relies on reconstituted mucins of animal origins. Commercially

available mucins are for example bovine submaxillary mucin (BSM) or

porcine gastric mucin (PGM).6 All these samples differ largely in their

molecular, mesoscopic, and macroscopic properties depending on the

donor species and their state of health or disease.7 Moreover, for

commercial mucins the isolation procedure often changes the physi-

cochemical properties irreversibly, leading to different characteristics

and structures after rehydration of the mucin.8,9 Hence, there is a

great need for a chemically defined synthetic model mimicking key

properties of mucus that would enable systematic studies based on

reproducible (starting) conditions. Recently, different polymerization

approaches have been used to mimic mucins and their hydrogels.10,11

We chose to employ a peptide-based approach. The advantage that

this system offers lies in its modularity, well-defined structure, and

easy synthetic access. Through solid phase peptide synthesis (SPPS)

access to well-defined structures is possible in a relatively short

amount of time. This backbone can then be decorated with synthetic

glycans obtained via chemical or chemoenzymatic syntheses. Such

reductionist approaches were used before to investigate other com-

plex biomaterials, such as amyloids.12,13

Prior work from our group focused on the defined presentation

of glycans using self-assembling peptide scaffolds14,15 and the func-

tionalization of peptide hydrogels with cell adhesion motives and

mannose16. Here we extend these systems to include decoration with

mucin-relevant glycans and characterize hydrogel properties on differ-

ent length scales, focusing on rheology. We used several experimental

techniques to investigate the physicochemical features that character-

ize a mucus-inspired hydrogel over a range of length scales and how

they change upon the introduction of single glycans. Oscillatory shear

rheology is used to obtain macroscopic bulk properties, such as the

storage (G') and loss modulus (G'') associated with the elastic and

viscous properties, respectively, on length scales from 0.1–10 mm.

Dynamic light scattering (DLS) microrheology yields insight into the

microstructural organization on length scales from 0.01–1 μm. By fol-

lowing the scattering of tracer particles, one can gain their mean

squared displacement (MSD) and diffusion coefficient. Moreover, we

used a recently established nanorheology technique that translates

the fluorescence lifetime of a molecular rotor dye (FMR) into informa-

tion about its immediate environment (<10 nm). This technique can

thus give an idea of how small analytes move within the hydrogel.

Finally, we aimed to bridge the gap between macro and nanorheology

by DLS microrheology, which can give overlapping information with

both of the other techniques. Additionally, we used molecular dynam-

ics simulations to elucidate the dynamics and the structure of the gly-

cosylated linker relative to the peptide.

2 | MATERIALS AND METHODS

2.1 | Preparation of peptide conjugate hydrogels

The synthesis of the glycan peptide conjugates can be divided into

three parts. Firstly, the glycan building block was synthesized. Next,

the peptide was synthesized using solid-phase peptide synthesis

(SPPS). Lastly, the peptide, while still on-resin, was selectively depro-

tected at lysine residue 18, and the glycan was attached at this point.

2.1.1 | Synthesis of glycans

The glycans were synthesized according to published procedures

either via automated glycan assembly (AGA)17,18, solution phase

synthesis,19,20 or chemoenzymatic synthesis (for sialylated gly-

cans)21,22. The structures carry an aminopentanol linker at the reduc-

ing end to be used for conjugation to the peptide. Details and

analytical data can be found in section 1 of the supporting

information.

2.1.2 | Synthesis of peptides

Peptides were synthesized by standard fluorenylmethoxycarbonyl

(Fmoc) microwave-assisted SPPS according to established proce-

dures.16 For details, see section 2 of the supporting information.

2.1.3 | Glycan decoration of peptides

Conjugation of glycans to the peptide backbone followed a slightly

modified protocol from Hellmund et al.16 Briefly, after full-length syn-

thesis, the Mmt-protected lysine residue at position 18 was depro-

tected and the freed ε-amino function was then converted into a

carboxy function using glutaric anhydride. This was then activated

with HATU/DIPEA and the respective glycan was coupled. Full
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cleavage of the glycosylated peptides was achieved by treating the

resin with a mixture of TFA, dichloromethane, TIPS, and water

(50:45:2.5:2.5 v/v) for 3 � 30 min. Volatiles were evaporated and the

peptides precipitated in cold diethyl ether, centrifuged, dissolved in

water, and lyophilized. Purification was performed using preparative

RP-HPLC. The obtained pure peptides inevitably yield trifluoroacetic

acid anions, which were exchanged for chloride following common

protocols.16 For more exact procedures, refer to section 3 of the sup-

porting information.

2.2 | Sample preparation

Purified peptide HCl salts were dissolved in

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at roughly 1 mg per 100 μl

and sonicated for 15 minutes. An aliquot of the stock solution was

evaporated in a gentle stream of nitrogen gas and the resulting pep-

tide film dissolved in 1 ml of Dulbecco's phosphate-buffered saline

(DPBS) containing 6 M guanidine hydrochloride. The absorbance of

this solution at 320 nm was measured with a Varian Cary 50 photome-

ter (Varian Medical Systems, Palo Alto, CA, USA). The concentration

was then calculated using a calibration curve of dipeptide H-Abz-

Gly-OH (see Figure S1).

From the HFIP peptide stock solutions of known concentration

appropriate amounts were then evaporated using a gentle flow of

nitrogen gas, and the resulting peptide residue was then dissolved as

described in the respective experiment section.

2.3 | Circular dichroism spectroscopy

Circular dichroism (CD) spectra of hydrogel samples were recorded

using demountable Quartz Suprasil cuvettes (Hellma Analytics, Mühl-

heim, Germany) with a path length of 0.1 mm. Measurements were

performed at 37�C and a mean of three measurements was taken.

Spectra were background-corrected by subtraction of solvent/buffer

spectra at 37�C and normalized by path length, molar concentration,

and the number of amide bonds.

Samples were prepared by dissolving peptides in either DPBS

(w/o Ca2+, Mg2+, Sigma) or water for pH-dependent experiments. In

the case of water, pH was adjusted to the desired pH by the addition

of 1 M aqueous NaOH or HCl and the remaining volume until the

desired concentration was filled up using 150 mM NaCl solution to

account for ion strength. Samples were vortexed for 10 s and incu-

bated for 16 h at room temperature (19–21�C).

2.4 | Rheology

2.4.1 | Macrorheology

All macrorheological measurements were performed on an Anton Paar

MCR 502 WESP temperature-controlled rheometer in strain-imposed

mode at 37�C. A chromium oxide-coated cone-plate measurement

system was used with a diameter of 25 mm, a cone truncation (gap

width) of 48 μm, and a cone angle of 1�. The temperature was set

using a Peltier measuring system combined with a Peltier hood to

ensure a minimized temperature gradient throughout the sample. For

each measurement, 120 μl of sample was loaded onto the plate, the

cone was lowered slowly and any excess sample was trimmed before

starting the measurement.

