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SUMMARY

Over the last decade, water-soluble polyisocyanopeptides (PICs)
have emerged as a new class of biomimetic polymers. Analogous
to biopolymers, PICs exhibit a semi-flexible nature; however, un-
like their biological counterparts, they possess the unique advan-
tage of being highly customizable. Hydrogels made of PICs have
a fibrous and porous architecture and, consequently, unique me-
chanical properties. This includes strain stiffening, which is well
known in biological materials but rarely found in synthetic gels.
These properties make PIC hydrogels uniquely suited for a wide
range of biological applications. One key application is their use
as a highly tailorable, biomimetic 3D cell culture matrix, which
also allows for investigating interactions between cells and their
environment. Beyond gel applications, soluble PICs are used in
an immunological setting, where they provide a multivalent scaf-
fold for the development of synthetic dendritic cells. This review
aims to provide a comprehensive overview of PICs, encompassing
their structure, properties, and key applications. First, we discuss
the history, synthesis, and characterization methods of PIC hydro-
gels, followed by an overview of current applications that range
from biosensing and immunotherapy to cell culture and wound
healing. Presenting these different applications, we demonstrate
that these polymers are a multi-versatile scaffold, triggering the
interest of material scientists, biologists, chemists, and medical
engineers.

POLYISOCYANIDES: HISTORY, SYNTHESIS, AND
FUNCTIONALIZATION

Polyisocyanides are obtained by the polymerization of isocyanides. Although

discovered late in the 1850s,1 it took almost a full century until Ugi and Meyr intro-

duced a straightforward protocol for the synthesis of polyisocyanides.2 In 1972, a

catalyst-based polymerization reaction with acid-coated glass was introduced.3

Later, methods based on metal complex catalysts were introduced,4–6 for instance,

using Ni(II) salts. This method gives the polymers a unique secondary structure.7,8

The polymerization reaction proceeds via a ‘‘merry-go-round’’ mechanism and

yields a helical backbone with approximately four monomers per turn (41 helix).
9,10

This mechanism is initiated by the formation of a tetrakis(isocyanide) Ni(II) complex,

which is activated by the addition of a nucleophile, most typically an amine or an

alcohol (Figure 1).9 We note that polymers with helical conformations are prevalent

in nature where they are typically used as structural features.11 As such, the develop-

ment of helical synthetic polymers such as PIC is a milestone in engineering life-like

materials.
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Figure 1. Polymerization of isocyanides to yield a polyisocyanide polymer

Adapted from Cornelissen et al.10
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All carbon atoms in the polyisocyanide backbone bear a substituent. Neighboring

substituents feel steric hindrance, forcing the polymer backbone to retain the helical

conformation.10 Bulky groups in the side chain lock the backbone conformation,

which results in preservation of the helical sense.7 If the side chains are not bulky

enough, however, the polymer is more dynamic and conformational changes are

possible.12,13

Alternatively, the helical structure can be preserved by the incorporation of stabiliz-

ing hydrogen-bonding networks in the side chains of the polymer. This strategy has

been elegantly implemented by synthesizing polyisocyanides with di- or tripeptide

functionalized side chains, so-called polyisocyanopeptides (PICs).14–16 Using these

short peptide side chains, hydrogen bonding occurs between the amide bonds of

parallel side chains, i.e., between side chains n and n + 4.14 The distance between

the participating amide bonds was estimated to be 0.46 nm and an overall

b sheet-like packing of the side chains was found along the polymer backbone.14

As a result of this interaction, very long (from 100 nm to several micrometers) and

relatively rigid polymers were formed. The stiffness of a given polymer is quantified

using its persistence length, i.e., the length where the correlation of angles of the

tangent vector is lost; higher persistence lengths correspond to stiffer polymers.17

PIC polymers have a persistence length up to 76 nm.18 As this value is similar to their

contour length, PICs are classified as semi-flexible polymers. The high degree of

polymerization, combined with the highly defined backbone structure and stiffness

make PICs ideal polymers to organize electroactive and optically active (chromo-

phoric) groups in array-like arrangements. Over the years, many examples have

been published19,20 but we will focus on polymers with water-soluble substituents

that allows us to enter the biological context.
WATER-SOLUBLE POLYISOCYANOPEPTIDES

Drawing inspiration from well-defined biopolymers, research focused on the syn-

thesis of water-soluble PICs. As the polymerization is poorly compatible with protic

solvents, different strategies were followed to obtain water solubility. In a first

attempt, post-polymerization modifications were introduced by (co)polymerizing

an isocyano-D-alanyl-L-alanine methyl ester monomer.21 Upon saponification (hy-

drolysis of the methyl ester, Figure 2A), and subsequent generation of negatively

charged carboxylic acid groups, this polymer became water soluble. In an alterna-

tive approach, water solubility was achieved by a different post-modification

approach: acetylene-bearing homopolymers were reacted with azide-functional-

ized OEG side chains (Figure 2B).22 The polymer obtained was water soluble but

the addition of the OEG side chains using this approach induced a change in

the circular dichroism (CD) spectrum, which could point toward a partial unfolding

of the polymer or indicate that the polymer acquires another helical state,
2 Cell Reports Physical Science 5, 101834, February 21, 2024



Figure 2. Strategies to obtain water-soluble PICs

(A) Azide-functionalized monomers are polymerized with methyl ester-containing monomers, yielding a statistical distribution of functional monomers

in the polymer backbone. Saponification of the methyl ester results in a water-soluble polymer. Adapted from Schwartz et al.21

(B) Acetylene-functionalized PICs able to react with azides in a copper-catalyzed azide-alkyne cycloaddition reaction with R = OEG. Adapted from

Kitto et al.22

(C) PICs with side chains bearing two (PIC2), three (PIC3), or four (PIC4) ethylene glycol units. Reprinted from Koepf et al.23

(D) PICs with side chains consisting of three ethylene glycol units and three amino acids (L-D-L alanine). Reprinted from Yuan et al.27
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characterized by a different chain arrangement. To circumvent the intrinsic disad-

vantages of post-modification reactions (conversion, side reactions, conforma-

tional changes, etc.), the direct polymerization of OEG-containing isocyanopep-

tide monomers was investigated, containing two, three, or four ethylene glycol

units (Figure 2C).23

Further research focused on synthetic routes from an isocyanopeptide monomer

already equipped with the oligo(ethylene glycol) tail. These polymerization reac-

tions are readily carried out in toluene,23 where low initiator concentrations lead

to high-molecular-weight polymers (> 500 kDa) with polydispersities around

1.3–1.4. This value has been estimated from the results of viscometry and atomic

force microscopy (AFM) experiments.24 The length of the glycol tail has large effects

on the physiochemical properties of the polymers; PICs bearing a tail containing two

ethylene glycol units do not dissolve in water. In contrast, good water solubility was
Cell Reports Physical Science 5, 101834, February 21, 2024 3



Figure 3. Overview of the properties and applications of water-soluble polyisocyanopeptides

(A) Key properties of polyisocyanopeptide (PIC) polymers and hydrogels, including methods for

tuning gel mechanics.

(B and C) Structure and applications of PIC3 hydrogels (B) and PIC4 polymers (C). The figure was

created with BioRender.
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observed for the polymers possessing three (PIC3) or four (PIC4) ethylene glycol

units in their side chains. Interestingly, PICs functionalized with 3OEG and 4OEG

showed thermo-responsive behavior in aqueous solutions. When the temperature

of these PIC solutions was increased above the lower critical solution temperature

(LCST), the polymers did not precipitate, but rather formed a mechanically stable

gel, even at ultra-low concentrations down to 0.006 wt %.25 The properties of these

materials are discussed in detail in the following sections.

