Open Access Article. Published on 04 July 2024. Downloaded on 10/31/2025 11:03:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

REVIEW

’ '.) Check for updates ‘

Cite this: Mater. Horiz., 2024,
11, 4600

Received 21st March 2024,
Accepted 27th June 2024

DOI: 10.1039/d4mh00315b

rsc.li/materials-horizons

Wider impact

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Surface functionalized cryogels — characterization
methods, recent progress in preparation
and application

Florian Behrendt, (2 **° Michael Gottschaldt®® and Ulrich S. Schubert () 2°<

Cryogels are polymeric materials with a sponge-like microstructure and have attracted significant attention
in recent decades. Research has focused on their composition, fabrication techniques, characterization
methods as well as potential or existing fields of applications. The use of functional precursors or
functionalizing ligands enables the preparation of cryogels with desired properties such as biocompatibility
or responsivity. They can also exhibit adsorptive properties or can be used for catalytical purposes.
Although a very brief overview about several functional (macro-)monomers and functionalizing ligands has
been provided by previous reviewers for certain cryogel applications, so far there has been no particular
focus on the evaluation of the functionalization success and the characterization methods used. This
review will provide a comprehensive overview of different characterization methods most recently used for
the evaluation of cryogel functionalization. Furthermore, new functional (macro-)monomers and
subsequent cryogel functionalization strategies are discussed, based on synthetic polymers, biopolymers
and a combination of both. This review highlights the importance of the functionalization aspect in cryogel

research in order to produce materials with tailored properties for certain applications.

In this review, an overview of recent developments in the preparation of functionalized cryogels based on synthetic polymers, biopolymers and combination

thereof as well as analytical methods used for their quantitative or qualitative characterization is given. Cryogels are sponge-like materials prepared by

cryogelation possessing interesting features. Most importantly their interconnected pore structure distinguishes them from other porous materials. In

addition, the functionalization of cryogels enables their use in a wide variety of different fields of application, e.g. the adsorption of certain molecules, catalysis,

3D cultivations or tissue engineering. Quantification of the successful cryogel functionalization is essential to ensure quality levels in cryogel research and

enables comparability and reproducibility. It is necessary to optimize the functionalization based on different strategies in order to improve e.g. drug-delivery

capabilities, stimuli-responsivity or for providing new tissue-like environments. This review will help researchers select suitable modification strategies for

desired functionalities and provides an overview about recently applied analytical methods suitable for the evaluation of the successful cryogel functionaliza-

tion. As future cryogel research will presumably be more directed towards multifunctional cryogels and the exploration of new fields of applications, the

appropriate proof and quantification of the functionalization is inevitable for further improvements in this regard.

1. Introduction

contain an interconnected network of macropores enabling for
example the supply of nutrients or the transport of substances

Cryogel research has gained significant interest due to the
remarkable properties of these materials, which are easy to
fabricate. In contrast to other porous polymer materials, cryogels
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through these materials."” Various studies have been conducted to
investigate the influence of several synthesis parameters such as
the temperature, freezing rate, monomer and cross-linker concen-
tration as well as additives and solvents.> Among a variety of
different preparation techniques, cryopolymerization of precursors
derived from synthetic polymers such as poly(acrylamide)* or
polyvinylalcohol,” or natural biopolymers like gelatin or collagen®
at sub-zero temperatures has proven to be a suitable method.”
Freezing of the precursor solution leads to the formation of solvent
crystals acting as pore templates within an unfrozen surrounding
microphase in which the polymerization of the precursor

This journal is © The Royal Society of Chemistry 2024
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molecules takes place. Subsequent thawing and washing results in
highly porous materials that can be freeze-dried afterwards. Based
on the interconnected network of macropores, mechanically stable
and highly permeable materials are obtained, which are applied
in tissue engineering,®'* heavy metal adsorption,"® treatment of
wastewater, " drug delivery,”'® chromatographic separation,'’ >
biomedical applications,”*?® bioreactor scaffolds***° or for the 3D
cultivation or immobilization of cells or bacteria.*** In particular,
in recent years, molecular imprinted cryogels for adsorption pur-
poses®” and injectable cryogels for biomedical applications®®**°
have emerged. So far, reviews mainly focused on the different
cryogel fabrication methods, the effect of certain parameters on
the gel properties and applications.

Cryogel characterization typically comprises the examination
of the pore structure using mercury intrusion porosimetry, micro-
computed tomography or microscopy techniques such as scan-
ning electron microscopy, environmental scanning electron
microscopy or confocal laser scanning microscopy.'®!7/>>26:4041
A very detailed review from Martinez-Garcia et al. provides
an overview of the aforementioned characterization techniques
to evaluate the microarchitecture of cryogels for cellular
applications.*> Mechanical properties are determined by the
use of dynamic shear and compressive measurements, atomic
force microscopy, nano-indentation, rheological measurements
or micromagnetic resonance elastography.'?'7,>>2¢

The preparation of functionalized cryogels can be achieved
by the use of specific comonomers, via subsequent cryogel surface
modification, by the use of functionalized particles or filler
materials for the preparation of composite cryogels,*®*"**™* or
by repeated cryogelation leading to the formation of interpenetrat-
ing networks with multiple cross-linking.*>*" Surface modification
include grafting of polymer chains," functionalization with
growth factors,”*® or cell-adhesive peptides such as RGD for
improved cellular response.’

One of the few examples in which the functionalization of
cryogels is highlighted explicitly with respect to the capture of
target molecules, is represented by the review from Bakhshpour
et al. Therein, functional cryogels created from functional
monomers or by cryogel surface modification with specific
binding ligands are reviewed for the use in protein separation
and the removal of metal ions, highlighting the adsorptive
target, the kind of functional monomer or functional ligand
and the adsorption capacity.”® Nevertheless, there is a lack of
the evaluation of the successful functionalization or the quan-
tification of the cryogel functionalization.

In previous reviews, only Fourier-transform infrared spectro-
scopy (FTIR) has been mentioned for the evaluation of cryogel
functionalization which is not a quantitative method.”"” In the
review of Damania et al. the use of X-ray photoelectron spectro-
scopy and elemental analysis for the quantitative evaluation of
the elemental composition was described very briefly but there
was no discussion of further characterization methods for the
analysis of the functionalization of cryogels.”

Very recently, Danielsen et al. published a comprehensive review
about the molecular characterization of polymer networks.*®
Different analytical techniques are described in detail for the

This journal is © The Royal Society of Chemistry 2024
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characterization of the cryogel precursors, the gelation process,
the network structure, and its mechanics and dynamics. Tech-
niques for the analysis of the network structure target the
swelling, morphology, structure and topology, as well as the
permeability. For the evaluation of the chemical structure, a very
brief overview is given about the use of solid-state NMR (ssNMR)
spectroscopy which enables both qualitative and quantitative
analysis. However, an extensive description about how exactly
the functionalization of cryogels was characterized and success-
fully proven is still missing and has never been reported so far to
the best of our knowledge.

In this review, we will discuss the preparation of functional
cryogels from functional monomers or by the subsequent
modification of cryogels with functional ligands (Fig. 1).
Herein, we will distinguish between recently emerging func-
tional monomers and different functionalization approaches of
cryogels, based on synthetic polymers and biopolymers as well
as their combination. A special focus is on the evaluation of the
successful cryogel functionalization. Thus, a short overview is
first given about different analytical methods recently used for
the direct and indirect analysis of cryogel functionalization, the
quantification of adsorbed species, and methods for the eva-
luation of bacterial and cell cultures.

2. Characterization and quantification
of cryogel functionalization — analytics

A variety of different analytical methods exist for the evaluation
and quantification of the degree of functionalization of cryogels
depending on the functional ligand. In the following section,
the main analytical methods will be discussed which are either
used for the direct analysis of the cryogel functionalization
(Section 2.1), the indirect determination of the cryogel functio-
nalization (Section 2.2) or the quantification of adsorbed spe-
cies (Section 2.3). Additionally, methods for the evaluation of
bacterial and cell culture are summarized (Section 2.4).

2.1 Direct analysis of cryogel functionalization

As cryogels represent a class of insoluble polymeric networks,
the direct evaluation of their functionalization requires specific
analytical methods. Therefore, sSNMR typically applied in order
to gain information about the cryogel composition on a quali-
tative basis.*”*® In comparison with the respective liquid NMR
spectra of the monomers, band assignment is simplified. The
presence of characteristic bands of the monomers in the
cryogel spectra together with an absence of double bond carbon
atoms indicates the successful incorporation of the functional
monomer into the cryogel network.

The elemental and molecular composition of cryogels can be
analyzed by energy-dispersive X-ray spectroscopy (EDX). This
technique is commonly applied in material science for surface
characterizations and enables both a qualitative and quantitative
analysis of the cryogel functionalization among other methods,
such as wavelength-dispersive X-ray spectroscopy (WDX) and
X-ray photoelectron spectroscopy (XPS). The presence of sulfur
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Fig. 1 Schematic representation of the functionalization of cryogels by the use of functional monomers (A) or by the subsequent modification of
cryogels with functional ligands (B) for the adsorption of target molecules such as proteins or heavy metal ions.

atoms or metal atoms serves as a proof for the functionalization
with biomolecules like enzymes or proteins containing metals
in their sub-units.**" Furthermore, a quantification of the
functionalization is also possible. For instance, the amount of
immobilized N-acetyl cysteine onto poly(AAm-MMA) cryogels
was calculated based on the sulfur stoichiometry.>” The amount
of covalently attached ferrocene was quantified based on the
iron content.>

Alternatively, inductively coupled plasma (ICP) enables the
direct determination of the amount of metal ions within
cryogels upon an acidic digestion of the gel.>® Dried, iron
containing cryogel pieces are treated with a mixture of 96%
H,S0,/65% HNO; followed by microwave irradiation. After-
wards the solutions are subjected to inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis.

Another method for the determination of the composition is
represented by elemental analysis. This method allows a qualita-
tive evaluation of the cryogel functionalization but also the quan-
titative determination of heteroatomic functional ligands such as
vinylimidazole,>* N-methacryloyl aspartic acid,”® para-amino-
benzoic acid,*® para-aminopyridine,*® nicotinamide,®” 3-(prop-
3-ynyloxycarbonylamino)-phenyl boronic acid,*® or ortho-
phospho-i-tyrosine®® based on the nitrogen,** >’ boron,*® or
phosphorous content.*

For the qualitative evaluation of cryogel functionalization,
common spectroscopic characterization methods can also be
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applied such as FTIR, Raman spectroscopy or fluorescence
spectroscopy. FTIR and Raman allow to detect functional
groups and, thus provide information about the presence of
functional monomers or ligands within the cryogels. Usually,
cryogel FTIR or Raman spectra are compared with the spectra
of the corresponding monomers or functionalizing ligands for
peak assignment. An absence of the vinyl signals in FTIR
(-C=C- stretching vibration at 1630 to 1660 cm™ ', =CH, at
2952 cm™ " and =CH, distortion at 927 cm ') together with the
presence of characteristic bands of the monomers or functio-
nalizing ligands serves as indication of a successful cryogel
functionalization. For instance, the immobilization of t-
asparaginase onto p(HEMA-GMA) cryogels was confirmed by
the presence of two new peaks in the IR spectrum at 1650 cm ™"
and 1537 cm™ ', assigned as the vibration of the C=0 groups
(amide I) and a combination of the C-N stretching and N-H
vibration in the protein backbone (amide II) respectively which
are characteristic for enzymes or proteins.*® For the functiona-
lization of epoxide containing cryogels, an absence of the
epoxide band (900 to 910 cm ') often serves as an additional
proof of the successful ligand attachment on the cryogels.
Fluorescence spectroscopy can be used for the qualitative
evaluation of cryogel functionalization with adamantly modi-
fied peptides which were attached to acryloyl-cyclodextrin
based cryogels.”® Adamantane and cyclodextrin form a fluor-
escent complex via host-guest interactions. Thus, an increasing

This journal is © The Royal Society of Chemistry 2024
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fluorescence signal in the course of the reaction serves as
qualitative measure for the successful peptide functionalization.

Microscopy techniques such as confocal laser scanning micro-
scopy (CLSM) or immunofluorescence microscopy allow for the
observation of the incorporation and spatial distribution of peptides
bearing a fluorescence label such as dansyl chloride® or proteins
previously labeled with fluorescent dyes such as DyLight488 and
DyLight594."

Contact angle measurements enables the investigation of
the physical properties of cryogels but also can be a proof of
ligand functionalization, for instance the incorporation of lauryl
acrylate as hydrophobic monomer resulting in the creation of
water-repelling materials.®*

In summary, a variety of analytical methods enable a qualitative
and non-destructive evaluation of cryogel functionalization such as
ssNMR, FTIR, Raman, fluorescence spectroscopy, CLSM, immuno-
fluorescence microscopy or contact angle measurements. By the
use of EDX, WDX, XPS, ICP-OES and elemental analysis, a
quantification of the functionalization is even possible. Amongst
all of the aforementioned analytical techniques, ICP-OES remains
the only destructive method for the direct evaluation of cryogel
functionalization.

2.2 Indirect determination of cryogel functionalization

The amount of immobilized ligand can also be determined indir-
ectly by measuring the ligand concentration in solution before and
after the functionalization with common analytical methods such as
spectrophotometry, or fluorescence spectroscopy.”> The difference
between the two concentrations corresponds to the amount of
ligand immobilized on the cryogels. Depending on the kind of
ligand to be immobilized, different methods exist for their determi-
nation. Fluorescence spectroscopy also allows a qualitative assess-
ment of the success of the functionalization with peptide sequences
bearing fluorescent labels such as pyrene.”

The most commonly used method for the indirect determina-
tion of ligand functionalization is represented by spectrophotometry
which allows to determine the concentration of a variety of different
immobilized ligands such as sugars,°>®> enzymes,**>"678
proteins,®® antibodies,*® metal ions,”>”" peptides,”> and amino
acids in solution.”® This technique is often coupled with colori-
metric assays such as the Bradford method,*>**%%%° the Habeeb
assay,’™”*”® or the dinitrosalicylic acid method (DNS method).**

The Bradford method utilizes Coomassie Brilliant Blue
G-250 as a protein-binding substrate. The protein-dye complex
exhibits an increased molar absorbance and is quantified at
595 nm. The Habeeb assay (TNBS assay) takes advantage of the
formation of an orange-colored compound by the reaction of
2,4,6-trinitrobenzenesulfonic acid (TNBS) with primary amines,
which can be detected at 335 nm (Fig. 2).

Since the reaction of free amines with the TNBS substrate
takes place in a stoichiometric fashion, the amount of free
amine groups in proteins can be quantified. Thus, this method
allows to quantify the methacrylation of proteins such as
gelatin or bovine serum albumine based on the amount of free
amine groups after the modification relatively to the amount of
free amines of the unmodified protein.®*”*

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic representation of the underlying reaction of the Habeeb
assay (TNBS assay) for the determination of amines by the reaction with
2,4,6-trinitrobenzenesulfonic acid.

Reducing sugars such as N-acetyl glucosamine can also be
determined spectrophotometrically upon treatment with 3,5-
dinitrosalicylic acid (DNS) (Fig. 3).°* This technique was first
reported by Sumner et al in which the sugar containing
solution is treated with the DNS reagent and heated in a boiled
water bath for 5 min.”® The reaction yields the corresponding
aldonic acid and 3-amino-5-nitrosalicylic acid which can be
quantified at 575 nm.