In a preliminary amplitude sweep (AS), the strain amplitude γ0

was varied between 0.1 and 10% at a constant frequency of 6.3 rad/s

to determine the linear viscoelastic regime. For the frequency sweeps,

the strain amplitude was kept fixed at 5% (value determined from AS)

and the oscillation frequency varied between 0.05 and 50Hz, which

corresponds to 0.314 and 314 rad/s. For each sample, the frequency

was first varied in increasing and then in decreasing order to check for

hysteresis effects. Since no systematic hysteresis effects were

observed, only the increasing frequency data are considered below.

At very high frequencies, artifacts can occur, leading to unrealistic

values for G' and G''. Therefore, only frequencies ω≤52.4 rad/s are

considered.

In addition, continuous shear experiments were performed, where

the shear rate was varied between 0.01 and 100 s�1, first in increas-

ing and then in decreasing order. New data points are created when

the measured viscosity is constant within a 1% error for 2 s. This

means that the overall measurement time varies from sample to

sample.

Samples were prepared by dissolving peptides in either DPBS

(w/o Ca2+, Mg2+, Sigma) or water. pH was adjusted by the addition of

1 M aqueous NaOH or HCl and the remaining volume until the

desired concentration filled up using 150 mM NaCl solution to

account for ion strength. Samples were vortexed for 10 s and incu-

bated for 16 h at room temperature (19–21�C).

2.4.2 | DLS-microrheology

DLS measurements were performed on a Litesizer 500 instrument

from Anton Paar (Graz, Austria), equipped with a 40 mW semiconduc-

tor laser diode with a wavelength of λ = 658 nm at a fixed scattering

angle of θ = 175�. Using the refractive index of DPBS buffer

n = 1.3318, the magnitude of the scattering vector scattering vector

is q = 4πn/λ sin(θ/2) = 0.025nm�1. A 3 � 3 mm low-volume quartz

cuvette was used at a constant temperature of 25�C. Three separate

30 min measurements were performed and averaged. The intensity-

intensity autocorrelation function g(2)(τ) can be related to the mean-

squared displacement Δr2 τð Þ� �
(MSD) of the tracer particles through

the intermediate scattering function23

g 1ð Þ τð Þ¼ exp
�q2 Δr2 τð Þ� �

6

� �
ð1Þ

Assuming that the sample is ergodic, g(1)(τ) is related to g(2)(τ)

through the Siegert relation24,25
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g 2ð Þ τð Þ¼1þβ g 1ð Þ τð Þ�� ��2 ð2Þ

where β = g(2) (τ ! 0) is determined by fitting a stretched exponential

to g(2)(τ) for 8.8 � 10�7 s < τ < 1.41 � 10�5 s. Inaccuracies in the

determination of β can influence the y-intercept of the MSD. Since by

definition, Δr2 τ¼0ð Þ� �¼0, we perform a linear fit of the MSD in the

range 10�6 < τ <5�10�6 s and subtract the y-intercept. The MSD of

tracer particles embedded in a viscoelastic fluid can be converted to

the complex modulus G*(ω) using the generalized Stokes-Einstein

equation26,27

G� ωð Þ¼ kT
πaiωF u Δr2 τð Þh if g ð3Þ

where a is the tracer particle radius, i is the imaginary unit, and

F u Δr2 τð Þ� ��
denotes the unilateral Fourier transform of the MSD.

Instead of performing a numerical Fourier transform, we adopt the

method introduced by Mason et al., where the MSD is described by a

local power-law followed by an analytical Fourier transformation.28,29

The power law exponent α(ω) is determined from the logarithmic time

derivative of the MSD:

α ω¼1=τð Þ¼ ∂ln Δr2 τð Þ� �
∂lnτ

ð4Þ

where we have used that the frequency is the inverse of the lag time.

In viscoelastic fluids, 0 < α < 1 (0 corresponds to a purely elastic solid

and 1 corresponds to a purely viscous liquid). Analytical Fourier trans-

form of the local power law, together with Equation 7 yields

G0 ωð Þ¼G ωð Þcos πα ωð Þ=2½ � ð5Þ

G00 ωð Þ¼G ωð Þsin πα ωð Þ=2½ � ð6Þ

where

G ωð Þ¼ kT
πa Δr2 1=ωð Þh iΓ 1þα ωð Þ½ � ð7Þ

Here, Γ zð Þ¼ Ð∞0 xz�1e�xdx is the Gamma function.

Samples were prepared by dissolving peptides in a suspension of

Cy3 labeled polystyrene beads (Nanocs, hydrodynamic diameter =

216.9 nm) in DPBS (w/o Ca2+, Mg2+, Sigma). Samples were vortexed

for 10 s and incubated for 16 h at room temperature (19–21�C).

2.5 | Spectroscopy

2.5.1 | Time-resolved fluorescence spectroscopy in
FLIM mode

The fluorescence lifetime curves of Cy3 (sulfo-Cyanine 3 maleimide

[Lumiprobe, Germany]) in the peptide hydrogel and in different

sucrose/water mixtures were recorded in a home-built setup combin-

ing time-correlated single photon counting (TCSPC) and confocal laser

scanning microscopy as previously described30,31 to allow the mea-

surement of small samples of 25–50 μl hydrogel. The setup consists

of an inverted microscope (IX71, Olympus, Shinjuku, Tokyo, Japan), a

tunable ps-supercontinuum white light laser (SuperK Extreme EXU-3,

NKT Photonics, Birkerød, Denmark), a confocal scanning unit

(DCS120, Becker & Hickl, Germany), a hybrid PMT detector (HPM-

100-40, Becker & Hickl, Germany), and a TCSPC-module (SPC150,

Becker & Hickl, Germany). FLIM images were recorded by the SPCM

software (Becker & Hickl, Germany) using a 60� objective (water,

UPLSAPO60XW, Olympus, Japan), resulting in a total field of view

with 300 μm side length. An acousto-optical tunable filter (SELECT

UV–VIS, NKT Photonics, Denmark) was used to select the fluores-

cence excitation wavelengths from the white light laser beam. The

laser repetition rate was set to 19.5 MHz. Cy3 was excited at 530 nm

and the fluorescence emission was spectrally selected by a long-pass

filter (> 545 nm, Chroma, Rockingham, USA). A notch filter (Semrock,

USA) removed the residual scattered excitation light. The TCSPC-

module sorts the detected fluorescence photons into 1,024 time

channels with a channel width of 19.97 ps. The instrument response

function (IRF) of the system was less than 100 ps (FWHM). To analyze

the fluorescence decay traces, the decay histograms from all pixels in

the FLIM image were summed up. Subsequently, the fluorescence

decay curve was fitted by a multi-exponential model function after

deconvolution using a calculated IRF

I tð Þ¼
Xn

i
αie

�t=τi , ð8Þ

with n the total number of decay components, αi the amplitude, and τI

the fluorescence lifetime of the i-th component32,33. The population-

weighted mean fluorescence lifetime τmean was calculated by

τmean ¼
Xn

i
βiτi , ð9Þ

with βi being the fractional amplitude (population amplitude) of the i-

th component with

βi ¼
αiτiPn
i
αiτi

: ð10Þ

2.5.2 | Viscosity dependence of Cy3 fluorescence
decay traces

Cy3 was investigated by time-resolved fluorescence spectroscopy in

sucrose/water mixtures ranging from 0% to 70% (w/w) sucrose. The

obtained fluorescence decay traces were fitted by Equation 8 and

the mean fluorescence lifetimes were calculated by Equation 9. The

viscosity dependence was analyzed as previously described for a
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cyanine 3 dye30. Briefly, the viscosity values were taken from ref.34 at