The obtained water-soluble polymers can readily be further modified by introducing

functional groups into the OEG side chains. One strategy is to generate a library of

monomers that contain all desired functional groups; however, this requires a large

synthetic effort and the optimization of polymerization conditions per monomer

mixture. This strategy is also limited to functional groups that are compatible with

the Ni2+-catalyzed polymerization reaction.26 Alternatively, a two-step process is

commonly used. In the polymerization reaction, a monomer carrying an azide moiety

is used together with a non-functionalized monomer to yield a copolymer with a

defined density of azidemoieties. After polymerization and purification, different func-

tional groups are thengrafted to thepolymer using the efficient strain-promoted azide-

alkyne cycloaddition (SPAAC) reaction. As discussed in more detail later, this method

has been used to introduce fluorescent labels, oligonucleotides, peptides, and anti-

bodies, among other moieties, rendering multifunctional polymers and hydrogels

(Figure 3).
4 Cell Reports Physical Science 5, 101834, February 21, 2024



Figure 4. Structural characterization of PIC3 hydrogels

(A) Schematic representation of the gelation mechanism of the PIC3 polymer. In water, the PIC3

polymer dissolves and upon heating the solution above 20�C–25�C a hydrogel network is formed.

(B) Left: AFM-image of isolated PIC3 chains, spin coated onmica from an organic solution. Scale bar

presents the height. Right: AFM-image of a ‘‘monolayer’’ of PIC3 bundles on mica. Scale bars: 250

nm. Taken from Kouwer et al.25

(C) Cryo-SEM image of a PIC3 hydrogel. Scale bar: 500 nm. Adapted from Ma et al.39

(D) Confocal fluorescence images of PIC3 hydrogels at concentrations of 1 and 0.25 mg/mL. The

polymer length is 129 nm for both samples. Scale bars: 5 mm. Reprinted from Vandaele et al.38

(E) Confocal fluorescence images of PIC3 hydrogels at 0.5 g/mL. Polymer lengths of 229 nm (long)

and 145 nm (short) were used. Scale bars: 5 mm. Reprinted from Vandaele et al.38
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PIC-BASED HYDROGELS

The gelation of OEG-functionalized PICs is directly related to the properties of the

OEG side chains. Hydrophobic interactions between adjacent OEG side chains in-

crease with increasing temperature. Above the LCST, the polymers bundle to give

a stable network (Figure 4A).28 As such, the LCST coincides with the sol-gel transition

temperature (or the gelation temperature). PIC polymers formed with 3OEG or

4OEG side chains showed a gelation temperature of �20�C–25�C (PIC3) and

�42�C–50�C (PIC4),23 depending on the exact polymer concentration and molecu-

lar weight. The increased PIC4 gelation temperature originates from the fact that the

longer OEG side chains interact with more water molecules; for longer OEG side

chains more energy is thus required to dehydrate the polymer.29 The gelation tem-

perature around the room temperature make the PIC3 gels very interesting to use.

Therefore, most of the research using PIC hydrogels uses PIC3, while PIC4 is used for

its macromolecular properties and not so much as a gel.
Cell Reports Physical Science 5, 101834, February 21, 2024 5
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As it is based on noncovalent hydrophobic interactions, the sol-gel phase transition

is reversible. Cooling below the LCST returns the gel to a single-phase solution. The

phase separation temperature can be easily tuned by the Hofmeister effect.30 Re-

sults showed that the gelation temperature of a PIC3 hydrogel increased upon add-

ing chaotropic anions, such as ClO4
� .31 In contrast, kosmotropic anions, such as Cl�,

were found to decrease the gelation temperature. Using small-angle neutron scat-

tering to characterize the PIC3 hydrogel in different buffers, it was confirmed that

ions present in cell culture media also have a direct impact on the assembly of

PIC3 hydrogels.32

Hydrogel structure

A number of different characterization techniques have been used to unravel the ar-

chitecture of PIC-based hydrogels.25 AFM and cryogenic scanning electron micro-

scopy (cryo-SEM) revealed a bundled and fibrous structure of the hydrogel

(Figures 4B and 4C).28 The height measured for each bundle in AFM images showed

that an average of approximately seven individual polymers form one bundle. This

number is independent of the polymer concentration. This phenomenon is thought

to be the result of both the intrinsic chiral nature of PICs aswell as the intrinsic stiffness

of the polymer.33 Since the bundle diameter remains unaltered, a higher polymer

concentration results in more bundles rather than thicker bundles. More insight

into the bundle formation of PIC3 was obtained with small-angle X-ray scattering

(SAXS).34 SAXS was used to study the formation of PIC3 bundles and the link with

polymer persistence length. The long polymer fibers that are formed due to the

bundling of individual polymers cannot be found in other synthetic hydrogels based

on semi-flexible polymers. As a direct consequence of the fibrous structure, the

amount of polymer needed to form a hydrogel is very low, i.e., 0.006 wt %. This is

500 times lower than the concentration used for most synthetic hydrogels.35 It is

the fibrous architecture in combination with the high persistence length of the poly-

mers that distinguishes PIC gels from other synthetic hydrogels. From this architec-

ture, the unique biomimetic mechanical properties originate, vide infra.

The formation of bundles is a typical structural feature and one of the key properties

of biological hydrogels.36 An in-depth investigation into the structural properties of

PIC polymers, such as the influence of hydrophobic interactions, the helical content,

and hydrogen bonds was performed.27 Three alanines were incorporated into each

monomer instead of two to yield polyisocyanotripeptides (triPIC) (Figure 3D). These

polymers have a very hydrophobic core around the backbone and an increased num-

ber of hydrogen bonds between the amide groups of the side chains. The typical

bundle formation was confirmed by cryo-SEM and SAXS measurements. Using CD

and FTIR spectroscopy, the authors showed that the triPIC polymers are more tightly

packed when heated, forming a stiffer hydrogel at 50�C. Another study used triPIC

hydrogels to investigate themolecular structure andwater dynamics during the gela-

tion process.37 The findings showed that water molecules are present in between the

side chains below and above the gelation temperature. However, during gelation,

some water molecules are expelled. The increase in hydrophobic interactions in be-

tween the OEG side chains leads to the formation of PIC bundles. Interestingly, once

the hydrogel was formed, a small percentage of water molecules remained bound to

theOEG side chains due toHbonds.Water can donate two hydrogens to two oxygen

atoms of OEG, acting like glue in between the polymers in the hydrogel network.37

Despite the key insights obtained, most characterization techniques fall short of visu-

alizing and quantifying the 3D structure of PIC hydrogels in situ. AFM, SAXS, SEM,

and similar techniques offer very high spatial accuracy (see Box 1). Yet, they provide
6 Cell Reports Physical Science 5, 101834, February 21, 2024



Box 1. Characterization techniques for hydrogels

Rheology is the science of deformation and flow. Rheometers are designed to study the response

of materials to deformation (liquids, solids, and everything in between, such as gels).40 When

applying a defined amount of stress on the sample, the material response can be readily measured,

allowing the calculation of several characteristic parameters. These include elasticity, viscosity,

viscoelasticity, poroelasticity, and plasticity. More information regarding rheology is provided in

Box 2.

Atomic force microscopy (AFM) is a scanning probemicroscopy technique that allows to image and

manipulate matter down to the atomic scale.41 With a sharp cantilever, a surface is probed, the

topography is mapped, and a single polymer or molecule can be visualized and/or stretched.42

The technique is commonly used for structural characterization of biological samples, yielding im-

ages with very high spatial resolution. Being a surface technique, 3D information cannot be ob-

tained for thicker hydrogel samples. Additional drawbacks include the lack of universal criteria

for probe selection and the potential influence of cantilever characteristics on the results.43,44

Small-angle X-ray scattering (SAXS) is a popular technique that allows to characterize macromolec-

ular structures on a very small scale in native conditions.45 The sample is irradiated with X-rays from

one side and the X-rays are collected at the other side by a detector. Electron density distributions

cause X-ray scattering. Acquired spectra are often fitted to theoretical models. SAXS typically de-

livers structural information with a resolution between 0.5 and 100 nm.