The Kjeldahl method represents a commonly applied tech-
nique for the indirect determination of nitrogen containing
molecules such as proteins or amino acids like tryptophan or
phenylalanine.””””® At first, boiling in concentrated sulfuric
acid in the presence of a catalyst, for example K,SO, or TiO,,
to drive decomposition of the nitrogen containing sample and
to the formation of (NH,),50,.%° The subsequent addition of
sodium hydroxide releases ammonia which is distilled and
trapped in a known volume of boric acid.?® After completion
of the distillation process, the ammonia trapped-acid solution
is titrated (Fig. 4).° The amount of nitrogen is equal to the
concentration of ammonium ions determined by titration.®°

OH
O,N COOH OH OH
OH™ /H,0
+ 3 OW\/OH . 2
A
NO, OH OH
OH
HoN COOH OH OH OH
OH
+ 3 O)\H\H\/
NO, OH OH

Fig. 3 Schematic representation of the determination of reducing sugars
using the dinitrosalicylic acid method, yielding 3-amino-5-nitro-salicylic
acid and the corresponding aldonic acid.

A
A ChHmNy + Ho SOy ————>

cat. CO, + H,O + (NH4)ZSO4

AT
B (NH),SO, +2NaOH ———= 2 NHyH,0 + Na,SO,

Fig. 4 Schematic representation of the quantification of nitrogen con-
taining molecules using the Kjeldahl method. (A) Decomposition of the
nitrogen containing sample into ammonium sulfate by boiling in concen-
trated sulfuric acid. (B) Addition of sodium hydroxide leads to the for-
mation of ammonia followed by distillation. The ammonia is trapped in a
bath of acid (e.g. boric acid) which can then further be titrated.
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Alternatively, a gravimetrical method can also be considered
to determine the amount of attached ligand. For instance, for the
determination of immobilized tris(hydroxymethyl)Jamino-methane
(Tris), the cryogels were dry weighed before and after the functio-
nalization with Tris.*' The mass difference of the cryogel before
and after the functionalization corresponds to the amount of Tris
attached to the cryogels for which a mass increase of 5.32 & 0.23%
after the functionalization was measured.

The subsequent cryogel modification with functional ligands
is most commonly realized by the covalent attachment onto
cryogel surfaces bearing epoxide moieties. The determination of
the epoxide ligand density on cryogels can be determined using
a titrimetric method (Fig. 5).> Treatment of epoxide containing
cryogels with an aqueous thiosulfate solution leads to a nucleo-
philic ring-opening and the production of hydroxide ions in a
stoichiometric fashion. The concentration of OH™ ions can be
quantified by acid-base titration and directly correlates with the
amount of epoxide groups on the cryogels.

The pyridine-HCI method represents an alternative method
for the determination of the epoxide group density on cryogels
which is based on the same titrimetric principle (Fig. 6).°

The authors claim that treatment with an excess of HCl/
pyridine leads to the stoichiometric reaction of the epoxide
groups with hydrochloric acid.®* The remaining HCI is then
titrated with NaOH solution. The difference between the initial
and final amount of HCI is equal to the amount of epoxide
groups present on the cryogel.

Most of the aforementioned reported methods rely on the
indirect quantification of the cryogel functionalization by the
determination of the ligand concentration before and after
the functionalization and are, therefore, considered non-
destructive with respect to the final cryogels. These include
spectrophotometry or fluorescence spectroscopy. Gravimetry
enables the determination of the amount of ligand functiona-
lization based on the weight difference of the dried cryogels
before and after the functionalization. The Kjeldahl method
represents a titrimetric method by which nitrogen containing
ligands in solution are quantified upon acidic decomposition,
alkalization and titration of the formed ammonia. As lots of

O $,0%/H0 )Oi/ N

/A > S,05 OH"

R R 23

Fig. 5 Schematic representation of the determination of the cryogel
epoxide density using a titrimetric method. The epoxide ring-opening
reaction by a nucleophilic attack of thiosulfate ions in aqueous solution
leads to an equimolar formation of hydroxide ions which can be quantified
by acid—base titration.®>

Q m HCI / pyridine oH
_— +
R'( >n R)\/CI

Fig. 6 Schematic representation of the determination of the cryogel
epoxide density using the pyridine—HCl method. HCl reacts with the
epoxide groups in a stoichiometric fashion and the remaining HCl is
titrated with NaOH.

(m-n) HCI
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functionalization approaches are directed towards the modifi-
cation of cryogel epoxy groups with functional ligands, it can be
beneficial to determine the amount of epoxide groups on the
cryogels. By the covalent attachment of either thiosulfate or
chloride ions due to a nucleophilic ring-opening of the epoxide,
stoichiometrically formed hydroxide ions can be titrated and are
considered equal to the amount of epoxide groups. Due to the
resulting change in the chemical structure, further use of these
particular samples can be limited.

2.3 Methods for the quantification of adsorbed species

As already mentioned before, spectrophotometry also plays an
important role in cryogel research for the indirect quantification of
the adsorption or release of antibodies,”* (co)enzymes,>*>>”7/8%8%86
heavy metal ions,®”*° dyes,®®®*** hormones,**** drugs,
bacteria,”®®” proteins,”® or phenolic compounds.®! The adsorp-
tion capacity (A) is calculated based on the difference between
the initial and final concentration of the adsorbent as follows:

95,96

4 (Cinitial — Cfinal) v
Meryogel

In case of the metal ion detection in solution, xylenol orange or
iminodiacetic acid are commonly used as color developing agents
or coordination agents.*””®® The corresponding metal complex
with either xylenol orange or iminodiacetic acid is quantified at
572 to 575 nm or 730 nm, respectively. In a few cases, the Bradford
method can be applied for the quantification of adsorbed
proteins,**’#%°7%" enzymes,”?>'*? and antibodies.*®%*""7

To quantify the adsorption of heavy metal ions onto cryogels
in an indirect manner, ICP-OES,*>**'® inductive coupled plasma-
mass spectrometry (ICP-MS),>”'** inductively coupled plasma-
atomic emission spectroscopy (ICP-AES),'”> atomic absorption
spectroscopy (AAS)'® or striping voltammetry>> are commonly
applied which represent already well-known techniques for the
quantification of metal ions in solution. The amount of adsorbed
metal ions such as sz+,52,103,105 Cu2+’55,56 Ag+’56 Zn2+’52,56
As>* 104106 or6* 104 or ¢d** %% is determined from the difference
between the initial and final concentration of metal ions in the
adsorbing solution.

Alternatively, EDX and XPS allow the direct analysis of
adsorbed metal ions®®® 789919 or gulfur containing drugs®®
on cryogel surfaces on an either qualitative or quantitative basis.

In combination with homogenous colorimetric enzymatic
assays, spectrophotometry also allows for the quantification of
adsorbed LDL-cholesterol.®® At first, cholesterol esters are hydro-
lyzed to free cholesterol and the corresponding fatty acids by
cholesterol esterase enzyme (Fig. 7A). In the presence of oxygen,
cholesterol oxidase enzyme first mediates the reaction of LDL-
cholesterol to 4-cholestenone and hydrogen peroxide (Fig. 7B).
The peroxidase enzyme can use the formed hydrogen peroxide
for the reaction with N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-
dimethoxyaniline sodium salt (DAOS) and 4-aminoantipyrine to
form a colored quinonimine (Fig. 7C). The amount of quinoni-
mine is direct proportional to the amount of LDL-cholesterol and
is quantified spectrophotometrically.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Schematic representation of the determination of LDL-cholesterol by a homogenous colorimetric enzymatic assay.l°” Cholesterol esters are
hydrolyzed into free cholesterol and fatty acids by cholesterol esterase enzyme (A). Free cholesterol reacts with oxygen to 4-cholesten-3-one and
hydrogen peroxide catalyzed by cholesterol oxidase (B). The formed hydrogen peroxide creates a colored pigment upon reaction with 4-
aminoantipyrine and N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline sodium salt) (DAOS) which is quantified by spectrophotometry (C).

Additionally, HPLC allows to monitor the adsorption and
release of lysozyme or to determine the amount of adsorbed
cholesterol on cryogels indirectly by calculating the initial and
final concentration in solution.®™"%®

Gravimetric analysis allows the evaluation of the sorption of
oils and organic solvents into hydrophobic cryogels.®* Herein,
the adsorption capacity is calculated from the cryogel mass
after adsorption divided by the initial mass in the dried state
before and after the adsorption.

Spectroscopic methods such as FTIR and fluorescence
spectroscopy allow both qualitative and quantitative investiga-
tions of the adsorption or release of substances from cryogels.
FTIR spectroscopy can indicate the coordination of metal ions
with binding ligands on cryogel surfaces by the shift of signals
to lower frequencies and the decrease of the signal
intensities.>®>°%7071:99:100.105 51 the other hand, fluorescence
spectroscopy enables the quantification of loading and release
of fluorescent dyes from cryogels in an indirect manner.'®® The
loading and distribution of dyes within cryogels can be observed
by confocal laser scanning microscopy on a qualitative basis."’

This journal is © The Royal Society of Chemistry 2024

The ELISA assay allows for the indirect quantification of the
loading of signaling proteins, which is equal to the difference
between the initial and final protein concentration in solution."*
Antibodies are used to label the proteins. Attached proteins are
labeled by, for example, the subsequent attachment of streptavidin-
conjugated horseradish peroxidase. The amounts of antibodies and
thus, proteins in solution are determined using spectrophotometry
by a colorimetric reaction catalyzed by horseradish-peroxidase. Herein,
tetramethylbenzidine is transformed into 3,3',5,5'-tetramethyl{1,1'-
bi(cyclohexylidene)]-2,2’,5,5 -tetraene-4,4’-diimine (Fig. 8).

Peroxidase

SOV

H,0, 2H,0

HN
®
NH

Fig. 8 Schematic representation of the peroxidase catalyzed reaction of
tetramethylbenzidine to 3,3’,5,5'-tetramethyl-[1,1'-bi(cyclohexylidene)]-
2,2',5,5'-tetraene-4,4’-diimine.
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Flow cytometry enables the quantification of virus elution
from cryogels. Monolayers of HEK cells are treated with virus
elution supernatants followed by measuring the percentage of
green fluorescent protein (GFP) expression after 72 hours.™!*

By the use of confocal laser scanning microscopy, the
adsorption of proteins bearing fluorescence labels such as a
fluorescein isothiocyanate or tetramethylrhodamine isothiocya-
nate can be qualitatively assessed.''* Lastly, the amount of
adsorbed Cu(u) ions can be qualitatively evaluated by PEI probing
which is described as the formation of a blue Cu-PEI complex.®

In summary, the quantification of adsorbed species is most
commonly realized by the use of indirect, non-destructive
analytical methods such as spectrophotometry, ICP, AAS, strip-
ping voltammetry, HPLC, gravimetry, fluorescence spectro-
scopy or ELISA assays. The quantification is based on the
difference of either the ligand concentration or the masses of
dried cryogels before and after the functionalization. Alterna-
tively, EDX, XPS, FTIR, CLSM or PEI probing represent methods
for the direct, non-destructive evaluation of cryogel functiona-
lization in a quantitative or qualitative manner, respectively.

2.4 Methods for the evaluation of bacterial and cell culture

Aforementioned we described different analytical characterization
techniques necessary to confirm the successful cryogel character-
ization (Sections 2.1 and 2.2). Additionally, analytical methods
were highlighted in order to proof the further applicability based
on the functionalization (Section 2.3). Furthermore, it is also
important to demonstrate the successful functionalization based
on the biological properties which is described in this section.

For the quantification of the cellular proliferation and the
viability, a variety of colorimetric assays exist such as the AlamarBlue
assay,®>"*7'?° the PrestoBlue assay,"”"'** the MTT assay,”>*>'3712¢
the MTS assay,>**'*"""*° or the WST-8 assay.®"”* All of these assays
enable the evaluation of the cell proliferation and viability by
measuring the metabolic activity using different chemical transfor-
mations. Herein, a substrate is subjected to the cells leading to the
formation of a colored product which is detected and quantified by
fluorescence spectroscopy. In case of the AlamarBlue assay®>'"*™'"
and the PrestoBlue assay,'*""'*” the substrate resazurin is reduced to
resorufin (Fig. 9).

The MTT assay, MTS assay and WST-8 assay rely on the
reduction of various tetrazolium dyes such as 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS) or (2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)}-2H-tetrazolium) (WST-8) to the corres-
ponding formazan (Fig. 10).

For the qualitative assessment of bacterial and cellular
immobilization on cryogels, a variety of different microscopy

?,
N N
BN N

HO O o HO O o

Fig. 9 Schematic representation of the underlying reaction of the Alamar/
PrestoBlue assay. Resazurin is reduced by viable cells to resorufin.
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Fig. 10 Schematic representation of the underlying chemical reactions of
the colorimetric assays which utilize the reduction of tetrazolium dyes
such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS) or (2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) (WST-8) to the
corresponding formazan.

methods can be applied. This enables the observation of
bacterial or cellular morphologies and their distribution among
the sample. Most commonly, confocal laser scanning micro-
Scopy47,59761,63,95,111,1137115,117,121,123,127,1307132 or ﬂuorescence
microscopy are applied which require the staining of
bacteria or cells and the gel matrix with fluorescent dyes prior
to the actual investigation. In the following Table 1 the most
commonly used dyes for staining cellular cytoplasm or nuclei
are summarized. Labeling of the gel matrix can be achieved by
the use of polymerizable fluorescent monomers such as rho-
damine acrylate,””®® or rhodamine-NHS modified methacry-
lated hyaluronic acid,*® the functionalization of cryogels prior
to the culture with peptides bearing fluorescence labels such as
dansyl or pyrene®>®® or rhodamine NHS,""* or the labeling of
the gel surface after the culture with red fluorescent polystyrene
microspheres (Fluospheres™),'3%132

Bright-field microscopy or optical microscopy can be applied
by the use of cresyl violet staining®®®*'*” or methylene blue
staining,®” respectively. In contrast, scanning electron micro-
scopy allows for the visualization of bacterial and cellular
morphologies within the cryogel matrix without the need of a
fluorescence label.*7-¢ 111131

63,74

3. Functional cryogels based on
synthetic polymers

In recent years, there has been an increase in the use of
synthetic polymers for the preparation of functional cryogels.
In comparison with biopolymers, synthetic polymers exhibit
favorable features such as their low cost and availability, as well
as the possibility to tailor precisely their chemical structure.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Overview about different dyes applied for the morphological observation of bacteria and cells via confocal laser scanning microscopy

Cell type Cytoplasm staining

Nuclei

staining  Gel fluorescence Ref.