the different sucrose concentrations. The mean fluorescence lifetimes

as a function of viscosity were evaluated by an extended Förster–

Hoffmann equation, which includes a temperature-dependent activa-

tion energy for dye isomerization:

τpop ¼ 1

Cηαþ 1
Amax

�e�Ea
kT þkf þkx

 !�1

: ð11Þ

C is a constant and 1=Amax indicates that τ does not go to zero at

zero viscosity, kf and kx are the rate of fluorescence and all other non-

radiative rates, respectively, from the excited to the ground state30,35.

2.5.3 | Hydrogel preparation for nanoviscosity
studies using Cy3

Peptide was dissolved in 50 μl aliquots at a concentration of 0.5%

(w/v) in DPBS (w/o Ca2+, Mg2+, Sigma), which included 0.5 μM Cy3,

vortexed for ten seconds, gently mixed by pipetting and again vor-

texed for ten seconds. After 1–2 h the solution was again carefully

mixed by pipetting to allow homogeneous hydrogel formation and

was used for Cy3 fluorescence lifetime measurements the following

day. To follow the viscosity increase during peptide hydrogel forma-

tion, we measured the Cy3 fluorescence lifetime at different time

delays after initial mixing with buffer.

2.6 | Molecular dynamics simulations

2.6.1 | Simulations

The initial coiled-coil structure was built with the sequence LKKELAA-

LKKELAA-LKKELAA-LKKEL using the web tool CCBuilder2.0 by

Derek Woolfson.36 Lysine residues and amino group of the ortho ami-

nobenzoic acid are protonated (charge+1), glutamate residues and the

C-terminus are deprotonated (charge �1), corresponding to

the expected protonation at pH 7. A single coiled-coil dimer has a

total charge of +8. The ortho aminobenzoic acid at the N-terminus,

the anhydride linker, and the C5 chain were added manually with

Pymol. The corresponding force field parameters were calculated with

AmberTools37, with the gas charge calculation method. The glycans

α-mannose, β-glucose, β-galactose, and their force field parameters

were added with doGlycans38. 32 coiled-coil dimers of α--

mannose-hFF03, β-glucose-hFF03 or β-galactose-hFF03 were sol-

vated in TiP4P water with 0.1 M NaCl in a cubic box with 20 nm box

length, corresponding to roughly a 4% polymer mass fraction. A total

of 256 Cl� anions were added to generate a neutral simulation box.

MD simulations were carried out with Gromacs2021 + CUDA on

the Curta cluster system39 with the Amber99SB-ILDN force field40.

After energy minimization and relaxation in the NVT and NPT ensem-

ble, the simulations are carried out in the NPT ensemble. The

temperature was maintained at T = 300 K using the velocity-rescale

thermostat with a coupling constant of 0.1 ps. The pressure was main-

tained at 1 bar using the Parinello-Rahman barostat with a coupling

constant of 2 ps. The simulation uses a leap frog integrator with 2 fs

per step and periodic boundary conditions in all three spatial direc-

tions. Covalent bonds to hydrogen atoms were constraint using the

LINCS algorithm. Coordinates were written to file every 20 ps. A sim-

ulation of 50 ns length was conducted for each of the three systems.

The force field and all input files for the simulations are

available via the code repository: https://github.com/bkellerlab/

hFF03_hydrogels.

2.6.2 | Analysis

To analyze the relative positions of the glycans to the coiled-coil back-

bone we consider the backbone of a single coiled-coil to be linear.

This allows the use of trigonometry to specify the position of the gly-

can. First, we create a backbone vector v
!
from the N-terminus to the

C-terminus. To obtain a vector going through the center of the coiled-

coil, we use the average of the Cα atoms for both α-helices of the

coiled-coil. We specifically use the Cα atoms of the first and last lysine

since these are always oriented toward the center of the coiled-coil

(lysine zipper). For the glycan, we use the center of mass averaged

position of the entire glycan (without the C5 tail) called G
!
. We can

now calculate the distance d of the glycan toward the coiled-coil with:

d¼
G
!� v

!��� ���
v
!��� ��� ð12Þ

For the position along the coiled-coil, we use the relative position

r since the length slightly varies by simulation frame and it is easier to

see the length of the original coiled-coil. Due to the linker and the C5

chain, the glycan can extend beyond the coiled-coil in both directions.

0% and 100% are the N- and C-terminus, respectively (without the

chromophore). The relative position can be calculated with:

r¼
G
! � v

!��� ���
v
!��� ��� 100% ð13Þ

2.7 | Cryo-transmission electron microscopy

Cryo-transmission electron microscopy (cryo-TEM) was measured of

0.1% (w/v) peptide hydrogel samples that were prepared as described

above. Peptide gel aliquots of 5 μl were applied on pre-cleaned

200 mesh perforated carbon film-covered microscopical grids (R1/4

batch of Quantifoil, MicroTools GmbH, Jena, Germany). The grids

were cleaned with chloroform and hydrophilized by 60 seconds glow

discharging at 8 W in a BALTEC MED 020 device (Leica Microsys-

tems, Wetzlar, Germany). The samples were blotted and vitrified using

PROKSCH ET AL. 5 of 18

https://github.com/bkellerlab/hFF03_hydrogels
https://github.com/bkellerlab/hFF03_hydrogels


an FEI Vitrobot Mark IV and liquid ethane as a cryogen. After transfer-

ral to a FEI TALOS ARCTICA electron microscope equipped a with

high-brightness field-emission gun (XFEG) operating at an acceleration

voltage of 200 kV, micrographs were acquired on a FEI Falcon 3 direct

electron detector (Thermo Fisher Scientific Inc., Waltham, Massachu-

setts, USA) using a 70 μm objective aperture at a nominal magnifica-

tion of 28,000 or 36,000, corresponding to a calibrated pixel size of

3.69 or 2.97 Å/pixel, respectively.