Scanning electron microscopy (SEM) is a technique where a focused beam of high-energy electrons

is directed to scan a sample under vacuum conditions. The interactions between the electrons and

the sample generate secondary electrons, backscattered electrons, and other signals that are de-

tected and converted into a digital image. Using SEM, a resolution down to 1 nm and below can be

obtained.46

Cryogenic scanning electron microscopy (cryo-SEM) enhances the capabilities of conventional

SEMby preserving the native hydrated state of the sample through rapid freezing at cryogenic tem-

peratures. This technique allows for imaging under cryogenic conditions in an electronmicroscope,

thus maintaining the sample’s structural integrity to a degree that room temperature SEM may not

permit.47 The imaging technique is similar to SEM and can reach sub-nanometer resolution.48 How-

ever, there are debates whether the original porous structure can be maintained after sample

processing.49

Fluorescence microscopy is an optical technique to acquire structural or functional images. Upon

excitation, the fluorophores present in the sample emit light, with a wavelength longer than that of

the excitation source.50Using specific optical filters, the excitation light can be blocked from reach-

ing the detector, making it possible to record the fluorescence signal at a very low concentration

(down to single molecules).51 While the spatial resolution of conventional fluorescence microscopy

methods is limited by the diffraction of light to 200–300 nm,52 super-resolution methods, such as

single-molecule localization microscopy, can overcome this barrier achieving nanometer-scale

resolution.53
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2D information, or a projection of a 3D environment. This excludes the possibility of

measuring dynamical processes in situ. By fluorescently labeling the PIC3 polymers,

it was possible to use fluorescence microscopy to investigate the 3D structure of

PIC-based hydrogels.38 Making use of available azide moieties, dye molecules car-

rying dibenzocyclooctyne (DBCO) were coupled in an SPAAC reaction. Confocal mi-

croscopy was used to visualize the PIC3 hydrogel network, and the images obtained

revealed a very heterogeneous porous structure, similar to biological fibrous hydro-

gels such as collagen or fibrin (Figure 4). The direct visualization of the network

offered the ability to study the impact of experimental parameters, such as polymer

concentration and polymer length, on the PIC3 hydrogel network (Figures 4D and

4E). It was shown that polymer concentration has a direct impact on the network ar-

chitecture at themicrometer scale, while no significant changes were observed when

using PIC3 molecules with different polymer lengths.
Cell Reports Physical Science 5, 101834, February 21, 2024 7



Box 2. Mechanical characterization of materials

Rheology: rheology is the science of how materials deform when shear forces are applied. Rheom-

eters are used to study the viscoelastic properties of materials. The sample to be measured is

confined in a narrow gap between a stationary and a moving part of a measuring cell. In general,

two key rheological concepts are used: stress (s) and strain (g). Oscillatory measurements are often

used to study the time-dependent properties of viscoelastic materials (Box Figure 2a). For example,

by applying small amplitude oscillatory strains or stresses of defined and different frequencies, the

storage modulus (G0) and loss modulus (G00) can be determined in different time windows (Box Fig-

ure 2b).40,69 In addition to oscillatory rheology, creep and stress relaxation measurements are used

to determine the relaxation time of materials as well as plasticity.

Box Figure 2. Rheology knowhow

(A) Oscillatory protocol for the characterization of viscoelastic materials. The stress and strain

follow a sinusoidal function over time. Typically, the shear strain g is preset and the resulting shear

stress s is recorded. In viscoelastic materials, the two curves experience a phase shift d.

(B) Characterization of a typical gelation process.

(C) Strain-stiffening behavior.

(D) Transition between the linear and nonlinear regime, observed in a typical pre-stress protocol.

Stress (s): stress is defined as force per area (s = F/A) and has the SI unit of Pa (N/m2). When the force

is applied perpendicular to the axis of the sample so that different layers are sheared past each

other, the term shear stress is used.

Strain (g): strain is defined as the relative deformation, which is the deformation divided by the

height or length of the sample system. It is a dimensionless quantity (length/length). Shear strain in-

dicates the extent of deformation after the application of shear stress. We define the shear strain g =

Dx/h, where Dx is the deformation and h the height of the system.

Oscillatory stress: stress can also be applied with oscillatory deformation with frequency u. When

stress and strain are plotted against time t (Box Figure 2a), we can define the amplitude of stress

(s0) and strain (g0) in the function: s(t) = g0 (G0 sin(ut) + G00 cos(ut)). In viscoelastic materials, stress

and strain are phase shifted by a phase angle d (Box Figure 2a).

Storage modulus (G0): the storage modulus is a measure of the elastic energy stored in the material

during a shear strain cycle. It is directly related to the stiffness of a material. For shear rheology under
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sinusoidal conditions, G0 = (s0/g0) ‧ cos(d) (Box Figure 2b). G0 can be replaced by the plateau

modulus G0 in a range where G0 is independent of the oscillation frequency u. In elastic materials,

G0 dominates G00.

Loss modulus (G00 ): the loss modulus is a measure of the energy lost in a material during a strain cycle

measurement because of viscous dissipation in the sample. Under sinusoidal conditions,G0 = (s0/g0)

‧ sin(d) (Box Figure 2b).

Gelation temperature (Tgel): the temperature where the value of G0 crosses G00 is defined as the pre-

cise gelation point of a hydrogel with LCST behavior (Box Figure 2b).

Strain stiffening: strain stiffening describes the nonlinear stiffening response of a material in

response to stress or deformation. In a strain-stiffening material, its stiffness is not constant but in-

creases with increasing stress (or strain) after a critical stress sc is reached (Box Figure 2c). Note that

strain stiffening is also known as stress stiffening or nonlinear mechanics.

Differential modulus (K0): the differential shear modulus Kʹ = vs/vg is calculated from the shear stress

s to the strain g (Box Figure 2c). In the linear regime, K0 = G0; in the nonlinear regime, K0 exponen-
tially increases with increasing stress K0 = sm, where m is the stiffening index (Box Figure 2d).

Critical stress (sc): the critical stress is the stress onset for nonlinearity and determines the sensitivity

of the material. A low sc implies a high mechanical sensitivity (Box Figure 2d).

Stiffening index (m): in the nonlinear regime K0 = sm, the exponent m is referred to as the stiffening

index. This index describes the extent of the stiffening response. A high stiffening index causes a

rapid increase in stiffness when strain or stress is applied (Box Figure 2d).

Pre-stress protocol: different from a strain ramp protocol, the applied stress is the control variable in

the pre-stress protocol. A steady pre-stress s0 is applied, onto which a small amplitude oscillatory

stress is superimposed. The oscillatory stress amplitude used is at most 10% of the steady pre-stress.

The pre-stress protocol is sensitive to relaxation. Thus, for materials that exhibit creep, a strain ramp

protocol is preferred.70

Strain ramp protocol: strain is applied and increased in value linearly in time while the stress

response is measured.70

Strain softening: strain softening (or strain relaxation) is a material property where a material be-

comes softer under increased stress (or strain). In fact, it is the opposite effect of strain stiffening.

Stress relaxation: stress relaxation is the response of a viscoelastic material to an applied step strain,

where the material undergoes a gradual decrease in stress over time as it relaxes toward its new

equilibrium state. During this process, some of the initially stored strain energy is released or dissi-

pated as heat, while the material gradually regains its original mechanical properties.

Plasticity: plasticity is defined as a material’s ability to irreversibly deform in response to applied

stress.71 It is quantified by applying stress and observing the point at which the material no longer

returns to its original shape after the stress is removed.