Mameliella CS4, Marinobacter CS1
NIR680 and DAPI

PC-12 rat pheochromacytoma cells, NIH 3T3

mouse embryonic fibroblasts

Human skin fibroblasts, human umbilical

vein endothelial cells

L929 fibroblasts

Human tonsil-derived mesenchymal stem

cells, human umbilical vein endothelial cells

Murine breast cancer cells (NIH/4T1, CRL-2539)

Primary chondrocytes

Celltracker Deepred

Porcine chondrocytes
phalloidin
Human dermal fibroblasts

Breast cancer cells (MCF-7) Phalloidin
Murine B16F10-OVA cells Phalloidin
Peripheral blood mononuclear cells Calcein-AM
PC-12 rat pheochromacytoma cells, DAPI

SH-SY5Y human neuroblastoma cells
3T3 mouse embryonic fibroblasts cells
Human aortic endothelial cells

Individual staining with
Celltracker Green CMFDA

Phalloidin CruzFluor™ 647

AlexaFluor488 phalloidin

AlexaFluor488 phalloidin
AlexaFluor488 phalloidin

AlexaFluor488 rhodamine

AlexaFluor660 phalloidin

AlexaFluor488-phalloidin
AlexaFluor647-phalloidin

Rhodamine acrylate as comonomer 47

DAPI Peptide containing gel with dansyl labeling 59
DAPI Peptide containing gel with dansyl or pyrene 60
labeling
DAPI Rhodamine acrylate as comonomer 63
DAPI — 113
DAPI Rhodamine -NHS prior to cell culture 114
DAPI Rhodamine-NHS coupling to amine-HA-MA 115
monomer
DAPI — 121
DAPI — 111
DAPI — 131
DAPI — 123
Fluospheres™ gel surface labeling after 132
culture
Autofluorescence 127
DAPI — 133
DAPI — 120

Fig. 11 Schematic representation of the preparation of functionalized cryogels based on synthetic polymers using either free radical cross-linking
polymerization of functional monomers (A) or via modification with small molecules, biomolecules and biopolymers (B).

This allows to obtain materials with well-defined properties. In
the following section, the preparation of functionalized cryo-
gels based on synthetic polymers and the proof of their func-
tionalization will be discussed. Herein, recently emerging
functional monomers for the preparation of cryogels by
free radical cross-linking polymerization will be examined
(Fig. 11A). Additionally, the subsequent modification of syn-
thetic polymer based cryogels with functional small molecules,
biomolecules and biopolymers (Fig. 11B) is also described.

3.1 Functional monomers

Within the last decade, a variety of functional monomers
emerged as summarized in Table 2. This includes vinyl

This journal is © The Royal Society of Chemistry 2024

aromatic monomers such as vinylimidazole (VIm),>*%%%7:%8

4~vinylpyridine (VP),’*'*® 4-vinylphenylboronic acid (VPBA),**
and m-acrylamidophenylboronic acid (AAPBA)** as well as
(4-vinyl-benzyl)-N-methyl-p-glucamine (VBMG),'®* zwitter-ionic
monomers such as sulfobetaine methacrylate (SBMA)°"> or
acrylamidopropyltrimethyl ammonium chloride (APTMACI),"*®
or sulfonated monomers as sulfopropyl acrylate (SPA)'®® and
sulfopropyl methacrylate (SPMA)."*® Furthermore, dimethylsulfo-
niopropionate-hydroxyethyl methacrylate ester (DMSP-HEMA),*
2-aminoethyl methacrylate hydrochloride (AEMA-HCI),”” N-
methacrylamido aspartic acid (Asp-MA),> lauryl acrylate,”
oligo(poly(ethylene glycol)fumarate) (OPF)'*” or 2-(methacryloylox-
y)ethyl trimethylammonium chloride (MAETAC)"*” were also used
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Table 2 Overview about synthetic polymer based cryogels using recently emerging functional monomers
Proof of

Composition functionalization Application Proof of application Ref.
VIm, HEMA, MBAAm EA, FTIR IgG adsorption Spectrophotometry 54

Laccase purification 85
VIm, MBAAm, (PEGDA) FTIR Adggrption of Cu®*, Ni**, Zn**, Co**, Pb**, Spectrophotometry 87

cd

XPS, EDX 88
VP, MAA, DMAAmM, MBAAmM Removal of methylene blue Spectrophotometry 90
p(DMAAM-MABP-VPBA) n/a Dopamine capture and release 94
P(AAM-AAPBA), p(AAm-AATTis), 'H NMR Shape-memory cryogel — 134
MBAAmM
VBMG, HEMA, MBAAmM FTIR Removal of As®" and Cr®* ICP-MS 104
SBMA, TMBEMPA-Br Dye adsorption Spectrophotometry 91
SBMA, HEMA, EGDMA n/a Cancer immunotherapy Spectrophotometry live/dead staining 95
(CLSM)

APTMA-Cl, MBAAm FTIR Removal of As®* AAS 106
SPA, PEGDA FTIR, Raman Controlled dye release (BODIPY, Dil) Fluorescence spectroscopy, CLSM 109
SPMA, VP, MBAAmM FTIR Tissue engineering MTS assay 128
DMSP-HEMA, MBAAm, DMAAmM, ssNMR Scaffold for marine bacterial culture SEM, CLSM 47
ARhoB
AEMA-HCI, HEMA, MBAAm n/a E. coli capture CFU analysis spectrophotometry 97
Asp-MA, HEMA, EGDMA Cu** FTIR, EA OES Adsorption of vit. B12 Spectrophotometry 55
Lauryl acrylate, EGDMA FTIR Sorption of oils and organic solvents Gravimetrical analysis 62

OPF, MAETAC, PEGDA

Neural tissue engineering

MTS assay, microscopy (bright-field,
CLSM)

127

(Fig. 12). The use of these new functional monomers allowed for the
preparation of cryogel materials for the adsorption of heavy metal
ions,? 8819419 proteins,> enzymes,® dyes,”®®' small molecules,”>**
bacterial capture®”®” or biomedical applications.”>**”'*®
Although it appears reasonable to determine the exact
amount of incorporated functional monomer, the success of the
functionalization is most commonly evaluated in a solely qualitative
manner by the use of FTIR, NMR or Raman (Table 2). A few
examples report the use of elemental analysis for the exact determi-
nation of the amount of functional monomer.>**>*>%¢ For
instance, the incorporation of 24.5 mg ¢~ " VIm in p(VIm-HEMA)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cryogels allowed for the adsorption of 21 mg g~ ' IgG whereas
plain p(HEMA) cryogels adsorbed less than 1 mg g~ '.>* Besides
the direct determination of functional monomer content by
elemental analysis, the presence of characteristic signals at
1530 cm ' (ring C-H and C=N vibration) confirmed the
presence of VIm in the cryogel.’” p(VIm) cryogels demonstrated
selective Cu®>" adsorption in comparison with other metal ions
such as Ni**, Zzn**, Co**, Pb*>" and Cd*".*” 131.8 mg g ' Cu*"
ions were adsorbed as determined by spectrophotometry,
which was 2-4 times more compared to the other metal ions.
Only in case of Cu®*, the entire metal ion content was

L]
k= \ X X \l X
N A HN™ ~O
W | o .
N = \*+/ -
N OH QH %ONN\/\/SO:‘]
B(OH), B(OH), N OH
I OH oH
Vim VP VPBA AAPBA VBMG SBMA
o} cr o] o} | cr o}
HL + R\H)J\ AN *L A0 s % /\/NH3+
AN - . z
N N O SO3 K O (0] _
| H ™ ’ To(\/ c
APTMA-CI R=H (SPA)/R=CHj;(SPMA) DMSP-HEMA AEMA-HCI
o
o] OH o) o) o] P cr
OH N
ﬁl\ﬁ ﬁo/%\%;\ L e S \[Hko/\/,,\
Y o]
1
Asp-MA Lauryl acrylate Oligo(poly(ethylene glycol)fumarate) (OPF) MAETAC

Fig. 12 Schematic representation of recently emerging functional monomers used for the preparation of functional synthetic polymer based cryogels.
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completely adsorbed whereas the removal efficiencies for the
other metal ions revealed lower values ranging from approx. 40
to 95%.

With PEGDA as additional cross-linker besides N,N’-
methylenebisacrylamide, Hou et al. reported the simultaneous
separation of oil-water mixtures and the adsorption of Cu®" at
the same time by p(VIm) cryogels which might be advantageous
for the treatment of toxic waste water.*® The cryogel enabled the
separation by preventing the oil layer from penetrating through
the cryogel. The excellent removal of more than 95% of initial Cu®*
ions from different oil-water mixtures containing benzene,
toluene, diesel oil, cyclohexane or ethyl acetate were demonstrated.

Elemental analysis was applied to determine the amount of
Asp-MA as functional ligand in p(Asp-MA-HEMA) cryogels for
the adsorption of vitamin B12.%° The content of Asp-MA in the
cryogel discs was found to be 123.4 pmol g~ *. Additionally, the
presence of bands at 1073 cm™ " (symmetrical C-N stretching)
and 1449 cm™ ' (asymmetrical C-N stretching) confirmed the
successful incorporation of Asp-MA in the cryogel networks.
The subsequent immobilization of Cu®** was found to be
135.2 pmol g~ ' as determined by ICP-OES. The Cu** functiona-
lized p(Asp-MA-HEMA) discs were able to rapidly adsorb approx.
417 mg g~ ' of vitamin B12 within 10 min whereas plain p(Asp-
MA-HEMA) only revealed a B12 adsorption of less than
20 mg g '. No loss in the adsorption capacity after four
adsorption-desorption cycles was observed demonstrating the
excellent reusability of these new types of cryogels. Desorption
of vitamin B12 was achieved by the use of 1 M NaCl. Compared
to other literature examples, this reported system exhibited a
cost-effective and facile way for the adsorption of vitamin B12.

3.2 Functional cryogels via modification of synthetic polymer
based cryogels

Besides the use of functional monomers bearing polymerizable
groups, the subsequent modification of cryogels with plain,
unmodified molecules of interest enables to introduce desired
functionalities and/or properties. In contrary to functional
monomers, they can be directly used without requiring

View Article Online
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chemical modifications, exhibiting a wider applicability to
small functional molecules, biomolecules and biopolymers.

3.2.1 Modification with small functional molecules. The
functionalization of synthetic polymer based cryogels with small
functional molecules such as tris(hydroxymethyl)aminomethane
(Tris),*"*> iminodiacetic acid (IDA),*>°*'% para-amino benzoic
acid (pABA),>® para-amino pyridine (pAPyr),>® nicotinamide,””
para-amino benzenesulfonamide (pABSA)'®* or cibacron blue
F3GA®® is most commonly realized by the direct attachment
towards reactive epoxide groups on cryogel surfaces (Table 3,
Fig. 13). The subsequent incorporation of such functional
molecules as aforementioned allows for the adsorption of
proteins,”®'*" enzymes®*>'%*> or metal ions.>”** The immobi-
lization of metal ions also enables the use for protein capture by
immobilized metal-affinity chromatography (IMAC).>®%%1%°

Typically, allyl glycidyl ether (AGE) or glycidyl methacrylate
(GMA) are used as functional monomers for the preparation of
epoxide containing cryogels. For example, Tris was used as affinity
ligand for the adsorption of lysozyme onto p(AGE-AAm)
cryogels.®®> The amount of immobilized Tris was either deter-
mined based on the epoxide group density or the mass differences
of freeze-dried cryogels before and after the Tris functionalization.
For the determination of the epoxide group density, the cryogels
were treated with aqueous thiosulfate solution for 30 min at 30 °C.
The nucleophilic epoxide ring-opening by the attacking thiosulfate
anion resulted in the formation of a stoichiometric amount of
hydroxide ions which were titrated with 0.1 M HCI for the indirect
quantification of the epoxide groups. The amount of epoxide
groups and thus, the amount of immobilized Tris was found to
be 25 pmol g~ ' allowing for the adsorption of 360 mg g *
lysozyme. Aside from affinity ligands such as tryptophan, pheny-
lalanine or histidine, this has been the highest reported amount of
adsorbed lysozyme.

In recent years, the incorporation of IDA as affinity ligand
for the adsorption of proteins by immobilized metal-affinity
chromatography (IMAC)**'°° or the removal of Cu*" for waste-
water treatment®® has never been quantified. The reaction of
IDA with the cryogel epoxide groups within the last decade was

Table 3 Modification of synthetic polymer based cryogels with small functional molecules via the direct coupling towards reactive epoxide groups on

cryogel surfaces

Coupling Proof of
Composition Modification strategy functionalization Application Proof of application Ref.
AGE, AAm Tris Epoxide  Titrimetric method Lysozyme binding Spectrophotometry 82
HEMA, MBAAmM
AGE, AAm Gravimetrical HPLC 81
MBAAmM analysis
GMA, HEMA IDA, Cu?', Ca*', Fe** FTIR, EDX BSA and PPL Spectrophotometry 99
MBAAmM adsorption (Bradford method)
AGE, AAm MBAAmM IDA, Fe*', zn**, Ni**, FTIR BSA adsorption Spectrophotometry 100
Co**, cu®* (Bradford method)
AGE, PEGDA MBAAm IDA FTIR Cu(u) removal XPS, EDX spectrophotometry 89
GMA, HEMA DPABA/pAPyr, Cu™, FTIR, EA Insulin adsorption Spectrophotometry 56
Ag', Zn* ICP-OES
EGDMA NAA FTIR, EA Heavy metal adsorption ICP-MS 57
AGE, AAm PABSA FTIR Lactoperoxidase Spectrophotometry 102
adsorption (Bradford method)
MBAAmM Cibacron Blue F3GA Adsorption of BSA Spectrophotometry 98

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Schematic representation of the direct functionalization of synthetic polymer based cryogels with amine containing small functional molecules
(A) such as tris(hydroxymethyllaminomethane (Tris), iminodiacetic acid (IDA), para-amino benzoic acid (pABA), para-amino pyridine (pAPyr), para-amino
benzenesulfonamide (pABSA) and nicotinamide (NAA), or cibacron blue F3GA (B) via the direct coupling towards epoxides on cryogel surfaces.

typically confirmed by FTIR by the intensity decrease of the
epoxide bands at 910 and 750 cm ™' (C-O-C), the presence of a
broad band at 3700 to 3200 cm ™' (ring-opening of epoxide
group) or the N-H bending vibration at 1500 cm™'. Among
different metal ions tested by Wan et al for IMAC, Cu>*
exhibited the highest affinity to both porcine pancreatic lipase
(PPL) and bovine serum albumine (BSA), with adsorption
capacities of 150.14 mg g ' and 154.11 mg g~ ', respectively.”
Additionally, Nascimento et al. demonstrated the excellent
reusability of p(AGE-AAm)-IDA-Cu”* cryogels for BSA adsorp-
tion as the adsorption capacity was still above 50 mg g~ after
the fifth adsorption-desorption cycle.'® Desorption of BSA was
realized by the use of 0.2 M imidazole buffer.

For a potential application to remove Cu** from wastewater,
P(AGE) cryogels were functionalized with IDA.*® With increasing
amount of AGE monomer present in the cryogel, the amount of
adsorbed Cu®* increased as well due to the increasing amount of
IDA ligand. The Cu®" adsorption reached its maximum at pH 6
with an amount of 76.49 mg g~ . After five adsorption-desorption
cycles, the adsorption capacity decreased to 57.85 mg g™ * assigned
to an incomplete desorption of Cu®>" by the use of 1 M HCI.