F IGURE 1 a) Helical wheel projection and sequence of the hFF03 peptide; b) carbohydrate motifs used for decoration of the peptide
backbone; c) overview of rheological techniques and their readouts for comparing the influence of glycans on the physicochemical properties of
glycopeptide hydrogels at different length scales. Table adapted with permission from reference 9.
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3 | RESULTS AND DISCUSSION

3.1 | Design of the glycopeptide library

The coiled-coil structure is widely observed in nature and has drawn

substantial interest due to its clear sequence-to-structure relationship

and ease of tunability.14,15,41,42 It has been used to create and study

higher-order assemblies43 and for a multitude of biomedical

applications44–47. The hFF03 (hydrogelating fiber-forming) peptide

was developed in our group and used as a tuneable extracellular

matrix mimic by decoration with cell adhesion motives or

carbohydrate ligands.16 We chose to use this scaffold for its synthetic

accessibility and straightforward decoration leading to defined glycan-

peptide conjugates.

hFF03 is a 26-residue peptide that forms α-helical coiled-coil

dimers of 4 nm length (Figure 1a). Its design follows a well-known

heptad repeat pattern, denoted abcdefg, where positions a and d are

hydrophobic residues (leucine in this case) forming a hydrophobic core

in the dimer. Positions e and g are occupied by oppositely charged res-

idues lysine and glutamic acid, respectively, further stabilizing the

dimer via electrostatic interactions. Solvent-exposed positions b and

c are both occupied by alanine to induce weak hydrophobic interac-

tions, they are critical for gel formation.48 Position f is occupied by

lysine to increase the overall charge and solubility of the peptide and

to allow for facile functionalization.16 The coiled-coil dimers subse-

quently self-assemble into fibrils via dimer-to-dimer contacts in which

the N-terminus of one coiled-coil dimer forms a network of salt-

bridges and hydrogen bonds to the C-terminus of an adjacent coiled-

coil dimer. The stability of this dimer-to-dimer contact significantly

influences the viscoelastic properties of the hydrogel.49 In this study,

we used ortho-aminobenzoic acid as an N-terminal label to determine

exact peptide concentrations via UV/vis absorption spectroscopy (see

section 2.2.3 of the supporting information). The fibrils formed by this

system are highly dynamic with a persistence length of approximately

10 nm and a diameter of approximately 2.6 nm.16

This well-characterized system is suitable for studying the contri-

bution of conjugated single components, such as monosaccharides, to

the viscoelastic properties of the hydrogel. Therefore, this peptide

backbone was systematically decorated with different single glycans

(Figure 1b), and the properties of the resulting hydrogels were studied

under different conditions. Lysine residue 18 was selected for decora-

tion because it resides in the central heptad of the helix and is located

in a solvent exposed f position. Earlier work has shown that it can be

readily functionalized without impeding self-assembly.16 The saccha-

rides we chose (galactose, sialylated galactose) were derived from gly-

can motives found in native mucins (MUC5AC, MUC5B, MUC2)50 and

complemented by other glycan motives of interest (glucose, mannose,

lactose) for a systematic study of the structure–property relationship.

3.2 | Synthesis

Peptides were synthesized using Fmoc-SPPS and remained attached

to the solid support. Glycans were synthesized according to literature

reports17–21 and coupled to the peptide on-resin. After cleavage from

the solid support and HPLC purification, the anions were exchanged

from trifluoroacetate to chloride.

3.3 | Structural analysis

All glycopeptides were studied at different concentrations by means

of circular dichroism (CD) spectroscopy. CD spectra at 0.1% (w/v)

exhibit characteristic signals for α-helical structures, namely an elliptic-

ity maximum at 195 nm and two minima, at 208 nm and 222 nm

(Figure 2a).

At 0.5% (w/v) (Figure 2b), the maximum attenuates while the aver-

age intensity ratio of the two minima (θ222 nm/θ208 nm) shifts from 1.22

± 0.11 toward 2.21 ± 0.35. This behavior has been attributed to the

formation of higher-order helical structures51 and is also in accordance

F IGURE 2 CD spectra of glycan-decorated peptides at 0.1% (w/v) (a) and 0.5% (w/v) (b) in DPBS recorded at pH 4 and 37�C.
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with structural findings on the parent system hFF0316. Variations

between the differently decorated peptides are minimal. It seems that

α-helix and fiber formation occur regardless of the introduced glycan.

This is in line with the finding that the assembly occurs via contact

between the C-terminus and the N-terminus of the coiled-coils.49

Furthermore, the secondary structure of 0.5% (w/v) undecorated

backbone hFF03 was evaluated at different pH values. As can be seen

from Figure 3, the CD spectra are very similar, suggesting that the

secondary structure is not perturbed by changes in pH. While

the curve intensity is less pronounced at pH extremes (3.4 and 11.4)

the curve shape remains unchanged meaning that the coiled-coils still

assemble. From the generally higher intensity as compared to buff-

ered conditions (Figure 2b) it can be concluded that helicity is stronger

in unbuffered conditions.

Overall, CD experiments show that the hFF03-based coiled-coil

motif is robust to the incorporation of single glycans and change of

pH. At higher concentrations, CD indicates the formation

of superstructures.

3.4 | Cryo-transmission electron microscopy (cryo-
TEM)

The morphology of the decorated peptides was investigated by

cryo-TEM. Solutions of 0.5% (w/v) of hFF03-Man and hFF03-SiaGal

were prepared as described above and then diluted to 0.05% (w/v)

using DPBS since the fiber density was too high to obtain meaning-

ful micrographs otherwise. As can be seen from Figure 4, both

hydrogels exhibit a network of extended fibers of about 3 nm

diameter.

This morphology is also described for the undecorated parent

peptide hFF0316 and we therefore conclude that fiber formation is

not altered by glycan decoration.

3.5 | Simulations (MD)

We conducted MD simulations of α-mannose-hFF03,

β-galactose-hFF03, and β-glucose-hFF03 in explicit water to examine

the structure and dynamics of the glycosylated linker. The glycans are

connected through an extended linker to lysine at position 18, i.-

e., toward the C-terminus of the coiled-coil. Due to the length of the

linker, the glycan can reach up to 4 nm into the solvent (Figure 5 A-C).

Although this extension is significant, especially when considering that

the coiled-coil's length is 4 nm, it is not enough to span the mesh

sizes, which are around 50 nm in the undecorated hFF0349 and up to

around 80 nm in the glycosylated hFF03 (Table 1) as determined from

macrorheology. The glycosylated linker in β-galactose-hFF03 (Figure 5

B) extends slightly further and more frequently into the solvent than

in the other two simulated systems.

Overall, however, the extended conformation of the linker is a

minor conformation. In the vast majority of the linker conformations,

the glycans form interactions with the coiled-coil peptide. For exam-

ple, they intercalate between two lysine side chains (Figure 5 E).

This conformation is characterized by a relative position of 50–75%

along the coiled-coil axis and a distance of around 1 nm from the

axis and is particularly frequently populated in β-glucose-hFF03

(Figure 5 C).