Poroelasticity: when a deformation induces a change in the volume of poroelastic materials, they

exhibit a time-dependent mechanical response due to water flow into or out of a porous network.61

Poroelasticity of biological materials is often measured by compression rheology, which measures

how these materials deform under compressive forces.
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Linear and nonlinear mechanical properties

In addition to mimicking the fibrous structure of biological hydrogels, PIC-based hy-

drogels also present similar mechanical properties, with a strong nonlinear stiffening

response at low stresses25 (the terminology linked to the characterization of mechan-

ical properties is summarized in Box 2). While still rare, strain-stiffening properties

are increasingly observed in soft hydrogels.54–57 A comprehensive review was

recently written by the Gao group.58 For PIC gels, strain stiffening originates from

the semi-flexible architecture of the network, which is a direct result from the high

persistence length of the polymers and their (temperature-induced) lateral aggrega-

tion. These phenomena have been well described by theory and simulations.59,60
Cell Reports Physical Science 5, 101834, February 21, 2024 9



Figure 5. Linear and nonlinear mechanical properties of PIC hydrogels

(A) Plot of the storage modulus G0 as a function of temperature for PIC3 hydrogels using different polymer concentrations. The dashed line at T = 18�C
shows that the onset of the gelation temperature is nearly concentration independent. Adapted from Kouwer et al.25

(B) Plateau modulus G0 as a function of temperature for PIC3 hydrogels, containing polymers of different length. Reprinted from Jaspers et al.24

(C) Stiffness represented by the differential modulus K0 as a function of stress s (PIC3). At low stress, K0 = G0. Beyond a critical stress sc, K
0 increases,

following K0 � sm where the exponent m is the stiffening index. Adapted from Jaspers et al.24

(D) Differential modulus K0 as a function of stress s for intracellular and extracellular filamentous biopolymer gels that show strain stiffening. For

comparison, the rheology data for a representative synthetic gel (polyacrylamide) and the biomimetic strain-stiffening PIC hydrogel are included. G0

indicates the equilibrium bulk stiffness and sc denotes the critical stress for the onset of strain stiffening of the polymer gel. Reprinted from Das et al.63

(E) Plot of differential modulus K0 against stress s for different PIC3 hydrogels consisting of polymers with different molecular weights or polymer

lengths L at 37�C. The solid line shows the high stress limit with m = 3/2. Reprinted from Jaspers et al.24

(F) Interpolated mechanical properties of PIC3 hydrogels are displayed where in a series of gels the product L 3 c and G0 remain constant, but sc
changes. Four series of hydrogels with constantG0 are shown in the range of 10–1,000 Pa (squares) and sc varies in each series (circles). The projection of

the curves on the x-y plane (dashed lines) shows the corresponding lengths and concentrations. Adapted from Jaspers et al.24
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Rheology tests showed that, for the linear regime, the storage moduli G0 of PIC3 hy-

drogels at the physiological temperature match the stiffness of soft tissues and bio-

logical matrices prepared from collagen, fibrin, or Matrigel, ranging from a few up to

thousands of pascals. As for any other network made of semi-flexible polymers, the

properties of PIC hydrogels depend on polymer concentration c and contour length

(of the bundles) LC. Since PIC gels are thermo-responsive, their stiffness also de-

pends on temperature. As shown in Figures 5A and 5B, the plateau modulus G0 of

PIC3 hydrogels exponentially increases with temperature, concentration, and poly-

mer length. The gelation temperature (Tgel) decreases with increasing polymer

length, but is independent of the polymer concentration.24,25

It is now widely accepted that the mechanical properties of the microenvironment

play a crucial role in cellular behavior, and, as such, they are a crucial parameter

for cell culture matrices. While most of the scientific literature is still focused on

the effect of the material’s stiffness, we have to acknowledge the key importance

of viscoelasticity and also poroelasticity and plasticity.61 In addition, it is well known

that biological materials constituting soft tissues display nonlinear stiffening re-

sponses under (shear) strain.62 Increasing evidence shows that strain stiffening, the

effect where a gel becomes reversibly stiffer under an applied (shear) strain, contrib-

utes to cell fate and should be considered as an additional factor. This effect is often

overlooked because strain stiffening is relatively difficult to manipulate in biological

gels and is rarely found in synthetic gels. PIC-based hydrogels do exhibit strain-stiff-

ening properties and provide different strategies to modify these characteristics.

Strain stiffening can be measured with rheology, using a strain sweep protocol, or

preferably with a differential pre-stress protocol (Box 2). This yields the differential

modulus K0 = vs/vg, where vs and vg are the superposed oscillatory stress and strain,

respectively. For PIC gels and other strain-stiffening materials, the differential

modulus K0 is constant and equal to the plateau shear modulus G0 (K0 = G0) in the

low-stress linear regime while it exponentially increases with stress in the high-stress

regime (K0 = sm, Figure 5C). The stress at the onset of nonlinearity is defined as the

critical stress sc (not to be confused with the stress at break, also frequently and

confusingly referred to as sc). The critical stress is indicative of the sensitivity of

the material toward applied stress. The intensity of the nonlinear stress response

is described by the stiffening index m. A theoretical upper limit of m = 3/264 is

confirmed by computational simulations.

Experimental data show that PIC hydrogels present a strain-stiffening response in

the biologically relevant stress regime where the molecular forces acting in the hy-

drogel match the forces that cells can apply to their matrix.65 The properties of

PIC hydrogels are also highly similar to gels made of the key extracellular matrix pro-

teins collagen and fibrin (Figure 5D).66 Importantly, both stiffness G0 and critical

stress sc increase with increasing polymer length LC, following Equations 1 and 2:

G0fLC
2 (Equation 1)

and

scfLC (Equation 2)

The observed dependencies are perfectly in line with the theoretical predictions for

semi-flexible polymers (Figure 5E).64 The tunability of PIC gels allows to indepen-

dently manipulate the linear stiffness and the nonlinear strain-stiffening behavior

of a sample, e.g., when keeping LC 3 c constant, G0 remains constant but the me-

chanical sensitivity to stress sc varies with LC (Figure 5F).24 In short, both linear
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and nonlinear mechanical properties of PIC hydrogels can be readily tuned when

altering either the polymer concentration or length.

It should be noted that tissues are subjected to deformations in multiple directions

in vivo,67 which are complex and difficult to study in vitro. As a result, the number of

experimental reports on strain stiffening is limited and mostly accompanied by

computer simulations. The mechanical response was studied when multiaxial defor-

mation was applied to PIC3 gels.68 It was shown that the polymer concentration did

not affect axial strain-induced softening/stiffening behavior. However, the persis-

tence length of the polymer was found to influence the compression softening

behavior of PIC3 gels.
TUNING HYDROGEL PROPERTIES

Given the synthetic nature of PIC hydrogels, their mechanical and structural proper-

ties are readily adjusted to meet the requirements of specific applications. In this

section, we provide an overview of two principally different approaches to obtain hy-

drogels with different properties.
Chemical and physical crosslinkers

The mechanical properties of PIC-based hydrogels are easily modified by intro-

ducing chemical or physical crosslinkers into the network. The influence of dimen-

sions of chemical crosslinkers on the structure, mechanics, and gelation temperature

of PIC3-based hydrogels was investigated.72 In this work, PIC3 polymers decorated

with azide moieties were mixed with different homobifunctional DBCO crosslinkers

below Tgel. The SPAAC-based crosslinking reaction occurred within a couple of mi-

nutes, yielding stable hydrogels that lost their thermo-responsive nature (Figures 6A

and 6B). SAXS measurements showed that, in the recooled crosslinked PIC3 gel,

only the thickest bundles remained, while rheology experiments showed that the

linear and nonlinear mechanical properties barely changed at lower temperatures.

The authors concluded that the mechanical load is predominantly carried by the

thickest fiber bundles, while thinner bundles have almost no contribution to the

mechanical properties of the hydrogel network.