Nicotinamide was utilized as functionalization for the
simultaneous adsorption of 15 different heavy metal ions.>’

4610 | Mater. Horiz., 2024, 11, 4600-4637

Elemental analysis confirmed the successful ligand attachment
of approx. 1710.71 pmol g™ nicotinamide onto p(GMA-HEMA)
cryogels. The presence of bands in the FTIR spectrum at
3367 cm™ ' (amide stretching) or 1617 ecm™' and 1398 cm™*
(aromatic -C—C- stretching) served as additional proof. By the
incorporation of nicotinamide as coordinating ligand, a total
amount of 687 mg heavy metal ions was adsorbed whereas
unmodified p(GMA-HEMA) cryogels were only able to adsorb
387 mg. After five adsorption-desorption cycles in which 1 M
NacCl was utilized for metal desorption no significant reduction
of the adsorption capacities was observed.

Besides the direct coupling of small functional molecules
by the reaction of amines with epoxide groups, a spacer or
small molecule can react with the epoxides first introducing a
different surface functionality (Table 4 and Fig. 14, 15). This
enables the use of a wider range of different molecules and
modification strategies as this technique is not only limited to
amine containing functional molecules.

By the use of a diamine spacer, such as ethylenediamine, the
resulting amino-group bearing cryogel can be further modified
with protein-affinity ligands such as aniline using glutaralde-
hyde (Fig. 14A) or directly coupled to carboxylic acid containing
drugs such as enrofloxacin by EDC/NHS chemistry (Fig. 14B).

This journal is © The Royal Society of Chemistry 2024
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Table 4 Modification of synthetic polymer based, epoxide-containing cryogels with small functional molecules by the use of different coupling

strategies
Proof of

Composition Modification Coupling strategy functionalization = Application Proof of application Ref.
AGE, AAm, Aniline Amination of epoxides, FTIR Adsorption of BSA Spectrophotometry 101
MBAAmM GA (Bradford method)

Enrofloxacin Amination of epoxides, Habeeb assay Biopanning of phages Monoclonal phage ELISA 75

EDC/NHS ELISA
Ethynyl ferrocene Click chemistry FTIR, EDX ICP Redox-active cryogels  Cyclic voltammetry, 53
differential pulse voltammetry
Ethynyl pyrene FTIR Hg>" sensor Fluorescence measurements 137
PCAPBA FTIR, EA Capture of E. coli Spectrophotometry 58
and S. epidermidis
A
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Fig. 14 Schematic representation of the functionalization of synthetic polymer based cryogels with small functional molecules via coupling towards
epoxides using an amine spacer either in combination with glutaraldehyde (GA) for the attachment of aniline (glutaraldehyde method (A)) or with EDC/

NHS for the direct coupling of enrofloxacin (B).

E_<? »

NaN3

OH

N3

F‘e
= OH
Nx
cu* N
o
Fe
=7

PCAPBA
ci*

poly(NiPAAm-co-GMA)@N3 o

Cu*

N3
MM‘%”“ PCAPBA &w}“
M“’?J\r‘r Cu* N"\‘,‘ffi

Fig. 15 Schematic representation of the functionalization of synthetic polymer based cryogels with small functional molecules via click-chemistry upon
the attachment of clickable azide (A) and (B) or alkyne moieties (C).
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An obvious advantage of the inclusion of spacer molecules
might be the reduction of steric effects for the latter attachment
of the molecule of interest which should theoretically result in a
higher coupling efficiency, in particular when using large
molecules such as biopolymers for the modification."*® In case
of the aniline functionalization, no quantification of ligand
functionalization was carried out which could easily have been
performed for instance by the use of the Kjeldahl method.

Zhang et al. described the preparation of enrofloxacin
functionalized p(AGE-AAm) cryogels for phage biopanning.”
After attachment of ethylenediamine, the amount of amino
groups on the cryogel was qualitatively evaluated by the use of
the Habeeb assay (TNBS assay). Unfortunately, the subsequent
functionalization of the amine-modified cryogel with the drug
using EDC/NHS chemistry was only qualitatively assessed indir-
ectly by the use of an ELISA assay. The drug-coupled cryogel was
herein treated with rabbit anti-enrofloxacin polyclonal antibody,
followed by anti-rabbit/horseradish peroxidase IgG for antibody
labeling. The assay is further based on the peroxidase catalyzed
transformation of a substrate such as tetramethylbenzidine in
the presence of hydrogen peroxide into a colored compound,
3,3/,5,5'-tetramethyl-[1,1'-bi(cyclohexylidene)]-2,2',5,5 -tetraene-
4,4'-diimine, which can be detected by spectroscopy (Fig. 8,
Section 2.3).

Click chemistry represents an alternative strategy for the
attachment of alkyne-carrying small functional ligands onto
epoxide cryogels upon nucleophilic ring-opening with sodium
azide. For instance, ethynyl ferrocene was covalently attached
onto azide-modified p(AAm-AGE) cryogels in order to prepare
redox-active materials (Fig. 15A).>° So far, ferrocene functiona-
lization has only been realized by physical entrapment within
cryogels rather than covalent attachment. FTIR confirmed the
successful modifications by the presence of the azide band
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(2100 cm ™) and its disappearance after the click reaction with
ethynyl ferrocene. The presence of 0.5 g Fe/100 g dry cryogel
was determined by ICP after acidic cryogel digestion which was
in accordance with EDX. EDX confirmed the homogenous
distribution of Fe as well as the absence of entrapped copper
from the click reaction. Cyclic voltammetry and differential
pulse voltammetry indicated a well-defined quasi-reversible
redox couple for the ferrocene functionalized gels, comparable
to plain ferrocene. The electroactivity was retained even after
500 cycles demonstrating its long-term stability. In contrast, no
electroactivity was observed in case of epoxide-containing or
azide-modified cryogel precursors. The attachment of ethynyl-
pyrene onto azide modified p(AGE-AAm) cryogels allowed for
the preparation of Hg>* sensing materials, although the func-
tionalization was only qualitatively evaluated by FTIR."*’

The attachment of 3-(prop3-ynyloxycarbonylamino)-phenyl-
boronic acid (PCAPBA) for bacteria capture was quantified by
elemental analysis according to the boron content.>® 0.0031 mol g~
PCABA were attached via Cu(i) catalzyed azide-alkyne cycloaddition
onto azide modified p(AGE-AAm) cryogels (Fig. 15B). In order to
achieve a higher amount of functionalization, propargylamine
treated p(AGE-AAm) cryogels were modified with an azide-tagged
polymer, p(NiPAAm-co-GMA)@N; by click chemistry, prior to
the functionalization with PCAPBA which was found to be
0.057 mmol g~ " (Fig. 15C). The disappearance of the epoxide
bands (875 cm ™' and 910 cm ') together with the presence of
azide (2037 cm™ "), alkyne (2100 to 2140 cm™ ') or phenyl
hydrogen signals (785 cm ™" and 1065 cm™ ') in the FTIR spectra
served as additional proof for the chemical transformations.
The incorporation of PCAPBA enabled the adsorption of
S. epidermidis and E. coli as Gram-positive and Gram-negative
model bacteria (Fig. 16). The number of adsorbed bacteria
significantly increased compared to the corresponding azide

Fig. 16 SEM images of multiple boronic acid ligands containing cryogels with bound E. coli (A) and (B) and S. epidermidis (C) and (D) on. The scale bars
are 10 pmin (A) and (C) and 1 pm in (B) and (D). Reproduced under terms of the CC-BY license with permission.>® Copyright 2022, The Authors, published

by the American Chemical Society.
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Table 5 Overview about of alternative coupling strategies for the subsequent modification of synthetic polymer based cryogels with small functional

molecules
Proof of Proof of
Composition Modification Coupling strategy functionalization Application application Ref.
AllAm, MAAm, AA, MBAAm Me-NCS Reaction with amine groups FTIR Removal of Pb** ICP-OES 103
Acrylonitrile, AA, MBAAm  Hydroxylamine = Amidoximation Adsorption of Pb**  FTIR, XPS, 105
EDX ICP-AES
MA-Tyr-OMe, HEMA, 1-Naphthyl-amin Azo coupling Lysozyme capture Spectrophotometry 86
MBAAmM
AAm, MBAAmM bPEI Hofmann rearrangement, FTIR, ssNMR Removal of remazol 92
GA black B
FuMaMA or PEG-FuMaM4; Biotin-SH Thiol-maleimide click FTIR Adsorption of Fluorescence 112
PEGMeMA, PEGDMA reaction TRITC-streptavidin ~ microscopy

precursors and also correlated with the functionalization
amount of PCABA. In comparison with other separation mate-
rials utilizing nanoparticles, cryogels enable bacterial adsorp-
tion in a more convenient chromatographic mode. Similar
binding capacities were obtained after three adsorption-
desorption cycles in which bacterial desorption was realized
with 0.5 M fructose in PBS buffer.

Besides the direct functionalization of epoxides, a variety of
further chemical reactions can be used to introduce desired
functionalities which are summarized in Table 5.

Small functional molecules can be attached by direct reactions
of amine-containing cryogels (Fig. 17A),'” amidoximation
(Fig. 17B)," azo coupling (Fig. 17C),*® Hofmann rearrangement
followed by GA treatment (Fig. 17D)** and via thiol-maleimide
click reaction (Fig. 17E),""*> which allowed for the adsorption of
metal ions, %*1%>%9 enzymes,®® proteins,'*? or dyes.’> Unfortu-
nately, the functionalization was only qualitatively evaluated,
mostly by FTIR.

The modification of p(AllAm-MAAm-AA) cryogels with methyl
isothiocyanate enabled the adsorption of 164.41 mg g~ ' Pb**

A
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Fig. 17 Schematic representation of alternative coupling strategies for the preparation of synthetic polymer based cryogels containing small functional
molecules. Reaction of amine cryogel surfaces with methyl isothiocyanate (A). Amidoximation of cryogels containing nitrile groups with hydroxylamine
(B). Azo coupling of naphthalene diazonium chloride towards methyl tyrosine containing cryogels (C). Hofmann reaction of pAAm cryogels followed by
the attachment of bPEI by glutaraldehyde (GA) (D). Thiol-maleimide click reaction for the introduction of biotin—thiol after retro-Diels Alder reaction (E).
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ions superior to literature known systems such as biomaterial
based adsorbents, composite materials or activated carbon
(Fig. 17A)."* Simultaneous adsorption experiments of a mixture
of metal ions (As®*, Cd*", Cr®, Hg*", Pb**) revealed a high
selectivity for the adsorption of lead ions with removal efficien-
cies for the different metal ions (6.1%, 9.5%, 13.4%, 56.7% and
83.5%y respectively).

The use of hydroxylamine as functionalizing ligand could
even further increase the adsorption of Pb>" as reported by Chen
et al. which resulted in a removal efficiency of 99.8% and an
adsorption capacity of 650 mg g~ after 7 adsorption-desorption
cycles (Fig. 17B)."*> Desorption of Pb** ions from the cryogels was
realized by the use of 1 M HCI. FTIR demonstrated the successful
modification by a reduction of the C=N stretching vibration
(2240 em ™) together with an increase of the signal at 1654 cm ™,
dedicated to the C=N stretching vibration. A new band appeared
at 933 cm ™' assigned as the N-O stretching vibration.

1-Naphthylamin as hydrophobic ligand was attached to
p(HEMA-MATyr-OMe) cryogels via diazotation (Fig. 17C).%° Spe-
cific bands in the IR spectra at 1750 cm ™' (aromatic substitu-
tion pattern) or at 1400 cm ' (skeletal C=C stretching
vibration) confirmed the successful ligand functionalization.
This enabled a 19.6 increase of the adsorption of lysozyme
(105.8 mg g, spectrophotometrically determined) in comparison
with unfunctionalized p(HEMA-MATyr-OMe) cryogels. Among
other examples in literature, this system exhibited the second
highest amount of adsorbed lysozyme, besides an earlier work
from the same group utilizing naphthylamine functionalized
p(HEMA-MAHis) cryogels.'*® After 30 successive adsorption-
desorption cycles, the adsorption capacity decreased only by
3% demonstrating the excellent reusability of the functionalized
cryogels. Desorption of lysozyme was carried out by the use of
0.05 M of phosphate buffer (pH 7.0).

The successful modification of p(AAm) cryogels with PEI by
Hofmann rearrangement and GA treatment was confirmed by
FTIR and “’C solid-state NMR (ssNMR) (Fig. 17D).°> The
appearance of new signals at 2953 cm™ " and 2863 cm ™' (C-H
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stretching) as well as at 1560 cm ™' (N-H bending) confirmed
the successful ligand coupling. This was in accordance with
ssNMR which revealed the presence of new signals at 142.646
ppm and 156.601 ppm belonging to the imine groups. The
cryogel exhibited a high adsorption capacity for Remazol black
of 201 mg g~ " as determined by spectrophotometry after 6 h
with high removal rates of 98.42% whereas unmodified p(AAm)
cryogels only exhibited dye removal capacities of 68%. In this
regard, these materials were superior to most of the commonly
used Remazol black adsorbents based on activated carbon or
nanoparticles.

In summary, small functional molecules are most commonly
attached onto synthetic polymer based cryogels bearing epoxide
groups in a direct manner or subsequently to the attachment of a
diamine spacer or clickable group. The density of epoxide groups
can be determined by a titrimetric method. The successful ligand
attachment can be quantified by gravimetry, elemental analysis
or ICP upon acidic digestion. Alternative functionalization stra-
tegies are represented by the reaction with methyl isothiocyanate,
hydroximation, azo coupling or thiol-maleimide click reactions.
In these cases, the successful modification was only qualitatively
assessed by the use of FTIR and ssNMR.

3.2.2 Modification with biomolecules (sugars, amino acids,
peptides). Small biomolecules like sugar units or amino acids are
most commonly attached to epoxide containing cryogel surfaces for
the adsorption of proteins,®*”® enzymes’””® or steroids.'”® Besides
this, alternative methods rely on the use of click reactions,"*> EDC/
NHS coupling®>""" or the attachment of functional ligands via host-
guest interactions (Table 6, Fig. 18 and 19).>*%

Functional monomers like GMA or AGE are used to prepare
epoxide-bearing cryogel surfaces to exploit their high reactivity
towards subsequent modifications of the prepared cryogels. Besides
the direct coupling with nucleophiles like B-cyclodextrin'®®
(Fig. 18B), diamine spacers such as 1,6-hexanediamine”’”° or
ethylenediamine® can react with the epoxide groups before the
ligand is covalently attached by reductive amination using glutar-
aldehyde (Fig. 18C). The formation of spacer arms enables the

Table 6 Overview about subsequent modification strategies of synthetic polymer based cryogels with biomolecules

Coupling Proof of
Composition Modification strategy functionalization =~ Application Proof of application Ref.
Sugars FuMaMA or Mannose-SH Thiol-maleimide FTIR Adsorption of FITC-Con A Fluorescence 112
PEGFuMaMA click reaction microscopy
PEGMeMA, PEGDMA
GMA, HEMA MBAAm B-CD Epoxide Cholesterol removal HPLC 108
AGE, AAm, MBAAm  GlcNAc Amination of Spectrophotometry Lectin capture Spectrophotometry 64
epoxides, GA (DNS method), FTIR (Bradford method)
Amino Trp Kjeldahl method,  Lysozyme adsorption Spectrophotometry 77
acids Trp, Phe FTIR Protein binding Spectrophotometry 78
Phe Lysozyme adsorption (Bradford method) 79
AAm, MMA, MBAAm Ac-Cys-OH EDC/NHS EDX, FTIR Regnoval of zn**, cd**,  Stripping voltammetry 52
Pb*"*
Peptides Acryloyl-CD HEMA,  Ada-Ahx-GGRGD, Host-guest Fluorescence Cell culture scaffold MTS assay, microscopy 59
PEGDA Ada-Ahx-GGGHK, interaction spectroscopy (bright-field, CLSM)
(CuS0,, PEI) CLSM, EDX, PEI Synthetic ECM model 60
probing
PEGDA PLL PAA graft, EDC/ CLSM GFP lentivirus delivery SEM, CLSM, live/dead 111

NHS
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Flow cytometry
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Fig. 18 Schematic representation of various strategies for the functionalization of synthetic polymer based cryogels with sugars and amino acids. Thiol—
maleimide click reaction for the introduction of mannose-thiol after retro-Diels Alder (retro-DA) reaction (A). Direct coupling of nucleophiles such as
cyclodextrin (CD) to epoxide cryogel surfaces (B), coupling of nucleophiles using the glutaraldehyde method via spacer formation (C) and EDC/NHS

coupling (D).

reduction of potential steric hindrance effects with the polymeric
backbone.'*®

Apart from the qualitative evaluation of sugar functionalization
by FTIR, da Silva et al. quantified the amount of immobilized
N-acetyl glucosamine on p(AGE-AAm) cryogels spectrophoto-
metrically by the use of the dinitrosalicylic acid method.**
160.39 mg g~ of N-acetyl glucosamine were attached which was
the highest ever reported amount so far also enabling to adsorb
7.79 mg g~ " lectin from a barley derived raw protein extract.