F IGURE 4 Cryo-transmission
electron microscopy (cryo-TEM) images
of 0.05% (w/v) peptide hydrogels, Man-
decorated (left), and SiaGal-decorated
(right). The scale bar denotes 100 nm.

F IGURE 3 CD spectra of 0.5% (w/v) hFF03 at different pH
values, recorded at 37�C. Samples were prepared in water + 150 mM
NaCl and pH was adjusted using 1 M NaOH and HCl.
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The linker can also extend up to the C-terminus of the coiled-coil

peptide, where the glycan forms a stable interaction with the terminal

residues. This conformation is characterized by a relative position of

100% along the coiled-coil axis and a distance less than 1 nm from

the axis. This conformation likely competes with the self-assembly of

the coiled-coils into fibrils, which are stabilized by a salt-bridge net-

work between the C-terminus and the N-terminus of consecutive

coiled-coils.49 Thus, the structure and dynamics of the linker may

interfere with the hydrogelation process, and shortening the linker

might stabilize the hydrogels.

3.6 | Viscoelastic properties

3.6.1 | Macrorheology

The rheological properties of 0.5% (w/v) solutions of peptide, deco-

rated with various glycans, were studied by means of oscillatory shear

rheology. In oscillatory shear rheology, samples are subjected to an

oscillating shear strain, which yields the storage modulus G' (elastic

response) and the loss modulus G'' (viscous response) as a function of

frequency. The frequency sweep results are shown in Figure 6.

All peptide solutions show viscoelastic properties, with values for

G' and G'' ranging from around 0.1 to 30 Pa. For all glycan-decorated

peptides, a decrease in the viscoelastic response is observed com-

pared to the undecorated peptide. The undecorated peptide shows

the strongest viscoelastic response and has typical gel-like behavior

with G' > G” over the whole frequency range. In chemically cross-

linked hydrogels, G' and G'' typically show close to no frequency-

dependence.52 In contrast, our self-assembled peptide hydrogels, G'

and G'' exhibit considerable frequency-dependence, especially at low

frequencies, indicating that these are dynamic systems that rearrange

and relax over long time scales. The solutions of the Man-, Lac-, and

SiaGal-decorated peptides can still be considered soft hydrogels since

G' dominates over most of the frequency range. Furthermore, espe-

cially for the undecorated and the Man-decorated system, we observe

clearly non-parallel behavior for G' vs. G'' as a function of frequency.

Here, the viscosity related G” changes rather little as a function of fre-

quency, while G' increases systematically toward higher frequency.

This can be attributed to the fact that apparently, these systems

F IGURE 5 A-C: 2D histogram of the relative positions of the glycan toward its coiled-coil with α-mannose-hFF03 (A), β-galactose-hFF03
(B) and β-glucose-hFF03 (C). The color denotes the occurrence rate over all coiled-coils and simulation time. D and E show a single coiled-coil
with the glycan highlighted to demonstrate the common configurations. D: the glycan is on top of the C-terminus. E: the glycan is nestled
between two lysine sidechains.
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possess stress relaxation mechanisms that operate in this experimen-

tal frequency window, and accordingly, the elastic response still

increases here for rising frequency.

To obtain further insight, the frequency sweep data were fitted

with the generalized Maxwell model (GMM), also referred to as the

Wiechert model.53–55 This model is based on the idea that the overall

viscoelastic relaxation is given by a superposition of individual expo-

nential relaxation processes. It is made up of N Maxwell elements that

are arranged in parallel. For the frequency dependence of G' and G''

we find

G0 ωð Þ¼
XN
i¼0

gi
τ2i ω

2

1þ τ2i ω
2

ð14Þ

G00 ωð Þ¼
XN
i¼0

gi
τiω

1þ τiω2
ð15Þ

where τi and gi are the relaxation time and relaxation strength of the i-

th mode. To avoid overfitting and to achieve comparability between

the fit results, we fix the number of modes to 4. The fits of G' and G''

are shown as full and broken lines, respectively, in Figure 6a, and the

determined relaxation times and strengths in Figure 6b. The behavior

at high frequencies corresponds to processes taking place in a short

time and vice versa. Looking at the relaxation time spectra in

Figure 6b, it is clear that the slower dynamics are much more affected

than the faster dynamics. A stronger gel character, such as in the

undecorated and Man-, Lac- as well as SiaGal-decorated peptide sam-

ples, is clearly associated with an increase in the relaxation strength of

the slowest two relaxation modes and an increase of the relaxation

times. This indicates the presence of a slower dynamical process tak-

ing place in the case of the gel samples, most likely on a larger length

scale. The faster dynamical processes taking place on a more local

scale remain largely unaffected.

When studying hydrogels, one important quantity to be discussed

is the mesh size ξ, which is the average distance between crosslinking

points in a network structure.56 While this quantity is not accessible

experimentally, we can estimate it from the plateau modulus G0,

which is the value of G' at the high-frequency plateau. According to

classical rubber elasticity theory57–59, the plateau modulus G0 can be

related to the number density of effective crosslinking points and

therefore to a corresponding mesh size ξ (sometimes also referred to

as the elastic blob56) in a hydrogel by

G0 ¼ kT

ξ3
ð16Þ

where k is the Boltzmann constant and T is the temperature in K. For

our case, we take the plateau modulus to be equal to the value of the

storage modulus at the highest measured frequency,

G0 = G'(ω = 52.4 rad/s). For some samples, a slope is observed at this

frequency instead of a true plateau, so the determined values of G0

and the derived ξ only serve as rough estimates. In general, a larger

plateau modulus is associated with a smaller mesh size. Accordingly,

we find that the mesh size is the smallest for the undecorated peptide

at 53.1 nm and increases to up to 83.4 nm for the galactose-

decorated peptide. All mesh sizes are shown in Table 1.

Additionally, continuous shear experiments were performed. The

shear rate was first increased from 0.01 to 100 s�1 (up-sweep) and

then decreased (down-sweep) to check for hysteresis effects. The

results are shown in Figure 5.

All samples show shear-thinning behavior. The undecorated

peptide, as well as the Lac- and SiaGal-decorated peptides, show a

F IGURE 6 a) Frequency sweep data (filled symbols: G', open symbols: G'') and generalized Maxwell model (GMM) fits (solid lines: G', broken
lines: G'') for solutions of the undecorated and decorated peptides (concentration always 0.5% w/v in DPBS at pH 4). b) Relaxation times and
strengths as determined from GMM fits. c) Graphical representation of the generalized Maxwell model with 4 Maxwell elements connected in
parallel. Experimental conditions: 37�C.
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significantly higher viscosity at low shear rates than the Gal- and

Glc-decorated variants. In addition, there are hysteresis effects, which

are quantified by the ratios between the up- and down-sweep data

sets, which are shown in the inset in Figure 7. In the case of the unde-

corated sample, the viscosity determined in the up-sweep at low

shear rates is up to three times larger than in the down-sweep. The

largest differences are seen for shear rates below 0.1 s�1. The pres-

ence of hysteresis could indicate the existence of a (self-assembled)

superstructure that is destroyed upon strong shearing and not fully

reformed within the time frame of the experiment, which in our case

was between 4.6 min for the SiaGal- and 20.9 min for undecorated

sample (see Section 2.4.1). In any case, the presence of the hysteresis

effects demonstrates that self-healing of the hydrogel structure in

these systems requires substantial time (longer than the experiment

time), and this effect is more strongly observed for the undecorated

sample.