In this case, crosslinking between the polymer chains inside a bundle may not fully

prevent network dissolution upon cooling, and the crosslinks do not significantly

contribute to the mechanical properties since the network architecture remains un-

changed. Larger crosslinkers, for instance, iron oxide nanoparticle-based cross-

linkers are also able to crosslink between polymer bundles. Inter-bundle crosslinking

does affect the mechanical properties significantly and the shear modulus of a PIC3

gel can be increased significantly. DBCO-functionalized rod-shaped nanoparticles

were used as a crosslinker in the hydrogel.73,74 It was shown that the plateau

modulus, G0, increased after crosslinking the network and that stiffer hydrogels dis-

played a higher threshold to enter the stiffening regime. SEM experiments suggest

the formation of a highly porous polymer-particle network composed of much

thicker bundles. As a result, the stiffness can increase up to 40 times (reaching

into the kPa regime), while the polymer/nanoparticle concentration is kept to a min-

imum (both 0.1 wt %).

While chemical crosslinkers can be used to tune the mechanical properties of the hy-

drogel, their irreversibility may present a drawback. Using the same rod-shaped

nanoparticles to obtain physical crosslinking, the same degree of stiffening was

not observed as was found for the covalently crosslinked materials; however, the
12 Cell Reports Physical Science 5, 101834, February 21, 2024



Figure 6. Examples of tunability of PIC

(A) Monomers with and without azide function were used to synthesize the PIC (blue). In magenta two DBCO-spacer-DBCO crosslinkers are shown with

one short spacer and one long space. Adapted from Schoenmakers et al.72

(B) The mechanical properties of intra-bundle crosslinked PIC hydrogel (blue) are compared with the mechanical properties of a non-crosslinked

hydrogel network (orange). The solid lines represent heating and the dashed lines cooling down of the samples, showing that the crosslinked hydrogel

remains a gel after cooling down. Adapted from Schoenmakers et al.72

(C) The recovery of G0 after applying stress below (120 Pa) and above (320 Pa) the plateau modulus for DBCO-functionalized CCMV capsid crosslinkers at

25�C (left) and 5�C after allowing re-crosslinking (right). Reprinted from Schoenmakers et al.75

(D) The preparation protocol for DNA-responsive PIC hydrogels is displayed. Azide-functionalized PIC polymer is conjugated to ssDNA-DBCO,

whereafter different types of complementary crosslinker DNA strands are used to form a hydrogel. Adapted from Deshpande et al.76

(E) The thermo-responsive mechanical properties are shown of PIC, pNIPAM, and the PIC-pNIPAM hybrid hydrogel. Adapted from de Almeida et al.77

(F) PIC is mixed with magnetic nanorods and allowed to form a hydrogel. Applying a magnetic field allows particles to align and induce fiber

deformation. Adapted from Chen et al.78
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hydrogel displayed self-healing properties.74 Crosslinkers based on virus-like nano-

particles were also applied to PIC.75 The empty protein shell from the cowpea chlo-

rotic mottle virus was equipped with DBCO groups and subsequently used to cross-

link the hydrogel.While the bond between one capsid protein and the PIC polymer is

covalent, the virus particles themselves can (dis)assemble. When stress was applied

to the hydrogel, the capsids were (partially) pulled apart and smaller subunits were

formed. Since some capsid proteins contained unreacted DBCO groups, new cross-

links could form (provided that these protein building blocks have enough mobility).

Cooling down the hydrogel after a period of stress allowed these free DBCO groups

to react with unoccupied azide moieties, resulting in the local ‘‘healing’’ of damaged

areas. When comparing the modulus of the cooled hydrogel before and after defor-

mation, a 3-fold increase of the modulus was observed (Figure 6C).

While the virus capsids form crosslinks with unknown stoichiometry, more recent ef-

forts have introduced specific physical crosslinks with a clearly defined 1:1 stoichi-

ometry. For instance, a highly specific heterodimeric coiled coil with known thermo-

dynamic and kinetic properties was used. Each coiled-coil-forming peptide was

functionalized with DBCO at one terminus so that the folded coiled-coil dimer car-

ried exactly two DBCO functional groups.75

Along this line, a similar strategy was applied to investigate the effect of a physical

crosslink on themechanical properties of PIC4 hydrogels. Highly defined hydrogel net-

works based on four-arm poly(ethylene glycol) (starPEG) were chosen as control.79 The

relaxation time of the coiled-coil-crosslinked PIC network, which maintained its strain-

stiffening properties, was two orders of magnitude longer than that of the correspond-

ing starPEG network. This indicates that the crosslink properties in combination with

the network topology determine the stress relaxation behavior of the network. Specif-

ically, interactions within bundling slow down the relaxation of network chains, sug-

gesting that local dynamics are coupled to the overall network structure.

Similar to coiled coils, DNA oligonucleotides form highly specific crosslinks and pro-

vide access to the entire toolbox of DNA nanotechnology. For instance, PIC4 poly-

mers were functionalized with single-stranded DNA and introduced complementary

DNA strands with different lengths (22–32 nucleotides) as crosslinkers.80 No hydro-

gel formation was observed when the DNA strands were not complementary. When

applied to short PIC4 polymers (133 nm) only weak hydrogels were formed

(Tgel > 50�C), while long polymers (335 nm) formed hydrogels at 39�C. Furthermore,

pH-sensitive DNA crosslinkers and a DNA aptamer that binds to human a-thrombin

were also applied to yield hydrogels mechanically responsive to their environment.

Following an analogous DNA-based crosslinking strategy, DNA-crosslinked hydro-

gels were also formed using different PIC polymers decorated with complementary

ssDNA strands76 (Figure 6D). The extent of base pair overlap directly determines the

linear and nonlinear mechanical properties.

Hybrid networks

A commonly used approach to tune hydrogel properties is to make a composite ma-

terial where the second component can be another polymer, fibers, or solid parti-

cles. The Koenderink lab showed how the architecture of the PIC hydrogel can be

tuned when adding fibrin.81 Their PIC3/fibrin hybrid displayed a more heteroge-

neous structure with thicker fibrin fibers when compared with the pure fibrin sample.

Moreover, both components contributed similarly to the stiffening response, which

was roughly the weighted sum of the individual components. A higher fibrin content

reduced the stress response, as the stiffening index of fibrin gel is much lower than
14 Cell Reports Physical Science 5, 101834, February 21, 2024
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that of PIC3 hydrogels. In a more systematic study, Jaspers et al. compared compos-

ites made from PIC3/fibrin, PIC3/polyacrylamide (PAA), and PIC3/carbon nanotubes

(CNTs).82 These components are semi-flexible, flexible, and stiff, respectively,

dramatically impacting the properties of the materials obtained. Introducing stiff

CNTs resulted in a much stiffer hydrogel that was also more sensitive to stress. In

contrast, introducing a flexible polymer, PAA, increased the hydrogel stiffness in

the linear regime but decreased the stiffness in the nonlinear regime. While PAA

offered greater flexibility for modifications, including adjustments in polymer con-

centration and crosslinking density, it concurrently impacted the architecture of

the PIC hydrogel by reducing its porosity.

It was further observed that the linear storage modulus (before deformation) was

merely a linear combination of the two components when no interaction between

the two gels was present, while the nonlinear behavior was an intermediate state

influenced by both components. When deformation was applied to the system,

both networks deformed independently while also contributing to the nonlinear

stiffening response of the hybrid hydrogel. When interaction occurred between

the two systems, e.g., in the form of chemical crosslinkers, one of the two compo-

nents dominated the overall response.