The functionalization of p(AGE-AAm) cryogels with nitrogen-
containing ligands such as amino acids (Trp, Phe) can easily be
quantified by the use of the Kjeldahl method.””””® Such modified
cryogels were applied for the isolation of enzymes”””® or proteins”®

This journal is © The Royal Society of Chemistry 2024

by hydrophobic interaction chromatography. The functionalization
of 380.51 mg g ' tryptophan (Trp) enabled the adsorption of
58.03 mg g ' lysozyme,”” superior to previous systems based on
p(HEMA-MATrp)'*! and p(HEMA-MAPhe)."*> Using a slightly higher
initial ligand concentration for the functionalization, 458.65 mg g™ *
Phe were immobilized onto p(AGE-AAm) cryogels.”® In this recent
work, spectrophotometry was utilized to determine the density of
cryogel epoxide groups. By the use of excess CuSO, solution, the gels
were saturated with Cu®>" ions which were eluted by complexa-
tion with EDTA. The amount of the eluted Cu*>*-EDTA complex
was found to be 369.17 umol g~ ', as determined spectrophoto-
metrically at 730 nm. The authors claimed that this amount is
equimolar to the amount of epoxide groups. The higher amount
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Fig. 19 Schematic representation of various strategies for the functionalization of synthetic polymer based cryogels with peptides. Functionalization of
B-CD containing cryogels via host—guest interaction with adamantyl-coupled peptide sequences (A). Introduction of acid groups by photo-induced graft

polymerization followed by p(-L-lysine) attachment (B).

of immobilized ligand resulted also in a higher amount of
adsorbed lysozyme (67.65 mg g~ ).

Both functionalizing ligands (Trp, Phe) were compared for
the adsorption of ora-pro-nobis proteins.”® The amounts of immo-
bilized Trp and Phe were found to be lower as reported earlier,
with about 128.01 mg g~ ' and 165.85 mg g ', respectively.
Although no explanation was given on such low ligand functio-
nalizations, it might be assumed that this was due to the reduced
amount of initial ligand concentration which was 5 mg mL™"
instead of 8.225 mg mL™" for Trp or 10 mg mL™" for Phe as
previously reported. The disappearance of the epoxide band
(1242 em™"),”” together with the presence of the aromatic C—C
stretching vibrations (1510 to 1542 cm™*),”® and the carboxylic
acid bands (1396 cm ™' and 1716 cm™ ') in the FTIR spectra
also confirmed the successful ligand attachment.”®”® The
appearance of the band at 756 cm™ " which is characteristic
for Trp (pyrrole ring torsion vibration) served also as
indication.”” Phe functionalization enabled a higher protein
adsorption with 92.53 mg g ' compared to Trp containing
cryogels which exhibited a maximum adsorption capacity of
62.76 mg g~ .

EDC/NHS coupling was used to attach N-acetylated cysteine
as coordinating ligand for the removal of heavy metal ions
(Fig. 18D).>> The amount of immobilized ligand was deter-
mined by EDX considering sulfur stoichiometry which was
found to be 180.88 umol g~ '. This functionalization signifi-
cantly increased the adsorption of heavy metals onto p(AAm-
MMA) cryogels, with adsorption rates of 98.33% (Zn"), 90.74%

4616 | Mater. Horiz.,, 2024, 11, 4600-4637

(Cd*") and 96.19% (Pb**) whereas unmodified p(AAm-MMA)
cryogels removed less than 1% of each ion.

For the introduction of peptides like RGD or GHK, host-
guest interactions between adamantane and f-cyclodextrin can
be exploited.>>®® Thus, cyclodextrin containing cryogels were
prepared using acryloyl B-CD as functional monomer followed
by the reaction with adamantane functionalized RGD and GHK
peptide sequences (Fig. 19A). Saturation of the CD groups on
the cryogels with toluidine blue O followed by elution with
methanol enabled their indirect quantification by spectro-
photometry as the amount eluted dye would be equimolar to
the number of CD groups. Fluorescence analysis revealed the
successful peptide functionalization due to a three to five
increase in the fluorescence signal which remained stable for
30 days. Both peptide sequences were found to increase the
proliferation of 3T3 and PC-12 cells individually but the highest
increases (four times each) were observed for a dual peptide
functionalization of RGD and GHK present in the same cryogel
(Fig. 20). CLSM images of cross-sectioned peptide functiona-
lized cryogel samples revealed an even distribution of peptides
into deep areas of the gel slices.®® With additional Cu** binding
towards the GHK motif (1.92 wt% for 0.18 mg mL " GHK and
3.79 wt% for 0.36 mg mL~ ' GHK), human umbilical vein
endothelial cells revealed different cellular morphologies and
were more elongated (Fig. 21). These gels demonstrated a
significant upregulation of cytokines (MCP-1, IL6, IL8) as well
as grow factors (VEGF, GF-2) indicating the stimulation of
angiogenetic cell differentiation for the first time.

This journal is © The Royal Society of Chemistry 2024
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Fig. 20 Microscopic visualization of 3T3 and PC-12 cells in peptide-
functionalized cryogels at day 3. CLSM of 3T3 cells (A) and PC-12 cells
(B). Bright-field microscopy of PC-12 cells (C). Arrows indicate some
PC-12 cells with distinct morphological changes. The matrices were
stained with Celltracker Green CMFDA and DAPI (CLSM) or cresyl violet
(bright-field microscopy). Reproduced with permission.>® Copyright 2019,
American Chemical Society.

RGD/GHK-Cu

%y

Fig. 21 Representative CLSM images of HUVECs grown in peptide-
functionalized pHEMA-B-CD cryogels at 48 h post-seeding (A). Cells were
stained with phalloidin CruzFluor™ 647 conjugate for F-actin (red) and
DAPI for nuclei (blue). Representative bright-field microscopy images of
HUVECs stained with cresyl violet at 48 h post-seeding in peptide free
(Ctr) and (RGD/GHK-Cu)-functionalized pHEMA-B-CD cryogels (B).
Reproduced with permission.®® Copyright 2020, Elsevier B.V.
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3.2.3 Modification with biopolymers. For the functionali-
zation of cryogel surfaces with biopolymers, epoxide function-
alities are commonly used as reactive binding sites (Table 7).
Typically, glycidyl methacrylate (GMA) or epoxy hexene (EH)
serve as functional monomers for the introduction of reactive
epoxide groups on cryogel surfaces. As for the functionalization
with small molecules, biopolymers can either be attached
directly to epoxide bearing cryogels (Fig. 22A) or via amination
followed by treatment with glutaraldehyde which acts as a
spacer and connects the amine groups with the biopolymer
(Fig. 22B).

The covalent immobilization of biopolymers such as horse-
radish peroxidase, L-asparaginase, lysozyme, anti-transferrin or
concanavalin A is most commonly indirectly quantified by
spectrophotometry.*®>%%%¢7:%° The presence of protein charac-
teristic bands in the IR or Raman spectra for amide I (1700 to
1600 cm™ ", CO stretching), amide II (1510 to 1580 cm ™', C-N
stretching, NH vibration) or amide III (1250 to 1350 cm™ '), or
additional sulfur peaks in the EDX spectra®®° further confirm
the successful biopolymer modification.

Horseradish peroxidase (HRP) immobilization onto p(GMA-
HEMA) cryogels enabled the development of materials for dye
degradation.®® Prior to the functionalization, the amount of
cryogel epoxide was determined by the use of the pyridine-HCl
method which was found to be 1.73 mmol g~ . The immobili-
zation of 87.6 mg HRP per gram cryogel enabled an increased
enzymatic stability among a wider range of pH values and
temperature range and also revealed excellent long-term stabi-
lity due to the preservation of 78% of its initial activity after
eight weeks. The immobilized enzyme was able to degrade
98.5% of the dye Direct Blue-6 after 2 h, whereas in case of
the free enzyme only 78.3% were degraded.

Similarly, Noma et al. investigated the stability of L-asparaginase
immobilized onto p(GMA-HEMA).*® 68.8% of the initially used
enzyme was attached as determined by spectrophotometry. The
immobilized enzyme revealed an improved stability in different
media and at temperatures up to 70 °C in comparison with the free
enzyme. After four weeks at 25 °C, 54% of the activity of the
immobilized enzyme were still remaining whereas the activity of
the free enzyme was found to be 28% by this time. Reusability
investigations revealed 52% remaining activity of the immobilized
enzyme after ten cycles. Gunay et al. reported the covalent
immobilization of 43.56 mg g~ lysozyme onto p(EH-HEMA)
cryogels for the first time while also studying the enzymatic
stability and reusability of the system.®” The cryogel was able to
preserve 87% of the enzymatic activity after storage for 30 days
at 4 °C. Optical microscopy revealed the antimicrobial activity
of the immobilized lysozyme towards methylene blue stained
bacteria (Micrococcus lysodeikticus) which lost their integrity
resulting in a color decrease. These examples show that
immobilization is significantly improving the enzymatic activ-
ity whilst also preserving its stability to harsher conditions
such as high or low pH values or high temperatures. The
excellent reusability and longtime storage was demonstrated
which makes these systems very promising for biotechno-
logical applications.
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Table 7 Modification of synthetic polymer based cryogels with biopolymers via coupling towards reactive epoxide groups on cryogel surfaces

Coupling

Composition Modification strategy Proof of functionalization Application Proof of application Ref.
GMA, HEMA, Horseradish Epoxide Pyridine-HC] method Dye degradation Spectrophotometry 66
MBAAmM peroxidase Spectrophotometry (Bradford (Direct Blue-6) GC-MS

method), FTIR

L-ASNase Spectrophotometry (Bradford Enzyme stability Enzyme activity assay 49

method) EDX, FTIR studies
EH, HEMA, Lysozyme Spectrophotometry Bacterial removal Optical microscopy 67
MBAAmM (methylene blue staining)
GMA, HEMA, Anti-transferrin Spectrophotometry (Bradford Purification of hsTf  Spectrophotometry 69
EGDMA method) FTIR, Raman (Bradford method)
GMA EGDMA, ConA Amination of  Spectrophotometry Adsorption of Spectrophotometry 50
MBAAmM epoxides, GA  EDX, FTIR amyloglucosidase
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Fig. 22 Schematic representation of functionalization strategies of synthetic polymer based cryogels with biopolymers e.g. enzymes and antibodies via
direct coupling to epoxide surfaces (A) or using the glutaraldehyde method after amination of cryogel epoxide groups (B).

P(GMA-HEMA) cryogels were also modified with anti-transferin
antibody for the adsorption of human serum transferrin (hsTf).*’
The immobilization of 3.18 mg g~ anti-transferin enabled the
adsorption of 9.82 mg g~ hsTf after 60 min at pH 6 whereas the
unspecific adsorption towards unmodified cryogels was negligibly
low at all tested pH values. 80% of the adsorption capacity was still
remaining after ten adsorption-desorption cycles, with desorption
efficiencies of >88% after each cycle using glycine HCl as
desorbing agent. Isolated hsTf from artificial plasma was obtained
with 84% purity, as confirmed by FPLC and SDS-PAGE, and 82%
yield after a contact time of only 7 min.

Recently, Con A was covalently attached onto p(GMA-HEMA)
cryogels upon amination followed by glutaraldehyde treatment for
the adsorption of amyloglucosidase (Fig. 22B).>® The amount of
immobilized Con A was found to be 53.22 mg g " as determined
by spectrophotometry. The successful incorporation was further
confirmed by the presence of sulfur peaks in the EDX spectrum
and the presence of the characteristic amide I (1660 cm™ ") and
amide II (1530 cm™ ') bands in the IR spectrum. Spectrophotome-
try revealed the maximum amount of adsorbed amyloglucosidase
as 30.5 mg ¢ ' at pH 5 and an initial enzyme concentration of
0.7 mg mL ™", 98.8% of the adsorbed enzyme were recovered by
desorptive treatment with methyl a-p-mannopyranoside with 90%
of its initial activity remaining. After 30 consecutive adsorption—
desorption cycles, ConA-cryogel still retained 89% of its initial

4618 | Mater. Horiz., 2024, 11, 4600-4637

adsorption capacity which demonstrated the excellent reusability
of this system.

Alternative strategies for the functionalization of synthetic
polymer based cryogels with biopolymers such as horseradish
peroxidase,®® fibronectin,®* heparin,®® alginate,”> RGD’*> or
pectinase®® include the use of EDC/NHS coupling (Fig. 23A
and B),”"®® the activation of hydroxy groups using cyanogen
bromide (CNBr) (Fig. 23C)*>”? or by amino-yne click reaction
(Fig. 23D) (Table 8).

For example, p(AAm) cryogels were functionalized with
peroxidase by EDC/NHS coupling in order to remove phenolic
compounds (Fig. 23A).°" 127.30 mg g~ ' peroxidase were immo-
bilized as determined by spectrophotometry at 280 nm which
was further confirmed by the presence of characteristic enzyme
signals in the IR spectrum (1650 cm ', amide I, CO stretching;
1550 to 1530 cm ™', amide II, N-H bending and C-N stretching),
together with the presence of sulfur and iron peaks in the EDX
spectrum. The immobilization helped to preserve the enzymatic
activity after high temperature treatment e.g. by maintaining
58% of the initial activity after 5 h at 55 °C. After ten successive
tests at 25 °C, the immobilized enzyme demonstrated 68% of its
initial activity which is superior to the reported loss of 50%
activity after the fifth reuse of peroxidase immobilized chito-
saN-Holloysite hybrid nanotubes by Zhai et al.'*> Among five
tested model phenolics (guiaiacol, phenol, pyrogallol, bisphenol

This journal is © The Royal Society of Chemistry 2024
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Fig. 23 Schematic representation of alternative functionalization strate-
gies of synthetic polymer based cryogels with biopolymers e.g. enzymes,
proteins and polysaccharides via EDC coupling (A) and (B), cyanogen
bromide activation (C) of cryogel hydroxy groups or using amino-yne
click reaction (D).