To check for the influence of pH, macrorheology was performed

on the undecorated hFF03 peptide at different pH values between

3.4 and 11.4. As can be seen from Figure 8, at all probed pH values

except for pH 11.4, the peptide shows typical gel behavior, with G'

dominating G'' over the whole frequency range and the moduli being

virtually independent of frequency.52 At pH 11.4, the sample behaves

liquid-like since G' < G”. It is safe to assume that at this point the elec-

trostatic interactions between N- and C-termini collapse because the

N-terminal amino group of ortho-aminobenzoic acid (pKa � 11.860) is

no longer protonated and therefore uncharged. Approaching pH 10,

the sample briefly became turbid, indicating limited peptide solubility

at the isoelectric point (pI � 10.3), before turning clear again at

pH > 11.

When comparing the effective rheological mesh sizes (Table 2), it

can be seen that the values at pH 3.4, 5.4, and 7.4 are largely similar

(40.6-49.7 nm), while at pH 9.4 a smaller mesh size of 27.5 nm is

found. This corresponds to the highest measured elastic response,

making it the “stiffest” of all investigated hydrogels.

Overall, the pH-dependent experiments showed that the peptide

backbone robustly forms hydrogels across a large and mucus-relevant

pH-range.61

To investigate the influence of pH value on glycan-decorated

peptides, macrorheology was carried out at pH 7.4. The frequency

sweep data is shown in Figure 9. The overall curve shape for the elas-

tic response is very similar to pH 4. The storage modulus G' is larger

than the loss modulus G'' for all hydrogels. In contrast to the behavior

F IGURE 7 Results of continuous shear experiments performed
on 0.5% (w/v) peptide hydrogels at pH 4 and 37�C. The up- and
down-sweep data points are shown with filled and open circles,
respectively. Since significant effects of hysteresis were detected, the
ratios between the up- and down-sweeps are shown in the inset. For
the very low viscous galactose-decorated samples, an unrealistic
decrease of the viscosity was detected in the down sweep at low
shear rates. In this case, only the data points above 0.1 s�1 were
considered for the inset. The remaining data points are shown in a
lower saturated yellow.

F IGURE 8 Frequency sweep data (filled symbols: G', open
symbols: G'') of 0.5% (w/v) hFF03 at different pH. Samples were
prepared in water + 150 mM NaCl and pH adjusted using 1 M NaOH
and HCl, measured at 37�C.

TABLE 1 Results for the mesh size ξ of different 0.5% (w/v)
peptide hydrogels at pH 4 and 37�C as determined from
macrorheology using the value of G' at ω = 52.4 rad/s.

Sample G0/Pa ξ/nm

Undecorated 27.5 53.1

-Gal 7.1 83.4

-Glc 7.6 81.4

-Man 23.0 56.4

-Lac 21.7 57.5

-SiaGal 14.0 66.5
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at pH 4 (Figure 6a), the influence of glycan decoration seems to follow

a different pattern here. While the samples decorated with monosac-

charides (Glc, Gal, Man) show very similar behavior among each other,

their viscoelastic response being higher than the undecorated peptide,

the viscoelastic response of the disaccharide-decorated SiaGal-

peptide is weaker as compared to the undecorated peptide.

Comparing the plateau modulus G0 and the derived mesh size ξ at

pH 4 (Table 1) and pH 7.4 (Table 3), all hydrogels are stiffer at pH 7.4,

as shown by an increase in G0 (and corresponding decrease in mesh

size). However, this increase is of different magnitudes depending on

the decoration. While the monosaccharide-decorated peptides show

the largest increase (more than 10-fold for Gal and Glc, more than

4-fold for Man), it is less pronounced for the disaccharide-decorated

SiaGal-peptide (2.7-fold) and least for the undecorated peptide

(1.6-fold). Overall, this leads to a different trend at pH 7.4. The “stiff-
est” hydrogels are the monosaccharide-decorated ones, followed by

the undecorated and the disaccharide-decorated peptide hydrogel.

In summary, from the macrorheology experiments, it is clear that

the choice of glycan has a measurable effect on the viscoelastic prop-

erties of the peptide hydrogels. However, this effect varies between

different pH values, and when it comes to magnitude, pH effects can

exceed glycan effects. pH-dependent viscoelastic properties are also

found in many native or reconstituted mucus hydrogels.61,62 Analysis

with the generalized Maxwell model shows that samples with gel-

character exhibit a slower dynamical process. They also exhibit

mucus-like shear-thinning behavior62 and hysteresis in steady shear

experiments, indicative of a self-assembled superstructure. When

comparing the hFF03 hydrogels to other reported peptide hydrogels,

G0 at 0.5% (w/v) as a measure of gel strength is two orders of magni-

tude smaller than for the Fmoc-FF motif63 and almost four orders of

magnitude smaller than for some of the GxG series64. The MAX series

(MAX8 peptide65) exhibits a G0 that is 3-fold larger than that of

hFF03-based gels. This is not surprising since hFF03 differs signifi-

cantly from those regarding design principle, structure, and thus

assembly mechanism. On the other hand, a comparison with structur-

ally related coiled-coil-based hydrogels shows that their viscoelastic

properties are also commonly tuneable over a wide range (100–

104 Pa) with stimuli such as temperature66, pH67, or concentration46.

The hFF03-based systems do not reach G0 values above 200 Pa at

the investigated concentration of 0.5% (w/v), but one can conclude

that one of the main properties, tuneability, is well in line with

reported findings on coiled-coil peptide hydrogels.

3.6.2 | Microrheology

For dynamic light scattering (DLS), microrheology tracer particles were

added to the samples in the gel formation process. By scattering mea-

surements, their mean squared displacement (MSD) and subsequently

storage (G') and loss modulus (G'') can be determined. The MSD of the

peptide hydrogels is shown in Figure 10a.

At very short lag times (τ < 10�4 s) the MSD is proportional to τ,

indicating diffusive motion, characterized by the zero-shear viscosities

of the solvent.68 At intermediate lag times (τ > 10�4 s), the tracer par-

ticles undergo subdiffusive motion, i.e., MSD � τα, where 0 < α < 1.