The PIC gel is stress stiffening. When the second component in the hybrid network is

a responsivematerial that induces deformation, onemay expect an extremely strong

mechanical response of the composite gel. An ultra-responsive hybrid hydrogel was

prepared by combining the strain-stiffening PIC3 network with the thermo-respon-

sive flexible network of poly(N-isopropylacrylamide) (pNIPAM).77 Upon heating

the (semi)interpenetrating network beyond the LCST of pNIPAM, pNIPAM collapses

and creates internal stress that causes the PIC network to stiffen. As a result, the stor-

age modulus of the composite increases up to 50 times compared with the original

modulus within a few degrees (Figure 6E). The authors estimated an average of

around 1 pN of force applied per average network fiber; a value that is similar to

forces applied in biological tissues. The stress applied in the polymer hybrid system

scales linearly with the concentrations of both PIC3 and pNIPAM. Since the collapse

of pNIPAM is triggered by an increase in temperature, using a PIC/pNIPAM hybrid

network allows scientists to gain precise control of the mechanical properties of the

hybrid hydrogel, making it an ideal scaffold for biological applications that require

dynamic control of material stiffness.

Temperature, however, is not an ideal cue in biology and Chen et al. used the same

approach but with a magnetic stimulus. They prepared a hybrid of PIC3 with submi-

cron-sized magnetic iron oxide nanoparticles. Upon exposure to a (small) external

magnetic field, the particles aligned and strained the PIC network, resulting in a

dramatic increase of the stiffness of the composite (Figure 6F),78 analogous to the

pNIPAM hybrids. Note that for both responsive composites, temperature- or mag-

netic field-induced stiffening is reversible: as soon as the cue is removed, themodulus

drops again. Apart from stiffening, the iron nanorods also gave rise to a conductive

and magnetic hydrogel, opening doors toward more responsive and controllable

materials. A more in-depth study showed that the anisotropy of the nanoparticles

is transduced toward the polymer network once a magnetic field is applied.83

For biological experiments, PICs have been mixed with Matrigel (Box 3). As there is

not a strong interaction between the two materials in these composites, no major ef-

fects on the mechanical properties were observed and G0 is merely the sum of the
Cell Reports Physical Science 5, 101834, February 21, 2024 15



Box 3. The gold standard: Matrigel and equivalent basement membrane extracts

A wide range of scaffolds for cell culture are commercially available worldwide. Matrigel is one of

the best-known and most widely used hydrogel materials for biological applications involving cell

culture, tissue engineering, organoid growth, and therapeutic screening.122 This hydrogel is an

extract of the basement-membrane matrix from Engelbreth-Holm-Swarm mouse sarcomas and

contains several biological polymers, where laminin, collagen IV, entactin, and heparin sulfate pro-

teoglycan perlecan122,123 are themost prevalent. Besides these biopolymers,Matrigel is composed

of a largely unknownmixture of thousands of peptides, proteins, andgrowth factors, which influence

cellular behavior.124,125 The main advantage of Matrigel is its high activity and biocompatibility, as

it presents natural binding motifs for different cell types. In addition, it is very easy to use due to its

thermo-responsive characteristics.126 However, there are also drawbacks associated with the use

of Matrigel, among which the major one is that, as an animal-derived material, there is batch-to-

batch variability127 and it is therefore unsuitable for clinical applications due to its tumorigenic na-

ture. Furthermore, the structural and mechanical properties of Matrigel are not comparable with

fibrous hydrogels such as collagen or fibrinogen. From a mechanical perspective, Matrigel lacks

both strain-stiffening behavior as well as a heterogeneous fibrous environment.128–130
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two components.84 In the next sections, we further discuss the biological applica-

tions of materials based on PICs only, unless mentioned otherwise.
APPLICATIONS OF PIC POLYMERS AND PIC-BASED MATERIALS

The growing interest in PIC polymers and their hydrogels stems from their unique

biomimetic properties, which render them highly appealing for a diverse array of

biological applications. Here, we describe several key applications, with a special

focus on 3D cell culture.
Cell culture and mechanobiology studies

Hydrogels are an excellent choice for mimicking extracellular matrices. A qualified

synthetic biomimetic matrix needs to fulfill three requirements: (1) compatible 3D

structure, (2) suited mechanical feedback toward cellular forces, and (3) bioactive

handles that allow cells to directly interact with the network.85 As already described

in section "PIC-based hydrogels", PIC hydrogels are characterized by a heteroge-

neous, noncovalently crosslinked, porous network and simultaneously display linear

and nonlinearmechanical properties similar to biological tissues. To use this material

as a cellular matrix, one criterion is missing: cell-adhesion motifs. These are easily

attached to azide-decorated PIC polymers. Cell-adhesive peptides, such as arginyl-

glycylaspartic acid (RGD), hormones,86 or proteins,87 can be covalently coupled in

an SPAAC reaction when these bioactive molecules are equipped with a cyclooctyne

DBCO or BCN (bicyclononyne) functional group.88 In this light, the PIC3 hydrogel

can be seen as a minimalist synthetic biomaterial that can be modified as desired

for the development of advanced 2D and 3D cell cultures.

Indeed, PIC3 hydrogels have been used as culture systems for a large number of

different primary cells and cell lines39,89–93: mesenchymal stem cells (MSCs), fibro-

blasts, endothelial and epithelial cells, osteoblasts and various immune cells, among

others. While PIC3 hydrogels also support 2D experiments, most researchers use it

for 3D cultures where they can fully exploit the thermo-responsive properties of the

gel to easily extract the cells at the end of an experiment. Cell viabilities are typically

very high63 (> 90%) and cells have been cultured for up to 28 days without significant

loss in viability,92 although thegelmay contract at some stage due to cellular contrac-

tile forces. For cells with strong cell-matrix interactions, e.g., MSCs89 and fibro-

blasts,94 the gel properties will directly influence cell morphologies and fate, which

allows one to control and steer cell behavior as desired. In addition, these cells readily
16 Cell Reports Physical Science 5, 101834, February 21, 2024
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migrate through the PIC3 networks using physical remodeling mechanisms.65 In

contrast, cancer cells with strong cell-cell interactions are relatively insensitive to

the gel properties89; they proliferate into multicellular spheroids as long as growth

is not blocked by a too stiff matrix.

Besides the development of ‘‘straightforward’’ 3D cell cultures, increasing attention

is focused on PIC3matrices for more complex 3D cell culturemodels such as organo-

ids and assembloids.90,91 Preliminary results from cultures of various murine and hu-

man healthy and cancerous tissue organoids have indicated that PIC3 hydrogels

support expansion. But, for full differentiation, additional biochemical cues may

be needed, for instance, laminin and glycosaminoglycans, which are abundantly

present in Matrigel.91 It should be stressed, however, that comparing organoid cul-

tures in PIC and Matrigel matrices may not be too relevant. Matrigel-based cultures

often mimic (cells from) the native tissue insufficiently, possibly because of the lack of

a fibrous architecture and the related nonlinear mechanical characteristics.

The unique mechanical properties of PIC hydrogels have triggered the extensive

use of this material in mechanotransduction studies. Directly interacting with

their surroundings, cells sense and respond to the linear and nonlinear mechanical

properties of their environment.66,95 The ECM contributes key parameters to

control cellular behavior, namely adhesion, shape, spreading, differentiation, pro-

liferation, and migration.96 Stiffness has long been thought to be the main regu-

lator of cell behavior; however, more recent insights indicate that also other me-

chanical properties, such as viscoelasticity and strain stiffening, play a critical

role in cellular regulation.61,97 Making use of the unique tunability of PIC3-based

hydrogels, the influence of mechanical and biological cues on morphology,89 me-

chanotransduction,98 paracrine function,99 and differentaiton63 of (stem) cells were

disentangled systematically. The use of PIC3 hydrogels, based on polymers with

different contour lengths,93 as well as hybrid hydrogels made of PIC/fribin81 or

PIC/Matrigel,84 provides additional possibilities for obtaining a deeper under-

standing of mechanobiology (in particular on the biological effects of nonlinear

mechanics) and opens up new routes for the co-culture of different cell types.