Y

Y
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A, catechol) the engineered cryogel revealed excellent phenol
removal capacities with 79.66%, 96.32%, 64.94%, 75.8% and
70.98%, respectively.

An alternative strategy for the covalent immobilization of
biopolymers utilizes cyanogen bromide as activation agent of
p(HEMA) cryogels designed to remove low-density lipoprotein-
cholesterol (LDL-C) from hypercholesterolemic human plasma
(Fig. 23C).%® The amount of immobilized heparin determined
by spectrophotometry correlated with increasing incubation
time and initial heparin concentration and was found to be
35.42 mg ¢~ ' using optimized conditions. Non-covalent immo-
bilization was negligible with an amount of 0.94 mg g~* when
using non-activated p(HEMA) cryogels. Heparin modification
enabled the adsorption of 26.7 mg g ' LDL-C from human
plasma whereas only 1.67 mg g~ were adsorbed onto unmo-
dified p(HEMA) cryogels. No significant losses of the adsorp-
tion capacity and desorption ratio were observed after ten
adsorption-desorption cycles when using 0.04 M citric acid
and 0.02 M dibasic sodium phosphate as desorbing agent.
Compared to immunoaffinity chromatography utilizing expen-
sive antibody functionalization, or molecular imprinting, which
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might be limited when using biomacromolecules due to their
structure, size and conformational stability, the reported cryo-
gel system demonstrated its superiority.

Amino-yne click reaction enabled the covalent immobiliza-
tion of propiolic acid-modified pectinase onto PEI cryogels with
high immobilization efficiencies of 88% to 90% as determined
by the Bradford assay (Fig. 23D).%® Presence of the character-
istic band for triple bonds at 2327 cm ™" confirmed the success-
ful pectinase modification. Cryogel immobilization enabled
improved enzymatic stability at higher temperatures and a
wider range of pH values by preserving its maximum activity
at pH 6.5 and 55 °C. The storage stability was also improved, as
the immobilized enzyme still retained 71% of its activity after
60 days which was almost double the amount compared to the
free enzyme after the same time.

In brief, biopolymers are most commonly attached to syn-
thetic polymer based cryogels bearing epoxide groups directly
or via amination followed by glutaraldehyde treatment and
reductive amination. Alternative synthetic strategies include
EDC/NHS coupling, cyanogen bromide activation or amino-
yne click reactions. For all modification methods, spectropho-
tometry typically enables the quantification of the cryogel
functionalization.

4. Functional cryogels based on
biopolymers

In comparison with synthetic polymers, biopolymers offer a
wide range of advantages such as their excellent biocompat-
ibility, high bioactivity and low toxicity. In particular for biolo-
gical applications, biopolymers are highly favorable since they
are commonly part of natural extracellular matrices and exhibit
cell-adhesive domains. The preparation of functional biopoly-
mer based cryogels can be realized using modified functional
biopolymers for radical cross-linking polymerization (Fig. 24A),
by cross-linking of functional biopolymers (Fig. 24B) or via the
subsequent modification of biopolymer networks with func-
tional biopolymers (Fig. 24C) (Tables 9 and 10).

The chemical modification of biopolymers such as
kefiran,''® hyaluronic acid,'**'***® chondroitin sulfate,"*®
dextran,''®'® glycol chitosan,"”* gelatin”*''®331%> or ¢-poly-
1-lysine'** by the incorporation of polymerizable units enables

Table 8 Overview about of alternative coupling strategies for the subsequent modification of synthetic polymer based cryogels with biopolymers

Proof of
Composition Modification Coupling strategy functionalization Application Proof of application Ref.
AAm, MBAAm Horseradish EDC/NHS Spectrophotometry ~ Removal of phenolic  Spectrophotometry 51
peroxidase EDX, FTIR compounds
AES, MAG DMAAm, Fibronectin-FITC EDC/NHS Fluorescence 3D cell culture of CLSM, fluorescence 63
MBAAm ARhoB spectroscopy L929 cells microscopy
HEMA, MBAAmM Heparin CNBr activation Spectrophotometry  Cholesterol removal ~Homogenous enzymatic 65
FTIR colorimetric assay
HEMA, MBAAm or (i) Alginate (i) Glutar-aldehyde  FTIR Bioartificial liver Live/dead assay, MTT 72
PEGDA (ii) RGD (ii) CNBr activation  Spectrophotometry assay
PEI, PEGDGE Propiolate pectinase ~Amino-yne click Bradford assay Enzyme stability Enzyme activity assay 68
reaction studies
This journal is © The Royal Society of Chemistry 2024 Mater. Horiz., 2024, 11, 4600-4637 | 4619
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Fig. 24 Schematic representation of different strategies for the preparation of functional biopolymer based cryogels. Functionalities of interest (red
stars) are incorporated by cross-linking polymerization of macromonomeric precursors bearing functional groups (A), cross-linking of functional
biopolymers (B) or the subsequent modification of biopolymer based cryogels with functional biopolymers (C).

Table 9 Overview about the preparation of biopolymer based cryogels by functional polymerizable macromonomers (Fig. 24A)

Special features/proof of

Composition Biopolymer functionalization Application Proof of application Ref.
KefMA Methacrylated kefiran Biocompatible, elastic, Tissue engineering  Alamar blue assay 116
robust
GelMA, GelUPY Modified gelatin Degradable, shape recovery Osteochondral WST-8 assay fluorescence 74
regeneration microscopy
HA-MA Methacrylated hyaluronic acid Shape-memory Gene delivery for CLSM, RT-PCR, histological 144
tissue engineering  and immunochemical analysis
GelMA, HA-MA  Methacrylated gelatin, methacrylated Mechanically robust, Tissue engineering  Fixable dead cell assay 133
hyaluronic acid cell-responsive, injectable
GelMA + Methacrylated gelatin, methacrylated Supporting formation of Cartilage tissue Live/dead staining 145
HA-MA/CS-MA  hyaluronic acid or chondroitin cartilage tissue engineering
sulfate
GelMA, Dex-MA Methacrylated gelatin, methacrylated Shape recovery, compres-  Tissue regeneration AlamarBlue assay 118
dextran sion resistant
Dex-MA/HA-MA Methacrylated dextran or hyaluronic Prepared by electron-beam Tissue regeneration Live/dead staining 146
acid assisted cross-linking
EPL-A, GCMA  Methacrylated glycol chitosan, — Antibacterial wound Histological imaging, 124

acrylated p(e-r-lysine)

a facile/simplified preparation of cryogels. The macromono-
meric precursors can subsequently be polymerized via free
radical cross-linking polymerization at sub-zero temperatures.
Typically, methacrylic anhydride or glycidyl methacrylate are
utilized for biopolymer modification (Fig. 25).

4620 | Mater. Horiz., 2024, 11, 4600-4637

dressing MTT assay

In a few cases, the degree of methacrylation is determined by
'"H NMR,"**!** by the use of an internal standard,"'®''® or
using the Habeeb assay.”* Unfortunately, the successful incor-
poration of the functional precursors into the cryogel was not
evaluated.

This journal is © The Royal Society of Chemistry 2024
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Table 10 Overview about the preparation of biopolymer based cryogels by cross-linking of functional biopolymers (Fig. 24B) or via subsequent

modification of biopolymer based cryogels (Fig. 24C)

Biopolymer/ Special features/proof of
Composition functionalization functionalization Application Proof of application Ref.
HA, EGDGE Hyaluronic acid Systemic study Tissue engineering n/a 147
GELox, HAa, Gelatin-oxyamine, Artificial tumor Macrophage culture CLSM, live/dead staining 130 and 132
0ox-PHSRN-RGDSP  hyaluronan-aldehyde micro-environment
HA-Tz, HA-Nb Hyaluronic acid modified Biodegradable, Vaccine delivery, Micro BCA, OliGreen Assay, 148 and 149
with tetrazine (Tz) and immune-responsive neutrophil regeneration flow cytometry
norbornene (Nb)
Carboxymethyl Laminin, collagen 1V, Fluorescence spectroscopy Neural transplantation Alamar blue assay, live/dead 117
cellulose fibronectin staining, CLSM
Albumin-MA Collagen I, fibronectin FTIR, immunofluorescence 3D cell culture and Live/dead staining, WST-8 61
microscopy drug screening assay, SEM
j\( derivatives, namely methacrylated gelatin (GelMA) and 2-ureido-
NH. HN . . qe . . .
’ \[ﬁ‘i i[f 4[1H}-6-methyl-pyrimidinone functionalized gelatin (GelUPY) to
(&) . . .
. create materials for osteochondral regeneration (Fig. 26).”*
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Fig. 25 Schematic representation of the synthesis of modified biopoly-
mers for the preparation of functional biopolymer based cryogels. The
chemical structures are presented as proposed by the respective authors,
except for dextran.

Radhouani et al. reported recently the preparation of cryogels
based on methacrylated kefiran for tissue engineering applica-
tions for the first time."'® Culture experiments with 1929 cells
revealed no significant cytotoxicity of the kefiran cryogel accord-
ing to the AlamarBlue assay. Thus, it was demonstrated, that the
modification of kefiran by the attachment of the methacryloyl
group didn’t change the biocompatibility of the material.

Another recent example for the preparation of functional
biopolymer based cryogels via cross-linking polymerization is
given by Wu et al who utilized different modified gelatin

This journal is © The Royal Society of Chemistry 2024

The prepared GelMA/GelUPY gels were able to recover their
shape after compression and exhibited an enhanced toughness
in comparison to sole GelMA gels, due to additional non-
covalent cross-linking through hydrogen bond formation of
the UPY moieties. No significant cytotoxic effects towards
SW1353 cells were observed according to the WST-8 assay.
The successful cellular migration into the gel was confirmed
by fluorescence microscopy after Hoechst staining of the
nuclei. In vivo experiments revealed the capability of the gels
for tissue regeneration in rabbit knees.

Cryogels consisting of methacrylated dextran and methacry-
lated hyaluronic acid were prepared the first time using electron-
beam initiated cross-linking which up until this point had not
been applied for the initiator and cross-linker free preparation of
polysaccharide cryogels."*® Stable materials were obtained after
short reaction times (10 min) with pore sizes in the range of 70 um
in average as observed by SEM. The excellent cytocompatibility was
demonstrated by live/dead staining in combination with CLSM
upon seeding 3T3 mouse fibroblast cells.

Functionalized biopolymer-based cryogels can also be
obtained by the cross-linking of functional biopolymers at tem-
peratures below the freezing point of the reaction solvent, so
called cryo-cross-linking. These cryogels can be applied for the
controlled delivery of bioactive compounds** or vaccines,'* as
tissue engineering scaffolds'*”"**® or as materials for macrophage
culture.®>"*? For the investigation of the local elastic and viscous
gel properties which directly influence cellular adhesion, mor-
phology, migration and proliferation, multiple particle tracking
based optical microrheology represents a helpful tool recently
reported by Oelschlaeger et al.'*” Herein, the movement of green
fluorescent polystyrene microspheres through hyaluronic acid
based cryogels was tracked, which were either injected into the
gel or included in the initial gel preparing solution before
freezing. The promising results of this study strongly suggest
these cryogels as potential tissue engineering materials. Cross-
linking of modified biopolymers by click chemistry represents an
interesting synthetic strategy in the preparation of functionalized
cryogels. The utilization of oxime click chemistry enabled the
preparation of gelatin-hyaluronic acid based cryogels as model

Mater. Horiz., 2024, 11, 4600-4637 | 4621
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Fig. 27 Schematic representation of the preparation of the functional biopolymer based building blocks GELox (oxyamine modified gelatin, A), HAa
(hyaluronan-aldehyde, B) and ox-PHRSN-RGDSP (oxyamine-functionalized peptide sequence, C) for cryogel preparation by oxime-click chemistry.

materials for the investigation of tumor-associated macrophage
invasion.'*® As precursors, gelatin-oxyamine (GELox), hyaluronan-
aldehyde (HAa) and an oxyamin-modified, fibronectin derived
peptide sequence (0oxHSRN-RGPSP) for enhanced cellular adhesion
were utilized (Fig. 27 and 28). Biopolymer modification with
clickable groups was evaluated by "H NMR using an internal
standard, DOSY NMR and ESI-MS. Pore size distributions became
narrower and were shifted to lower pore sizes when increasing the
HAa content in the gel formulations. A significantly higher num-
ber of CD14" macrophages in deeper gel regions was observed
in case of cryogels with the least HAa content. Incorporation of ox-

4622 | Mater. Horiz., 2024, 11, 4600-4637

PHSRN-RGDSP revealed a significant increase in the cellular
invasion from 13.0 £ 9.2 pm to 27.1 £+ 8.7 pm. Unlike commonly
applied Matrigel or collagen I based scaffolds, the cryogel system
contains the two most abundant components of natural tumor
microenvironments and exhibits excellent tunability. Accordingly,
it represents a promising candidate to fill the gap for the targeting
of macrophage infiltration and polarization. In a more recent
study, the same cryogel system was used to model the invasion
of tumor-associated macrophages in Hodgkin lymphoma and
for the targeted screening of potentially anti-invasive drugs for
the very first time.’*> Among 25 drugs tested, marimastat,

This journal is © The Royal Society of Chemistry 2024
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Fig. 28 Schematic representation of the preparation of gelatin-HA oxime-cross-linked cryogels (GELox-HAa) with oxime immobilized peptide for primary
macrophage invasion studies (A). Cryogels are formed via oxime chemistry by mixing gelatin-oxyamine (GELox), hyaluronan-aldehyde (HAa), and oxyamine-
maodified fibronectin-derived peptide, ox-PHSRN-RGDSP, together and freeze-thawing in a sucrose solution (B). Macrophage invasion is studied over five days as a
function of HAa content, adhesive peptide content, and polarization (C). Reproduced and adapted with permission.° Copyright 2021, Wiley-VCH GmbH.

batimastat, AS1517499, PD-169316 and ruxolitinib significantly
reduced macrophage invasion. Additionally, a platform for the
rapid and high-content evaluation of dose response invasion
assays was created which enabled high reproducibility and also
demonstrated the scalability of the assay.

