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The inherent carbohydrate-binding specificities of human galectins can serve as recognition elements in
both biotechnological and biomedical applications. The combination of the carbohydrate-recognition
domain (CRD) of galectins fused to peptides or proteins for purification, immobilization, and imaging
enables multifunctional utilization within a single protein. We present here a library of color-coded galec-
tin fusion proteins that incorporate a Hisg-tag, a fluorescent protein, and a SpyCatcher or SpyTag unit to
enable immobilization procedures. These galectin fusion proteins exhibit similar binding properties to the
non-fused galectins with micromolar apparent binding affinities. N- and C-terminal fusion partners do
not interfere with the SpyCatcher/SpyTag immobilization. By applying SpyCatcher/SpyTag-mediated SC—
ST-Gal-3 conjugates, we show the stepwise formation of a three-layer ECM-like structure in vitro.
Additionally, we demonstrate the SpyCatcher/SpyTag-mediated immobilization of galectins in microgels,
which can serve as a transport platform for localized targeting applications. The proof of concept is pro-
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Introduction

Galectins are a family of proteins binding to p-galactosyl-con-
taining glycoproteins. The physiological significance of mam-
malian galectins is reflected in their diverse functions at the
cellular level, such as the mediation of extracellular cross-
linking events between cells and proteins or modulating apop-
tosis and inflammation processes by inducing intracellular
cell signalling pathways. In addition to the research into galec-
tin-inhibiting compounds, there is growing biomedical inter-
est in the utilization of the intrinsic carbohydrate-binding pro-
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vided by the galectin-mediated binding of microgels to colorectal cancer cells.

perties of galectins. Galectins have already been used as thera-
peutics for various inflammatory diseases, cancer, and
nephritis."® The biotechnological application of galectin
binding specificities has also been demonstrated in the galec-
tin-mediated assembly of a biomimetic extracellular micro-
environment.! Galectin fusion proteins have been reported
previously for prospective use as diagnostics and therapeutics.
These include galectin chimeras,>* galectin-3 fusion proteins
as in vivo reporters,’ cell-binding reporters® as well as enzyme
carriers.” We have previously shown that galectin fusion pro-
teins may serve as functional tools for glycobiological appli-
cations. These proteins contained several components, includ-
ing a Hise-tag for purification, a SNAP-tag for immobilization,
a fluorescent protein for imaging applications, and either Gal-
3 or Gal-1 CRD for carbohydrate binding. These proteins were
characterized by in vitro binding assays and successfully
applied in flow cytometric cell sorting or the preparation of
Gal-3 affinity columns.®® After expanding our galectin fusion
protein library, further analysis revealed that oligomerization
of the SNAP-tag induced increased apparent binding signals in
in vitro assays.'® This led us to reconsider the immobilization
system for the application in follow-up studies. Beyond SNAP
technology, the SpyCatcher/SpyTag (SC/ST) mechanism is a fre-
quently used immobilization and crosslinking system for
protein moieties."* This system has been engineered by split-
ting a fibronectin-binding protein domain from Streptococcus
pyogenes (S. pyogenes) into a peptide (SpyTag) and a protein

This journal is © The Royal Society of Chemistry 2025
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(SpyCatcher), which spontaneously forms a stable amide bond
between Asp117 and Lys31, respectively. The SC/ST system pro-
vides simple reaction conditions in terms of temperature,
buffer system, and reaction time.'* Later on, various mutated
versions of the SpyCatcher and SpyTag were developed for
accelerated isopeptide formation."*'* The versatility of the SC/
ST immobilization technology has been demonstrated in
various studies, including vaccine research,’>'® protein
purification,"™"” design of artificial protein architectures,®
industrial applications,"® and production of protein-based
hydrogel and biofilm materials.>’">>

The SC/ST technology is a promising tool for selective
covalent immobilization of protein units in microgels.
Microgels are soft polymer networks that are swollen in suit-
able solvents to form colloidal gels ranging from nanometers
to micrometers in size.>® The uptake of proteins and other
guest molecules either to the microgel shell or core is enabled
by the porous structure of microgels.>* Different groups have
previously used selective interactions for the immobilization of
proteins in microgels. The selective eGFP (enhanced green
fluorescent protein) immobilization through sortase A
mediated binding between two peptide sequences was demon-
strated.** Sommerfeld et al. illustrated the SC/ST-mediated syn-
thesis of glycosyltransferase-decorated microgels for glycan
synthesis.>® The biocompatibility of PEG-based microgels is
essential for bio-applications such as the development of new
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ging of toxins.

The glycocalyx and extracellular matrix (ECM) form a
complex network of glycoproteins, proteoglycans, water, and
various macromolecules that enable cell-cell interactions and
maintain structural integrity within different tissues.>"*? In a
diseased state, such as in cancer and chronic inflammation,
glycosylation patterns as well as the ECM microenvironment
are altered, resulting in the development of glycan epitopes for
galectin binding.>® Thus, galectin-functionalized microgels
may be efficiently targeted to the cell surface by exploiting the
B-galactosyl binding capabilities of galectins. In addition,
galectin-directed cross-linking of glycoproteins can be used in
chronic tissue inflammation to artificially reconstruct
damaged extracellular networks.