Cells continuously sense mechanical cues in their microenvironment (neighboring cells

and ECM) and, in turn, generate contractile forces, which stiffen and remodel the ma-

trix. The cellular response depends on the amount of mechanical stress and rate of

deformation to which the cell is subjected.95,100 Focal adhesions, which contain integ-

rin receptors, link the ECM to the cytoskeleton and allow direct force transmission be-

tween mechanical structures inside and outside the cell.101 More in-depth studies re-

vealed that cells recruit ECM fibers, thereby pushing, pulling, and remodeling their

microenvironment.102 It has been proven that the properties of the individual fiber ar-

chitecture play a crucial role in regulating cellular behavior.81,103 The biomimetic nature

of PIC hydrogels enables the systematic investigation of the influence of specificmatrix

properties on cellular responses. Most recently, Yuan et al. demonstrated that PIC3 hy-

drogels, as a fully syntheticmaterial, are able to recreate the complicated bi-directional

cell-matrix interactions in nearly all aspects, including cellular force-induced fiber re-

modeling and long-range force propagation.65 Representative mechanobiological

studies using PIC3 hydrogels are summarized in Figure 7.

Coatings

Hydrogels are an interesting material for biomedical coating applications. They

can improve the biocompatibility of materials, lubricate surfaces, or introduce

(bio)active functionalities for further applications (e.g., drug delivery,
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Figure 7. Applications of PIC hydrogels in mechanobiological studies

(A) Microtubule-associated protein DCAMKL1 is involved in stress-stiffening-mediated stem cell

differentiation. Adapted from Das et al.63

(B) Impact of polymer length (nonlinear mechanics) on the spreading of human adipose-derived

stem cells (hASCs). Scale bars: 70 mm. Adapted from Liu et al.89

(C) Representative bright-field and immunofluorescence images of mammary gland organoids

(MGOs) generated from unsorted mammary epithelial cells (MECs) (left), purified basal cells

(middle), and luminal cells (right) in PIC hydrogels. Scale bars: 50 mm. Adapted from Zhang et al.91

(D) Comparison of cell behavior and cell-matrix mechanical interactions between PIC and

biological matrices. hASC-induced 3D matrix displacement fields in hydrogels made of PICs (A),

collagen type I (1.2 mg mL�1) (B), and Matrigel (70%) (C). The color of the arrows indicates the

magnitude of the local displacement vector. Scale bars: 50 mm. Adapted from Yuan et al.65
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biosensing).104,105 When using hydrogels as coatings, possible drawbacks are their

biodegradability and the sometimes-poor adhesion to material surfaces. The

adhesion of hydrogels can be easily improved, however, when the polymer of in-

terest is covalently attached to the surface to yield a polymer brush.105,106 The use

of PICs as a coating material has one unique advantage: since the polymer is semi-

flexible, it will not collapse when grafted on surfaces. When PIC3 hydrogels were
18 Cell Reports Physical Science 5, 101834, February 21, 2024
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covalently grafted on surfaces, the hydrogel layer could be functionalized and

used as a biosensor to detect and convert biological reactions into signals, allow-

ing precise monitoring of biomolecules, pathogens, and cell metabolites.107,108

3D printing

A more recent, newly emerging area toward biological applications of hydrogels is (3D)

bioprintingwhere thematerial (referred to as bio-ink) is printed to achieve a desirable 3D

macroscopic shape.109 Given the rapidly evolving applications of 3D printing110 and the

search for novel bio-ink formulations, it is interesting to look at the possibility of using

PICs. A new technique to 3D print PIC3 polymers was introduced by mixing them with

PIC3-gelatin methacrylate hydrogels.111 Compared with other commercially available

bio-inks, such as Pluronic F-127, the concentrations required are up to 403 lower, result-

ing inahigher cytocompatibility.Their results showedthatprintingPIC3hybridhydrogels

presents several benefits, includingeasydepositionand removal of thegel, and the fabri-

cation of stable hydrogel prints at 37�C.Despite this progress, the key challenge remains

toproduceabiocompatible, printablebio-ink thatpossesses all the important properties

of a biological hydrogel.112

Antibacterial applications

Besides serving as a cell culture platform, PIC3 hydrogels were found to be suitable

as an antibacterial scaffold in wound dressing and tissue engineering applications.

Given the well-known role of reactive oxygen species (ROS) in triggering cell death,

several works have reported hydrogels that can generate ROS with a controllable

trigger (e.g., light).113 By conjugating responsive motifs to the PIC3 backbone,

such as cationic oligo(p-phenylene vinylene),114 oligo-electrolyte,115 polythio-

phene,116 and nanoparticles,117 promising antibacterial effects were reported.

Drug delivery

Given the high biocompatibility of PIC3 hydrogels, the interest in using this material for

clinical applicationshasgrown in the last fewyears.Here,weprovideanoverviewof some

pre-clinical studies published, but more are currently ongoing. A new therapy was pro-

posed for patients requiring periodontal treatment, where doses of medication can be

altered and adjusted by incorporating bioactive agents into poly(lactic-co-glycolic

acid)microspheresdispersed inPIC-basedhydrogels.118More recently,Wanget al. opti-

mized the system by introducing antimicrobial and anti-inflammatory components and

investigated the effects of thismaterial in vivo.119 The results confirmed that the PIC3 hy-

drogel can be used as a safe vehicle for drug delivery in the periodontal pocket.

Wound healing

Given their fibrous structure and biomimetic mechanical properties, PIC3-RGD hy-

drogels have been used to study fibrosis and scar formation.94 Moving closer to clin-

ical applications, a recent study has shown that PIC3 hydrogels can be used as a plat-

form to restore the function of primary vaginal fibroblasts.92 The potential of using

PIC3 hydrogels in wound healing applications was first shown by the Wagener

group.120 Further research by Op’t Veld and coworkers included experiments where

wounds were covered with a non-functionalized PIC3 hydrogel, an RGD-functional-

ized PIC3 hydrogel, and Matrigel as a control.121 It was found that the PIC-based hy-

drogels did not induce a strong inflammatory response in the wounds.

Taken together, these results support the potential of using PIC3 hydrogels for

wound healing applications. Independent of the specific application, before being

administered in patients PIC polymers must meet certain requirements.131 To that

end, Walboomers’ lab compared several commonly used sterilization methods
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and investigated their effect on the properties of PIC3 hydrogels.132 The authors

concluded that the use of both UV light and supercritical CO2 had no influence on

the structural and mechanical properties, while autoclaving or g irradiation were

found to alter these properties. A fully sterilized hydrogel, suited for clinical studies,

was achieved using supercritical CO2.
IMMUNOLOGICAL APPLICATIONS OF PIC POLYMERS

Artificial antigen-presenting cells

Many biological processes start with the binding of a multivalent ligand to mem-

brane-bound cell receptors. The unique semi-flexibility of water-soluble PICs

make them an interesting candidate to mimic themultivalent presentation of biolog-

ical signals to cells. For this purpose, PIC4 polymers are ideal as they are soluble at a

physiological temperature of 37�C. During the interaction of immune cells, such as

dendritic cells (DCs) and T cells, multivalency is extremely important.133,134 DCs

are used in the clinic for immunotherapy and, despite enormous success, their wide-

spread application is hampered by a labor-intensive ex vivo cell expansion process

and associated high costs. Furthermore, the quality of the generated cells depends

on the quality of the immune cells taken from the patient. For this reason, artificial

scaffolds, so-called artificial antigen-presenting cells (aAPCs), have gained much

attention as cheap, off-the-shelf alternatives for DCs.135–138

PIC4 has been extensively exploited for aAPC use. To mimic the function of DCs,

three signals are important: (1) stimulation of the T cell receptor (TCR), (2) co-stimu-

lation to further activate and differentiate the T cells, and (3) cytokines, which stim-

ulate important processes, such as T cell survival. As a proof-of-concept, anti-CD3