Biodegradable, injectable cryogels have recently been pre-
pared by click chemistry utilizing norbornene and triazine
modified hyaluronic acid precursors, for neutrophil regenera-
tion (Fig. 29)."**'*® Functionalization of the carboxylic acid groups
with benzylamino tetrazine or norbornene methylamine was rea-
lized by the use of EDC/NHS. The interconnectedness of the cryogel
pores was demonstrated by CLSM after incubation with FITC
labelled melamine resin particles which remained unchanged even

This journal is © The Royal Society of Chemistry 2024

after the injection. 1 pg of Cy5 labelled granulocyte colony stimulat-
ing factor (GCSF) was encapsulated into the cryogels."*® IVIS
fluorescence microscopy revealed a sustained release of GCSF from
implanted cryogels into mice tissue of 20% after 12 days which
enabled a higher peripheral blood neutrophil concentration. The
simultaneous delivery of ovalbumin, granulocyte macrophage-
colony stimulating factor and CpG-ODN 1826 from this cryogel
system for the treatment of murine cancer enabled a significant
reduction of the tumor growth rate with increased survival times."*°

Another method for the preparation of functionalized cryo-
gels based on biopolymers utilizes the subsequent modification
of cryogels with biopolymers (Fig. 24C). The attachment of
ECM-like proteins such as laminin, collagen IV and fibronectin

Mater. Horiz., 2024, 1, 4600-4637 | 4623
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Fig. 29 Schematic representation of the preparation of hyaluronic acid based precursors with norbornene and partial Cy5 modification (A) and tetrazine

functionalization (B).

onto carboxymethylcellulose based cryogels using EDC enabled
their use as carrier materials for the transplantation of neural
cells which might represent a new perspective regarding the
treatment of Parkinson’s disease.'’” The coupling efficiency at
various pH values was determined by fluorescence spectroscopy
upon protein labelling with rhodamine B isothiocyanate fol-
lowed by the dissolution of the gel network with 1 M NaOH. At
PH 4 the amount of bound collagen IV, fibronectin and laminin
was approx. 0.74 pg per gel, 1.79 nug per gel and 1.89 pg per gel as
determined by the authors, respectively. In contrary to unfunc-
tionalized cryogels as well as gels containing fibronectin and
collagen IV, the highest number of LUHMES neurites was
observed in case of laminin functionalization in the absence of
cell aggregates. Laminin-functionalized cryogels loaded with
human embryonic stem cells which were injected into the
striatum of immunosuppressed mice were still intact after one
month and indicated the ability to preserve the cellular integrity.

Very recently, methacryloyl albumine based cryogels were
functionalized with collagen I and/or fibronectin using EDC as
artificial liver model for the 3D cultivation of HepG2 cells and
screening of drugs.®’ The degree of methacrylation was deter-
mined by the Habeeb assay which was found to be 93%. Immuno-
fluorescence microscopy visualized the homogenous distribution

4624 | Mater. Horiz., 2024, 11, 4600-4637

of collagen I and fibronectin on the cryogel surfaces upon staining
with DyLight488 or DyLight594, respectively. An increase of the
signals belonging to amide I (stretching vibration of C=O,
1648 cm '), amide II (stretching vibration of N-H, 1529 cm ™)
and amide III (1229 cm™ ") in combination with the presence of a
new broad band at 3118 to 3490 cm™ " (stretching frequency of NH,
groups) further confirmed the successful modification. Protein
modification increased the density of HepG2 cells and their migra-
tion into the cryogels as well as the upregulation of hepatocyte
specific genes, most significantly in case of the dual-protein functio-
nalization. This indicates the advantage and suitability of a dual
functionalization strategy for a better liver ECM mimicking.

In conclusion, functional biopolymer based cryogels are
most commonly prepared by the use of polymerizable macro-
monomeric precursors. Although the degree of modification is
typically determined by NMR or the Habeeb assay, the success-
ful incorporation of the precursors into the cryogel polymeric
network is not evaluated. Cryo-cross-linking represents another
preparation approach which utilizes tetrazine-norbornene or
oxyamine click chemistry. The attachment of the clickable
groups can be confirmed by NMR or ESI-MS. Nevertheless, no
evaluation of the successful incorporation was carried out by
now. A third approach is based on the subsequent modification

This journal is © The Royal Society of Chemistry 2024
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of biopolymer based cryogels with ECM-like proteins utilizing
EDC chemistry. Fluorescence spectroscopy enables the determi-
nation of the coupling efficiency. The recent development of
multiple particle tracking microrheology enabled the determi-
nation of local elastic and viscous properties of hyaluronic acid
based cryogels. Due to the impact on the cellular adhesion,
morphology, migration and proliferation, their determination is of
tremendous importance with regard to potential biological applica-
tions. With respect to new fabrication techniques, the development
of electron-beam initiated cross-linking enabled an initiator and
cross-linker free formulation with short reaction times.

5. Functional cryogels based on hybrid
systems of modified biopolymers and
synthetic polymers

5.1 Functional polymerizable building blocks based on
synthetic polymers and modified biopolymers

Contrary to synthetic polymer based cryogels typically used
as adsorbent materials, hybrid cryogels comprised of synthetic

View Article Online
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polymers and modified biopolymers can be used in a variety of
biomedical applications due to their excellent biocompatibility
induced by the modified biopolymers (Tables 11 and 12). The
combined use of biopolymers with synthetic polymers enables
sufficient mechanical properties, in comparison with sole biopo-
lymer based systems. The modification of biopolymers such as
hyaluronic acid,'3~1>11912512615L,152 chondroitin sulfate, > '!1%?
dextran,129‘153’154 chitosan,122 gelatin,111'123’125'126’131’151
heparin,'*° alginate,”>'*>*** cyclodextrin®® or poly(y-glutamic
acid)'®® includes the attachment of a polymerizable group prior
to radical polymerization. This is typically realized by the
reaction with methacrylic anhydride,"*"'?%123125,126, 131,151 gy
cidyl methactylate,113’115’119‘121'122'129’151’152'156 2-aminoethyl
methacrylate hydrochloride, 3-aminopropyl) meth-
acrylamide,"*® acryloyl chloride®® or p-vinylbenzyl chloride®®
(Fig. 25 and 30).

Additionally, HEMA-lactate-dextran was prepared by the
attachment of imidazoyl carbamate modified HEMA-lactate
(Fig. 31)."°*'>* The successful modification can be confirmed by
'H NMR.' Incorporation within cryogels can be evaluated
by FTIR due to the presence of signals at 1760 cm ™" (v,(C=0)),

93,120,155
» s N'(

Table 11 Overview about cryogels containing polysaccharides based on both, biopolymers and synthetic polymers using functional polymers/

macromonomers
Composition Biopolymer Application Proof of application Ref.
HA-MA, DMAAmM Methacrylated hyaluronic Potential biomedical Rheological measurements, 152

acid applications compression tests
HA-MA, PEGDA Cell transplantation CLSM, live/dead staining, 113
Acrylate-PEG-G4RGDSP, Breast tumor model, tissue AlamarBlue assay 114 and 115
HA-MA, (mPEGA) engineering
Acrylate-PEG-YRGDS/ Methacrylated chondroitin Tissue engineering CLSM, PrestoBlue assay 121
YRDGS, CS-MA, PEGDA sulfate
DexMA, PEGDA Methacrylated dextran Drug delivery HPLC, MTS assay 129
HEMA-lactate-dextran, Modified dextran Bone regeneration, controlled Differentiation assays, 153 and 154
MBAAm, (NiPAAm) drug release histological staining, HPLC
C-MA, CS-MA, PEGDA Methacrylated chitosan, Growth factor release for ELISA, live/dead assay, 122

methacrylated chondroitin neovascularization PrestoBlue assay

sulfate
CS-MA or HA-MA, PEGDA Methacrylated chondroitin Cartilage tissue engineering Live/dead assay, AlamarBlue 119

sulfate or hyaluronic acid assay
HA-MA, GelMA, Methacrylated hyaluronic Adipose tissue engineering, Live/dead assay, MTT assay, 125 and 126
4arm-PEG-acrylate acid, methacrylated gelatin nerve regeneration histological evaluation
Alg-MA, 4arm-PEG-acrylate Methacrylated alginate Biomolecule release for stem ELISA 155

cell transplantation

Hep-MA, Alg-MA, Methacrylated heparin, Gene delivery AlamarBlue assay, CLSM 120
acrylate-PEG-RGD methacrylated alginate
Alg-MA sodium Methacrylated alginate Removal of methylene blue Spectrophotometry 93
p-styrenesulfonate
Acryloyl-CD or styrene-CD Modified cyclodextrin Controlled drug delivery Spectrophotometry, EDX 96

HEMA, MBAAmM

Table 12 Overview about cryogels containing polypeptides or proteins based on both, biopolymers and synthetic polymers using functional polymers/

macromonomers
Composition Biopolymer Application Proof of application Ref.
GelMA, PEGDA Methacrylated gelatin Spheroid formation, anti-cancer CLSM, SEM, live/dead 111, 123
drug screening, and gene delivery staining, MTT assay and 131
mPGA, HEMA, PEGDA Methacrylated Bone tissue engineering Live/dead assay 156
poly(y-glutamic acid)
HA-MA or GelMA, Methacrylated hyaluronic Bioadhesive materials Live/dead staining, 151

Dopa-acrylate or
PEG-Dopa-acrylate

acid or gelatin

This journal is © The Royal Society of Chemistry 2024
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Fig. 30 Schematic representation of the synthesis of modified biopolymers for the preparation of hybrid polymer based cryogels. The chemical
structures are presented as proposed by the respective authors or reported elsewhere.

1018 cm™ " (vg(C-OH)). Copolymerization with NiPAAm enabled
the preparation of degradable and thermoresponsive cryogels for
simvastatin delivery."*® In a few cases the degree of modification
(DM) was evaluated by the use of "H NMR which is typically
expressed as the ratio of the double bond proton integrals in
relation to the integral of a reference signal.’®'""*"'>*> Dextran
methacrylation was determined from the ratio of the integrals of
the methacrylic groups (5.67 to 6.09 ppm) divided by the integrals
of the backbone protons of dextran (3.5 to 4 ppm)."*® In the cases
of hyaluronic acid and chondroitin sulfate which both contain N-
acetyl groups, the degree of modification was calculated by the
ratio of the double bond integrals (5.65 to 6.1 ppm) to the
integrals of the methyl group (1.8 to 1.9 ppm),'>!126151,158,159

4626 | Mater. Horiz., 2024, 1, 4600-4637

For the modification of gelatin, the DM is calculated from the
loss of the lysine CH, peak at 2.8 to 2.9 ppm which is in vicinity
to the e-amine group.""'** For the modification of alginate, no
DM determination was carried out although literature examples
report the calculation of the DM based on the integral of the
methylene group located next to the methacrylamido group,®*
or based on the integration of the alginate protons between 3.5
and 4.0 ppm as reference signal,'® respectively. The successful
incorporation of the functional building blocks in the cryogel
network is mostly not evaluated. In a very few cases, FTIR
provides qualitative proof of functionalization with proteins
such as gelatin or poly(y-glutamic acid) by the presence of
characteristic bands at 1650 cm™" or 1550 cm ™' representing

This journal is © The Royal Society of Chemistry 2024
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Fig. 31 Schematic representation of the preparation of HEMA-lactate-dextran. Ring-opening polymerization initiated by HEMA followed by modifica-

tion with carbonyldiimidazole (CDI) prior to the functionalization of dextran.

the amide I bending and amide II bending (N-H) of secondary
and primary amides, respectively.'*>**®

Regarding synthetic polymers, N,N-dimethylacrylamide
(DMAAm),"** poly(ethylene glycol) diacrylate (PEGDA)," ">
122,123,129,131,156  methoxy-poly(ethylene  glycol)  acrylate
(mPEGA)," N,N’-methylenebisacrylamide (MBAAm),’*">*">
N-isopropylacrylamide (NiPAAm),"* 4arm-PEG-acrylate,'>>"2%1%3
sodium p-styrene sulfonate (SPS),”* or 2-hydroxyethyl methacrylate
(HEMA)**'>® are typically used commercially available precursors
(Fig. 32). Polymerizable dopamine derivatives Dopa-acrylate and
Dopa-PEG-acrylate) were synthesized by the modification with
NHS-acrylate or NHS-PEG-acrylate, respectively.’>" The incorpora-
tion of Dopa-acrylate into gelatin or hyaluronic acid based cryogels
improved the adhesive strength towards porcine skin in compar-
ison with the Dopa-free analogues. By the use of Dopa-PEG-acrylate
instead, the adhesion strengths were increased by almost three
times up to 14.7 kPa and 15.5 kPa for hyaluronic acid and
gelatin, respectively, which is expected to be due to minimized
sterical hindrance effects and thus, increased tissue binding by
the presence of the PEG spacer. Adhesion properties were
similar or higher in comparison with commercially available
surgical adhesives.

A new cryogel formulation containing methacrylated dextran
and poly(ethylene glycol) dimethacrylate (PEGDMA) was pre-
pared for potential drug delivery applications."*® The incorpora-
tion of PEGDMA into the polymer network enabled improved
physical and mechanical properties. The excellent cytocompat-
ibility was demonstrated by the cultivation of human adipose
derived stem cells using the MTS assay.

Additionally, the polymerization of peptide sequences such
as G4RGDSP, YRGDS, YRDGS or RGD from modified precursors
is possible by their functionalization with PEG acrylate contain-
ing a terminal active ester unit (Fig. 33). The degree of peptide
conjugation can be determined by "H NMR from the number of
aromatic protons of tyrosine divided by the number of double
bond protons."**

Both the determination of the DM of the modified building
blocks and the evaluation of the successful incorporation into
the cryogel network is rarely reported in literature. In one of the
few examples, cryogels were prepared from acrylated or styrene-
modified a-, B- and y-cyclodextrin (CD) in the presence of HEMA
and MBAAm for controlled drug delivery in wound healing
applications.”® The degree of modification determined by
'H NMR and MALDI-ToF was found to be 3 for the acrylation,

(e} O O (0] (o] (0]
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- o
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Schematic representation of synthetic polymer precursors for the preparation of hybrid cryogels.
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Fig. 33 Schematic representation of the synthesis of acrylate-PEG functionalized peptide sequences.

whereas in the case of styrene-functionalized analogues the DM
varied depending on the type of CD. The presence of character-
istic bands in the IR spectrum confirmed the successful incor-
poration of CD into the cryogels. Compared with sole p(HEMA)
cryogels, a higher loading efficiency of lomefloxacin in the CD
functionalized cryogels was observed as determined by spectro-
photometry. Cryogels prepared with styrene-modified CD
revealed higher loading efficiencies compared to the acrylate
analogues which is most likely to the increased number of n-n
interactions with the drug molecules (Fig. 34A). An increased
drug release was observed in case of cryogels with styrene-
modified CD incorporation due to the formation of hydrogen
bonds in contrary to the acrylate derivatives preventing the drug
release (Fig. 34B and C). Drug release kinetics revealed a burst
release within the first 3 to 5 hours for all the systems and a
continuous release of small doses of drugs in case of cryogels
containing acrylate-CD. The cryogels did not reveal an induction
of cytotoxic effects towards human dermal fibroblasts according
to cell viability determinations based on the MTT assay which
were found to be >90%.

In short, the preparation of cryogels based on a combination
of synthetic polymers and biopolymers most commonly utilizes
polymerizable precursors. In case of the synthetic polymers,
these are typically commercially available whereas in case of
biopolymer precursors the attachment of a polymerizable unit
is required. The degree of modification is typically determined
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by the use of "H NMR. The successful incorporation of the
precursors into the cryogel polymeric structure is unfortunately
only evaluated by the use of FTIR.

5.2 Functional cryogels via modification of hybrid cryogels

For the modification of hybrid cryogels based on synthetic
polymers and biopolymers, the high reactivity of epoxide
groups is most commonly exploited (Table 13). By the use of
AGE as functional monomer, epoxide containing cryogels can
directly be functionalized with affinity ligands such as IDA”"7"
or ortho-phospho-i-tyrosine”® (Fig. 35A). Alternatively, epoxide
groups can be introduced subsequently by the reaction of
cryogel hydroxy groups with 1,4-butanedioldiglycidylether*®
epichlorohydrin (Fig. 35B and C). Furthermore, peptides such
as cyclo(Arg-Gly-Asp-p-Tyr-Lys) can be coupled towards car-
boxylic acid groups on cryogel surfaces using EDC and sul-
foNHS (Fig. 35D).