The time dependence of α(ω = τ�1) contains information about the

viscoelastic properties of the sample. For the diffusive region at short

lag times, we perform linear fits of the first 10 data points and obtain

the associated diffusion coefficients, since Δr2
� �¼6Dτ for diffusive

motion in 3D. From the diffusion coefficients, we can calculate the

viscosity using the Stokes-Einstein equation

TABLE 2 Results for the mesh size ξ of 0.5% (w/v) undecorated
hFF03 peptide at different pH and 37�C as determined from
macrorheology using the value of G' at ω = 52.4 rad/s.

Sample G0/Pa ξ/nm

pH 3.4 34.9 49.7

pH 5.4 63.9 40.6

pH 7.4 48.5 44.5

pH 9.4 207.1 27.5

pH 11.4 no hydrogel

F IGURE 9 Frequency sweep data (filled symbols: G', open
symbols: G'') for undecorated and decorated peptides at pH 7.4.
Samples were prepared at 0.5% (w/v) in DPBS, pH adjusted to 7.4
using 1 M NaOH, and measured at 37�C.

TABLE 3 Results for the mesh size ξ of different 0.5% (w/v)
peptide hydrogels at pH 7.4 as determined from macrorheology using
the value of G' at ω = 52.4 rad/s.

Sample G0/Pa ξ/nm

Undecorated 49.4 44.3

-Gal 91.9 36.0

-Glc 87.6 36.6

-Man 89.1 36.4

-SiaGal 38.0 48.3
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η¼ kT
6πRD

ð17Þ

where R = 96.0 nm is the tracer particle radius.

The diffusion coefficients, viscosities, and mesh sizes are

summarized in Table 4. When looking at the mesh sizes obtained from

microrheology, they all lie between 53.0 and 74.0 nm, which is consis-

tent with the values obtained from macrorheology (53.1–81.4 nm,

Table 1). However, again, different trends can be found.

The determined solvent viscosities are significantly larger than

those of DPBS buffer (0.9041 mPas), indicating that the local move-

ment of the tracer particles is sensitive to the presence of the

peptide-glycan chains. Overall, we have demonstrated that DLS

microrheology is a viable technique to determine the viscoelastic

properties of peptide hydrogels over a wide frequency range, reducing

the necessary sample volume to around �50 μl. There is generally

good agreement between macro- and microrheology, although the

precise values for G0 are slightly different between the two tech-

niques. The local solvent viscosity around the tracer particles is signifi-

cantly larger than that of the pure solvent.

3.6.3 | Nanorheology

Cy3 viscosity calibration and hFF03 hydrogel formation kinetics

Cyanine 3 (Cy3) belongs to the class of so-called fluorescent molecu-

lar rotors (FMRs) that have emerged as novel nanoprobes for dynamic

and spatially resolved nanoviscosity sensing.30 We recently estab-

lished a Cy3 dye as a fluorescent molecular rotor for membrane nano-

viscosity measurements and extensively characterized the

fluorescence characteristics of Cy3 as a function of temperature and

viscosity.30 Nanoviscosity is the apparent viscosity sensed by a small

molecular probe on the nanoscale in complex liquids/gels.69,70 The

excited state lifetime of Cy3 (ICC) in aqueous solution is very short

(τ � 0.14–0.18 ns71–73) due to a highly efficient rotation (twisting

motion) around the C-C bond of the ICC methine-linker.74 When

bond rotation is hindered, either by friction with solvent molecules

(viscosity) or by steric hindering, e.g., through binding to biomolecules,

the radiative pathway becomes populated, generating fluores-

cence.73,75–77

Here, we use the fluorescent molecular rotor (FMR) dye Cy3 as

a nanoviscosity probe to directly measure the viscosity within a

0.5% (w/v) hFF03 peptide hydrogel at pH 4 and 25�C (Figure 11). A

calibration curve connects the mean fluorescence lifetime of Cy3

(τmean) to the known bulk viscosity of a buffer/sucrose mixture

(Figure 11a).

Using this viscosity calibration curve, we analyzed the nanovisc-

osity of hFF03 at different time points in a 24 h time window after

adding DPBS to the hFF03 peptide. Three gelation experiments were

performed, yielding a mean nanoviscosity value of 2.0 ± 0.3 mPas for

0.5% (w/v) hFF03 at 25�C, to which the various experiments were

normalized. A fit of the kinetics with an exponential function results in

a time constant of � 2 h for gel formation based on the temporal

development of the nanoviscosity, indicating that the gel formation

process is safely completed after 10 h (Figure 11c). For all rheology

experiments, the samples were incubated for 16–24 h before

measurement.

Nanoviscosity of glycan-decorated hFF03

Next, we evaluated the Cy3 fluorescence decay curves in the differ-

ent glycan-decorated hFF03 peptide hydrogels at 0.5% (w/v) and

pH 4, as shown in Figure 12a. The mean lifetimes and corresponding

F IGURE 10 a) MSDs of peptide hydrogels as determined by DLS measurements. The point density was decreased for better lucidity. The
insets show linear fits to the first 10 data points, which yield the zero-shear viscosity of the solvent. b) Results for G' (full lines) and G' (dotted
lines) from DLS microrheology. Experimental conditions: 0.5% (w/v) peptide in DPBS at pH 4, 25�C.

TABLE 4 Diffusion coefficient and viscosity of 0.5% (w/v)
peptide hydrogels at pH 4 as determined from microrheology using
linear fitting of the short lag time behavior of the MSD. Results for
the mesh size ξ were determined from the value of G' at
ω = 52.4 rad/s.

Sample D/nm2 s�1 η/mPas G0/Pa ξ/nm

Undecorated (5.83 ± 0.30) � 105 3.45 ± 0.18 28.8 53.0

-Gal (6.78 ± 0.64) � 105 2.97 ± 0.28 25.6 55.1

-Glc (7.58 ± 0.33) � 105 2.66 ± 0.12 18.0 62.0

-Man (8.21 ± 0.23) � 105 2.45 ± 0.07 17.1 63.0
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viscosity values are shown in Figure 12b and c. All nanoviscosity

values range between 2 and 3 mPas (Table 5), clearly above the value

for pure buffer (0.904 mPas).

Overall, they are very similar to the solution viscosity data deter-

mined using DLS (Table 4), with values between 2.5 and 3.5 mPas.

However, different trends are found. While the most viscous gel as

F IGURE 11 (a) Viscosity calibration curve fitted with a modified Förster-Hoffmann equation (equation 15). The chemical structure of Cy3
(sulfated cyanine 3 maleimide) is shown in the inset. b) Schematic of nanoviscosity measurement design using Cy3. c) Changes of nanoviscosity as
a function of gel formation time and a monoexponential fit to the data. The time constant τ for gel formation is indicated. An initial viscosity of
the aqueous hFF03 mixture at t = 0 is extrapolated from the fit with 1.138 mPas. The inset shows the image from the FLIM measurement
indicative of homogeneous Cy3 nanoviscosity sensor distribution. Experimental conditions: 0.5 μM Cy3 in DPBS/sucrose mixtures, respectively,
in 0.5% (w/v) hFF03, 25�C.