(aCD3) antibodies, which are known to polyclonally trigger the TCR, were bound

to PIC4, making use of the streptavidin-biotin interaction or the SPAAC reaction

as described above.84,139 T cells stimulated with aCD3-functionalized PIC4 were

activated at lower concentrations and displayed a stronger T cell response

compared with soluble aCD3 controls139 (Figure 8A). Furthermore, these experi-

ments demonstrated that the PIC4-based system is biocompatible and non-toxic

in vitro. In an effort to understand this new class of aAPCs, the specific influence

of polymer length and antibody density on the T cell activation process was investi-

gated. It was found that polymers with a higher antibody density activate T cells at

lower concentrations and that polymer length is another crucial parameter.142

To better mimic DCs, the PIC4-based aAPC was decorated with aCD3 to trigger the

T cell response and anti-CD28 (aCD28) antibodies as a co-stimulus (Figure 8B).143 The

critical threshold concentration of antibodies required to trigger a T cell response was

lower andmore specific for the semi-flexiblePICs co-functionalizedwithbothantibodies

thanwhen soluble antibodies were used. This finding indicates that the PIC4-based syn-

thetic aAPC is more efficient when compared with existing aAPCs. Subsequently, the

PIC4 polymer was used to compare a total of six different co-stimulatory molecules.

This research concluded thatCD28andCD2are themainplayers in T cell priming, apro-

cesswhere T cells upregulate activationmarkers, secrete cytokines, and start to prolifer-

ate.144More importantly, the way how co-stimulatory signals are presented has a direct

impact on signalingpathways involved inpriming. This includesboth the timingof signal

exposure as well as the amount and composition of molecules.145

Going one step further, cytokines were attached to PIC4-based aAPCs (signal 3

described above). Cytokine-based anti-cancer therapies have low efficacy and

frequently induce toxic side effects due to a systemic and non-specific
20 Cell Reports Physical Science 5, 101834, February 21, 2024



Figure 8. T cell activation and anti-tumor studies

T cell activation and anti-tumor effects of differently functionalized nanosized PIC4 immunofilaments in vitro (A–C) and in vivo (D–G).

(A) IFN-g secretion (measurement for T cell activation) by T cells stimulated with soluble aCD3 or aCD3 bound to PIC4 (PICIF-aCD3). **, ***p < 0.01,

0.001. Adapted from Mandal et al.139

(B) IFN-g secretion of T cells treated with soluble aCD3/aCD28 or PIC4 functionalized with both antibodies (PICIF-aCD3/CD28). **, ***p < 0.01, 0.001.

Adapted from Mandal et al.143

(C) IFN-g secretion of T cells treated with PIC4 functionalized with aCD3, IL-2, or the combination. *, **p < 0.05, 0.01. Adapted from Eggermont et al.140

(D and E) (D) Number of metastatic lesions and (E) metastatic burden in lungs of mice receiving adoptively transferred OT-1 T cells followed by soluble

or PIC4 functionalized pMHC treatment. After treatment, B16-OVA tumor cells are injected.

(F and G) (F) B16-OVA tumor size and (G) survival of mice treated with soluble or PIC4 functionalized pMHC. Here the tumor is grown first, followed by

treatment. (D–G) Adapted from Weiss et al.146
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administration. A possible solution to this is to locally concentrate cytokines at the

tumor, e.g., using PIC4-based aAPC scaffolds. To this end, PIC4 was functionalized

with aCD3 and interleukin-2 and this multifunctional polymer induced stronger T cell

activation compared with PIC4 with aCD3 alone (Figure 8C).140 In addition, the com-

bination of aCD3 and interferon-a induced long-term T cell proliferation. A direct

comparison of PIC4-based scaffolds and decorated microbeads clearly showed a

stronger response when the PIC4 scaffold was used. This is direct evidence that

the semi-flexible nature of the polymer scaffold, which enables multivalent binding,

is a crucial property for the development of PIC-based aAPCs.139–141

Most recently, the anti-tumor effect of nanosized immunofilaments made of PIC4

polymers has been validated in vivo. Using polymers functionalized with peptide
Cell Reports Physical Science 5, 101834, February 21, 2024 21
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major histocompatibility complexes (pMHCs) for the activation of antigen-specific

T cells inhibited the formation of melanoma metastases, which is a milestone toward

clinical applications in the future. In addition, in a therapeutic model these pMHC-

functionalized PIC4 polymers reduced primary tumor growth (Figures 8D–8G).146

Another example was published by Hammink and co-workers where magnetic

microbeads were grafted with PIC4 brushes, functionalized with aCD28 and

aCD3.147,148 This system is straightforward to purify due to the magnetic properties

of the beads and requires less antibodies to induce a higher degree of activation

(compared with solely antibody decorated beads). The fact that this system is

more efficient indicates that both the architecture and flexibility of the PIC4 brushes

are important for a higher activation, showing the importance of a decent scaffold.
Other applications

Apart from T cell activation, the PIC4 scaffold has been used to target leukemia cells.

When decorated with DNA aptamers targeting leukemia cells, PIC4 scaffolds were

found to inhibit the growth of the cancer cells with minimal off-target effects.149

The potential of PIC4 to mimic naturally occurring multivalent interactions was

further demonstrated where autoreactive B cells of rheumatoid arthritis (RA) patients

were targeted with PIC4 scaffolds.150 In this case, the PIC4 was decorated with cyclic

citrullinated peptides (CCPs), which specifically bind anti-citrullinated protein anti-

body (ACPA)-expressing B cells, a hallmark for RA. ACPA B cells were selectively

bound and stained by the CCP-PIC4 polymers. Furthermore, silencing of the

ACPA B cells was achieved by triggering CD22, a B cell-specific inhibitory receptor,

with CCP-PIC4 polymers functionalized with a CD22 ligand. Again, this demon-

strates the advantage of co-functionalizing multivalent scaffolds.
CONCLUSIONS AND OUTLOOK

Polymers with a helical structure often render a wide variety of unique properties,11

including PICs. Further modification of PIC polymers with OEG increases their water

solubility.

ThePIChydrogelsoffer keyadvantagesoverotherbiologicalandsynthetic softmaterials.

In short, their synthetic nature offers full control and high tailor ability of the architecture

andmechanical properties of the gel. In addition, similar to other syntheticmaterials, gel

formation is highly reproducibleandxeno-free.Asopposed toother synthetic hydrogels,

though, PIC gels possess the architecture andmechanical properties that are also found

in nature. These properties are known to play crucial roles in guiding complex cell-matrix

interactions and ultimately regulating cell function, communication, and develop-

ment.61,151,152 Moreover, for cell culture applications, the thermoreversible properties

of the PICgels are extremely useful to extract cells and cell constructs, such asorganoids,

from thematrix without the need to add adverse enzymes or other chemicals; after cool-

ing the cells are simply separated by centrifugation.

PIC3-based hydrogels ideally mimic the properties of natural ECM polymers,

including network architecture, linear mechanical properties, and strain stiffening.

Undoubtedly, the large body of work on PIC3 properties has shown that this syn-

thetic material is highly biomimetic. It thus serves as an excellent platform to further

disentangle the interplay between these physical parameters and biochemical cues.

With regard to an in vivo use of PIC3 hydrogels, some key technical features, e.g.,

degradation, are yet to be determined.
22 Cell Reports Physical Science 5, 101834, February 21, 2024
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Beyond functional hydrogels, soluble PIC polymers have further been harnessed to

create artificial antigen-presenting cells. Highly promising results have confirmed the

efficacy of PIC4-based immunofilaments in both in vitro and in vivo settings. Nonethe-

less, additional research into their in vivo efficacy and toxicity profiles is imperative

before PIC4-based polymer scaffolds can advance toward clinical applications.

In summary, we anticipate a bright future for PICs as a versatile family of functional

polymer materials, well positioned to make substantial contributions to both funda-

mental research and clinical applications.
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