The functionalization of p(AGE-AAm-alginate) cryogels with
iminodiacetic acid (IDA) enabled the adsorption of bovine
immunoglobulin G (bIgG) by immobilized metal affinity chro-
matography (IMAC) via the complexation of copper and nickel
ions (Fig. 35A).”° The amount of immobilized IDA ligand was
determined by stoichiometric Cu®>" chelation in combination
with spectrophotometry. After saturation, the amount of Cu®*
ions adsorbed by the IDA ligands was determined spectro-
photometrically at 733 nm upon elution with EDTA which were

DRE Lomefloxacin (%)

R\arod
\,?/

9090“99090
o"*‘vs;

6‘» XX

Fig. 34 Drug loading efficiency (DLE) after 24 h of adsorption of HEMA and CD-HEMA cryogels for lomefloxacin (A). Drug release efficiency (DRE) after
24 h in acidic solution (pH = 3, B) and a saline buffer (pH = 7.4, C) of HEMA and CD-HEMA cryogels for lomefloxacin. Reproduced with permission.®®
Copyright 2023, The Royal Society of Chemistry and the Chinese Chemical Society.
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Table 13 Overview about the subsequent modification of cryogels based on both biopolymers and synthetic polymers

Proof of
Composition Modification Coupling strategy functionalization Application Proof of application Ref.
AGE, AAm, MBAAmM IDA, Cu**, Ni**  Epoxide FTIR Adsorption of 1gG Spectrophotometry 70
alginate spectrophotometry (Bradford method)
AGE, AAm, MBAAmM IDA, Cu*', Ni**  Epoxide FTIR Isolation of IgG Spectrophotometry 71
chitosan, GA spectrophotometry  from human serum (Bradford method)
Alginate, AAm MBAAm  Ortho-phospho-  Bisoxirane activation FTIR, EA Purification of IgG ~ Spectrophotometry 48
L-tyrosine (BDDGE) (Bradford method)
AAm, alginate (AGE), Ortho-phospho-  (A) Epoxide or (B) ECH Spectrophotometry  Isolation of IgG Spectrophotometry 73
MBAAmM L-tyrosine activation from human serum (Bradford method)
Heparin/starPEG- Cyclo(Arg-Gly- EDC/sulfo-NHS — Delivery of signaling ELISA 110
COOH starPEG-NH, Asp-p-Tyr-Lys) proteins
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Fig. 35 Schematic representation of the subsequent modification of hybrid cryogels by the direct functionalization of epoxide groups with amines such
as IDA or o-phospho-L-tyrosine (A), or via the modification of hydroxy groups by the introduction of epoxy groups using 1,4-butanedioldiglycidyl ether
(B) or epichlorohydrin (C). Alternative strategies include the attachment of peptides such as cyclo(Arg-Gly-Asp-p-Tyr-Lys) via EDC/sulfoNHS coupling
towards cryogel carboxylic acid groups (D).
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found to be 267.67 umol g~'. The increase of the signal
intensities at 1655 cm ' and 1609 cm™ ' (C=O stretching)
and between 1190 to 1114 cm ™' (C-O stretching vibration), as
well as the presence of signals at 1563 to 1552 cm™ ' (asymme-
trical COO vibration) and at 1401 to 1399 cm™ ' (CH,-N group,
symmetrical COO vibration) confirmed the successful cryogel
modification with IDA.”®”" The Cu®** immobilized cryogel
exhibited 3.7 times higher adsorption capacities of IgG com-
pared to the nickel analogue, with a total of 148.09 mg g~ '. The
adsorption capacities remained unchanged after 20 adsorp-
tion-desorption cycles using imidazole containing buffer solu-
tions as desorbing agent, which demonstrates the excellent
stability and reusability of these systems.

Very recently, the use of a similar cryogel for the isolation of
human IgG from human serum was reported in which alginate
has been replaced by chitosan.”' The functionalization with
472.66 pmol g~' Cu”" ions was found to be very unselective
regarding the adsorption of IgG from human serum due to the
presence of additional lanes in the SDS-PAGE of the eluted
protein fraction. On the other hand, the functionalization with
33.71 umol g~ " Ni** functionalization allowed to recover 55.6%
of IgG with 88.6% purity.

Besides spectrophotometry, elemental analysis was applied
for the determination of ligand functionalization, for instance
ortho-phospho-i-tyrosine (Fig. 35A)."® The amount of immobilized
ligand on p(AAm-Alg) cryogels was found to be 7.43 pmol g *
based on the phosphorous content. The increase of the signal at
1655 cm ™' (amide) and the appearance of a signal 1609 cm™"
(C—==C bond) in the FTIR spectrum confirmed the ligand functio-
nalization. The tyrosine ligand functionalization had no influence
on the purity of adsorbed IgG from buffer solutions as both
modified and unmodified cryogels were able to obtain comparably
pure IgG. Nevertheless, p(AAm-Alg)-Tyr exhibited 13.4 times higher
dynamic adsorption capacities. Additionally, no reduction of the
adsorption capacity was observed after 10 adsorption-desorption
cycles using different adsorption buffers as desorbing agents
containing 1 M NaCl.

P(AAm-Alg) cryogels were functionalized with ortho-phospho-
L-tyrosine by two different approaches for the purification of
immunoglobulin G (IgG) from human serum.” Epoxide contain-
ing p(AAm-Alg-AGE) cryogels were directly functionalized with
ortho-phospho-i-tyrosine (Tyr) (Fig. 35B). Alternatively, epichlor-
ohydrin activation of the alginate hydroxy groups within p(AAm-
Alg) cryogels resulted in the introduction of reactive epoxide
groups (p(AAm-Alg-ECH)) which were then directly modified with
Tyr (Fig. 35C). By the use of spectrophotometry, the tyrosine
ligand density for both types of cryogels was indirectly deter-
mined based on the binding of copper ions towards Tyr assum-
ing the formation of an equimolar complex. The amount of
eluted Cu*" from Tyr functionalized cryogels by EDTA relatively
to the amount of eluted Cu®* from unmodified p(AAm-Alg)
cryogels was quantified at 733 nm. An increased amount of Tyr
ligand immobilization was found in case of the ECH activated
p(AAm-Alg-ECH) cryogels (1070 pmol g~ ') compared to p(AAm-
Alg-AGE) (52.72 pmol g~ ") resulting in a higher swelling ratio
of 27.79 g ¢! H,O which was almost twice the amount for
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P(AAmM-Alg-AGE)-Tyr cryogels. The dynamic adsorption capacity of
IgG was found to be 262.97 mg g~ ! which was 9.2 times higher
compared to the p(AAm-Alg-AGE)-Tyr cryogels and even higher
than the p(AAm-Alg)-bisoxirane-Tyr cryogels reported by Mourao
et al.”® No reduction of the protein adsorption capacities after 20
adsorption-desorption cycles was observed for both cryogel types
using different adsorption buffers containing 0.5 M NaCl as
desorbing agents.

An outstanding modular cryogel platform based on heparin
and starPEG-NH, with additional functionalization by cyclo(Arg-
Gly-Asp-p-Tyr-Lys) for the delivery of signaling proteins was
recently reported (Fig. 36)."'° Human vascular endothelial growth
factor (VEGF), stromal cell-derived factor 1o (SDF-1) and human
neuronal growth factor (NGF) were loaded into the starPEG-
heparin cryogels with high efficiencies of 80% (1600 ng per
scaffold), 90% (400 ng per scaffold) and 98% (700 ng per scaffold),
respectively, which was quantified by ELISA. StarPEG-NH, cryogels
without protein-affinity mediating heparin revealed low loading
efficiencies of VEGF and SDF-1 of 20 and 30%, respectively.

Heparin incorporation also enabled a sustained release of
the signaling proteins in contrary to starPEG-NH, cryogels reveal-
ing a high initial burst release. Unfortunately, the functionaliza-
tion with cyclo(Arg-Gly-Asp-p-Tyr-Lys) by EDC/NHS (Fig. 35D) for
enhanced cellular adhesion was not quantified, even though it
would have been possible by acidic hydrolysis, derivatization of
the cleaved amino acids with ortho-phthalaldehyde and HPLC
analysis.'®'®* Ready-to-use starPEG-heparin cryogels obtained
after protein loading and quick freezing followed by freeze-drying
revealed no significant difference in the release profile of VEGF
after storage for one week at —20 °C compared to freshly loaded
cryogels. NGF provided by freshly loaded cryogels, ready-to-use
cryogels or as supplement in the culture medium enabled a
reduction of the number of rat pheochromocytoma (PC-12) cell
clusters and the formation of larger neurites with an increasing
overall number of neurites (Fig. 37).

6. Conclusions

In cryogel research, a particular attention should be focused to
the actual quantification of the cryogel functionalization. This
does not only help to ensure certain levels of quality and
consistency in cryogel research. It also enables for reproduci-
bility and comparability when using cryogels as adsorbent
materials or in cell biological applications. Furthermore, it
represents an inevitable tool enabling further developments
for the optimization of the amount of functionalization in order

starPEG(-heparin) cryogels
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Fig. 36 Schematic representation of the different components for the
preparation of starPEG(-heparin) cryogels.
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Fig. 37 NGF-induced neuronal differentiation of PC-12 cells cultured in cRGD peptide-functionalized starPEG-heparin cryogels (3.9 mM heparin) for
seven days. NGF was either administered from pre-loaded ready-to-use cryogels, released from freshly loaded cryogels, or supplemented to the cell
culture medium (100 ng mL~?%). Confocal microscopy images (maximum intensity projections) of neuronal differentiation of PC-12 cells in dependence of
the applied NGF administration strategy (blue: cryogel, green: F-actin, and red: nuclei, scale bars: 80 um, A). Quantification of the cell umber and neurite
outgrowth (B). Total number of cells (B1), number of cell clusters (B2), number of neurite branches (B3) and average neurite length derived from the
longest neurite segment of each identified neurite branching structure (B4). Reproduced with permission.’®* Copyright 2021, Elsevier Ltd.

to obtain materials with targeted and desired properties.
Further improvement regarding their injectability, drug deliv-
ery, stimuli responsivity or their ability to replicate new specific
tissue-like environments would be enabled. Suitable modifica-
tion strategies for the preparation of new materials can be
selected based on the success of each of the different methods.
Unfortunately, FTIR is most commonly reported solely as qua-
litative proof without determining the actual amount of
achieved functionalization. In contrast, EDX, XPS and elemental
analysis allow for a direct quantification based on the presence
of heteroatomic elements such as sulfur, boron, nitrogen or
phosphorous. For the indirect determination, spectrophotome-
try is most commonly applied, often coupled with colorimetric
assays such as the Bradford assay, the Habeeb assay or the DNS
assay to determine proteins, amines or reducing sugars, respec-
tively. In the case of nitrogen containing monomers or ligands,
the Kjeldahl method can be applied as suitable quantification
technique. Depending on the polymer source, different applica-
tions are possible. Synthetic polymer based cryogels are com-
monly used for the adsorption of metal ions, proteins or
enzymes due to their favorable mechanical properties. As bio-
polymers exhibit excellent biocompatibilities, their use as pre-
cursor molecules enables applications in tissue engineering and
3D (cell) cultivation. A combination of these two polymer types
extends the applications for the resulting materials to both
adsorption and cell biological purposes as well as drug delivery.

This journal is © The Royal Society of Chemistry 2024

By the additional modification with bioactive molecules such as
peptides or proteins, the typical issue of synthetic polymer
based cryogels possessing low biocompatibilities can be over-
come. Besides the use of (macro-)monomeric precursor mole-
cules, functionalized cryogels can also be obtained by the
subsequent modification with certain binding ligands. Each of
the two strategies has its advantages and disadvantages. On the
one hand, (macro-)monomeric precursors allow for a better
control on the amount of functionalization in the material but
need to contain an attached polymerizable group which
requires certain synthetic steps beforehand. On the other hand,
the subsequent modification of cryogels allows for the use of
plain, unmodified molecules of choice. This can be beneficial
for biomacromolecules in which the modification with a poly-
merizable group is often rather difficult to quantify. Overall,
there is no standard approach for manufacturing and the
synthetic strategy has to be carefully selected in dependence
on the final cryogel and its foreseen application. Recently,
promising studies have shown the potential of cryogels to be
used for the simultaneous adsorption of different metal ions as
well as the simultaneous loading and release of different drugs.
Accordingly, we believe that multifunctional cryogels capable of
releasing various compounds such as drugs from the same
material at the same time will be in the focus of future research.
This would lead to further improvements regarding combi-
nation therapies and advanced treatments of diseases.
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Albumin-MA
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Cyanogen bromide
Concanavalin A

Methacrylated chondroitin sulfate
Computed tomography
N-Ethyl-N-(2-hydroxy-3-sulfopro-
pyl)-3,5-dimethoxyaniline
sodium salt

4632 | Mater. Horiz., 2024, 11, 4600-4637

DAPI
DexMA
DF

Dil

DM
DMAAmM
DMSP-HEMA

DNS
DOSY
DS

E. coli
EA
ECH
ECM
EDC

EDTA
EDX

EGDGE
EGDMA
EH
ELISA

EPL-A
ESI-MS

FITC-ConA

FTIR

FuMaMA
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N,N-Dimethylacrylamide
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Diffusion ordered spectroscopy
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Fourier-transform infrared
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IDA
IgG
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LDL
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MAA
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MALDI-ToF

Mannose-SH
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MMA
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NAA
NGF
NHS
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NMR

OES
OPF
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PAA
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Human embryonic kidney
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High-performance liquid
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Horseradish peroxidase
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Inductive coupled plasma-mass
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Nicotinamide
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Nuclear magnetic resonance
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Rhodamine-NHS
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S. epidermidis
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SDF-1
SDS-PAGE
SEM
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Trp
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phenylboronic acid
Poly(ethylene glycol) diacrylate
Poly(ethylene glycol) dimetha-
crylate

Poly(ethylene glycol) based furan-
protected maleimide-containing
methacrylate

Poly(ethylene glycol) methyl
methacrylate

Polyethyleneimine
t-Phenylalanine

Poly(r-lysine)

Porcine platelet lysate
Retro-Diels Alder reaction
L-Arginyl-glycyl-L-aspartic acid
peptide sequence

5/6-Carboxy tetramethyl rhoda-
mine succinimidyl ester
Rhodamine B isothiocyanate
Real-time quantitative polymerase
chain reaction

Staphylococcus epidermidis
Sulfobetaine methacrylate
Stromal cell-derived factor 1
Sodium dodecyl sulfate-poylacryl-
amide gel electrophoresis
Scanning electron microscopy
Sulfopropyl acrylate

Sulfopropyl methacrylate
Solid-state nuclear magnetic
resonance spectroscopy
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cyclodextrin
N-Hydroxysulfosuccinimide
sodium salt

Toluidine blue O
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VIim N-Vinylimidazole

VP 4-Vinylpyridine

VPBA 4-Vinylphenylboronic acid

WDX Wavelength-dispersive X-ray
spectroscopy

XPS X-ray photoelectron spectro-
scopy

B-CD B-Cyclodextrin
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