F IGURE 12 Nanoviscosity of glycan-decorated hFF03 peptide hydrogels. a) Cy3 fluorescence decay curves in the different peptide
hydrogels. b) Mean fluorescence lifetimes. c) Nanoviscosity of the sugar-decorated peptides with galactose (Gal), glucose (Glu), mannose (Man),
and lactose (Lac). hFF03 is shown for comparison. Experimental conditions: 0.5 μM Cy3 in 0.5% (w/v) hFF03, 25�C. For each nanoviscosity value,
4–6 measurements were performed and analyzed.
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per DLS was formed by the undecorated hFF03 peptide, here it

seemed to be the glucose-decorated sample, followed by galactose

and mannose. This seems to reflect the order found by macrorheology

at pH 7.4 (Table 3). A possible explanation is that the determination of

nanoviscosity is more susceptible to slight variations in peptide con-

centration, pH value, or salt content, which might lead to significant

deviations here, possibly exceeding the glycan influence.

From Nano- to micro- to macrorheology

For two selected samples, undecorated hFF03 and hFF03-Man, a

direct comparison was made for the nano, micro, and macrorheology

measurements. Measurements were performed on aliquots of the

same sample (0.5% (w/v), pH 4, 25�C) on the same day using Cy3

time-resolved fluorescence nanorheology, DLS microrheology, and

macrorheology.

In Figure 13a, the MSD traces from nanoviscosity and microvisc-

osity experiments are compared. A direct comparison between data

obtained from the Cy3 fluorescence and DLS measurements is possi-

ble at very short times, for which MSD � τ, thus indicating a diffusive

motion in the solvent. The solvent viscosity values resulting from the

nanoviscosity measurements are lower than those obtained from DLS,

as illustrated by the steeper slope of the MSD plot (Figure 13a). The

inset shows a zoom of this time window with a linear fit for the first

10 data points of the DLS measurements, yielding the solvent viscos-

ity for the undecorated peptide at 3.45 ± 0.18 mPas and for the

mannose-decorated peptide with 2.45 ± 0.07 mPas.

The corresponding value obtained from nanoviscosity is 1.80 ± 0.05

mPas for both undecorated and Man-peptide.

We interpret the values such that the nanoviscosity gives the bulk

solvent viscosity, while the DLS analysis yields the viscosity of an inter-

facial layer of solvent around the particle, which would be slightly

increased in comparison to the bulk. Netz et al found evidence for the

formation of an interfacial water layer with an increased water viscosity

using nonequilibrium molecular dynamics simulations.78 We are cur-

rently investigating the applicability of this concept to tracer particles in

DLS microrheology as well as a combination of tracer particle-based

MSD and tracer-bound FMR-based nanoviscosity determination.

For the comparison between micro- and macrorheology, the

results are shown in Figure 13b using symbols. In general, there is

good agreement between the two methods in the overlapping fre-

quency range for the storage modulus G'. The loss modulus G'' deter-

mined by microrheology tends to be somewhat smaller than that

determined by macrorheology. The frequency dependence of G' and

G'' in the high-frequency regime is markedly different. G' shows a slow

increase with a rather constant power law exponent of around 0.17.

For frequencies below 103 rad/s G'' is smaller than G' and decreases

only slowly but shows a strong increase at high frequencies.

Overall, the comparison of the three rheology techniques shows

that, although they focus on very different length scales, they can be

combined to give a complete and consistent picture of the described

hydrogels.

TABLE 5 Nanoviscosities of undecorated and glycan-decorated
hFF03 at 0.5% (w/v), pH 4, and 25 �C as determined from
fluorescence lifetime spectroscopy using the Cy3 viscosity calibration
and the modified Förster-Hoffmann equation.

Sample η (mPas)

Undecorated 2.00 ± 0.03

-Gal 2.49 ± 0.09

-Glc 2.80 ± 0.04

-Man 2.12 ± 0.09

-Lac 1.99 ± 0.05

F IGURE 13 Direct comparison of nano, micro, macroviscosity data of two selected samples from which aliquots were measured on the same
day with Cy3 fluorescence, DLS, and macrorheology, respectively. The comparison between MSDs calculated from the Cy3 time-resolved
fluorescence (nanoviscosity) and from DLS measurements (microrheology) is shown in a). The comparison between the same DLS data and
macrorheology experiments is shown in b), where G' and G'' are given by the filled and open symbols respectively. Experimental conditions: 0.5%
(w/v), pH 4, 25�C.
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4 | CONCLUSION

In this study, we presented a simple peptide-based model for some

key properties of mucus, i.e., viscoelastic behavior and the presenta-

tion of defined carbohydrate moieties. We used three complementary

rheology techniques to gain an understanding of the hydrogels across

all relevant length scales.

On the one hand, we found the hydrogel structure to be pro-

foundly robust toward glycan decoration. The secondary structure

was not perturbed by the introduction of glycans, as shown by CD

spectroscopy. Cryo-TEM showed that fiber morphology was the same

for Man- and SiaGal-decorated gels, as well as comparable to undeco-

rated peptides. All samples that were investigated at physiologic pH

formed self-supporting hydrogels with elastic moduli in the range

between 38 and 90 Pa.

On the other hand, we found differences in the viscoelastic

behavior depending on glycan decoration and pH value. This behav-

ior cannot be rationalized solely by the structural findings. Therefore,

we think that the differences must be based on dynamic processes.

CD spectroscopy does not show this behavior because spectra are

accumulated over several minutes and therefore only depict an

ensemble average. The arrested cryo-state cannot reflect this behav-

ior either. However, MD simulations of the undecorated hFF03 show

that fibrils are highly dynamic and rearranged on the nanosecond

timescale. Oligomers and eventually fibrils are formed via a salt-

bridge network between the C- and the N-terminus of consecutive

coiled coils. The oligomers can rearrange by forming Y-junctions,

from which a short segment can dissociate.49 The differently deco-

rated peptides might differ in the speed of rearrangement and the

efficiency with which the fibril network accommodates the shear

strain. Specifically, due to the long and flexible linker, the glycan can

form an interaction with the C-terminus of its coiled-coil peptide,

thereby competing with the self-assembly of two coiled-coils dimers

into an oligomer. Thus, rheological data shows more variety between

different glycans than the more “static” methods such as CD and

cryo-TEM.

The advantage of this peptide hydrogel clearly lies in its versatil-

ity. While it is difficult to quantify the influence of one glycan across

different pH and methods, it is clear that viscoelastic properties can

be tuned to match desired mucus properties. Therefore, this peptide

hydrogel could be used to study more applied questions, such as

pathogen interaction with mucus-derived glycans, within a hydrogel

context. To bring the model system closer to the very intricate native

mucus, it would be interesting to gradually increase the complexity

of the system, for example, by adding more copies of complex

glycans.
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