In this study, we report for the first time the preparation of
a library of color-coded galectin fusion proteins using the
SpyCatcher/SpyTag immobilization system (Scheme 1). We
have confirmed the functionality and characteristics of these
galectin fusion proteins by comparing their binding behaviour
with various glycoproteins through in vitro binding assays. The
versatility of SpyCatcher- and SpyTag-bearing galectin fusion
proteins was illustrated by the layer-by-layer assembly of an
in vitro ECM-like structure We also demonstrate the fabrication
of galectin-functionalized microgels and their binding to the
surface of cancer cells, detected by flow cytometry. The pre-
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Scheme 1 Application of color-coded SpyCatcher and SpyTag galectin fusion proteins. Left: Layer-by-layer assembly of an artificial extracellular
matrix (ECM); right: targeting of galectin-functionalized microgels to glycan-presenting cells (created with BioRender.com); Gal-3, galectin-3.
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sented targeting and transporting galectin-functionalized plat-
forms are new promising tools for biomedical research.

Results and discussion

Production and characterization of SpyCatcher003 and
SpyTag003-carrying galectin fusion proteins

The galectin fusion protein library was generated by cloning
the SpyCatcher protein or SpyTag peptide sequence into the
previously created fusion constructs.®'® To construct the
fusion proteins, we used the mutant versions (SpyCatcher003/
SpyTag003) of the original sequence from S. pyogenes, which
accelerate the formation of the conjugating isopeptide bond.™
The fusion constructs consisted of four protein subunits: a
N-terminal Hise-tag (H) for purification, SpyCatcher003
(SC003) protein/SpyTag003 (ST003) peptide for immobiliz-
ation, the fluorescent protein for imaging, and the galectin
carbohydrate recognition domain (CRD) for ligand binding
(ESI, Scheme S1, for further abbreviations see Table S17}). The
process of heterologous production of SpyCatcher/SpyTag-
galectin fusion proteins is summarized in Tables S2 and S3
(ESIt). The fusion proteins were purified by IMAC, followed by
ASF glycoprotein affinity chromatography as previously
described.'® The resulting protein fractions were analysed by
SDS-PAGE and western blot (ESI, Fig. S1-S87).

SDS-PAGE analysis and western blot confirmed pure
protein fractions (ESI, Fig. S11) which were further used in gly-
coprotein and cell binding assays. First, we compared the
binding characteristics to asialofetuin (ASF) of the
SpyCatcher003/SpyTag003-galectin-3 fusion proteins with
those of the solely Hisstagged Gal-3 (HGal-3) (Fig. 1).
HSC003eYFPGal-3 and HST003eYFPGal-3 displayed similar
binding behaviour to HGal-3. The binding efficiency (BE) was
calculated as a ratio of the maximum binding signal (Bmax)
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and half maximum binding value (Kp) (Table S41).>*** A com-
parable K value was reached in a single-digit micromolar
range for galectin fusion proteins with SpyCatcher003 and
SpyTag003 as well as for Hisetagged Gal-3 only (ESI,
Table S47).

In contrast to our previously reported SNAP-tag galectin
fusion proteins, the SpyCatcher and SpyTag fusions did not
induce aggregation of the galectin fusion proteins with an
apparent higher binding signal (ESI, Fig. S9 and Table $47).%°

To provide a more in-depth analysis of the contribution of
each fusion subunit to the binding to ASF, different
SpyCatcher003 (SC003)- and SpyTag003 (ST003)-Gal-3 fusion
proteins were generated including the complete fusion protein
(HSC003eYFPGal-3, HST003eYFPGal-3), a fusion construct
lacking the fluorescence protein (HSC003Gal-3, HST003Gal-3)
or lacking SpyCatcher003 and SpyTag003 (HeYFPGal-3),
respectively. Fusion proteins without the galectin CRD
(HSC003eYFP, HST003eYFP) served as controls (ESI,
Scheme S1%). Binding assays on ASF displayed a comparable
binding behaviour of SC003-galectin fusion proteins (ESI,
Fig. S10AY). The control protein HSC003eYFP did not bind to
ASF confirming the absence of non-specific binding of the
residual fusion components. These findings were additionally
reflected by the submicromolar Ky values (ESI, Table S5%).
Based on these results, we concluded that the SpyCatcher does
not interfere with the binding of the Gal-3 domain to ASF.
Binding analysis of the corresponding SpyTag003-carrying Gal-
3 fusion proteins revealed similar results (ESI, Fig. S10B and
Table S57).

The binding affinity of individual protein constructs of
SpyCatcher- and SpyTag-galectins to ASF was verified to be
stable over twelve days (ESI, Table S61). We observed binding
affinities in the micromolar range for both HSC003eYFPGal-3
and HST003eYFPGal-3. The binding efficiencies (BE) of
HSC003eYFPGal-3 showed values ranging from 0.3-1.4 uM ™.
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Fig. 1 Binding of Gal-3 fusion constructs to ASF. A: schematic presentation of the in vitro binding assay with immobilized ASF (created with
BioRender.com). B: binding is shown for HSC003eYFPGal-3 (®), HSTO03eYFPGal-3 (m), and HGal-3 (®). Galectin binding was quantified using a per-
oxidase-conjugated anti-Hisg-antibody. The mean signal from three data points was determined by the conversion of colorimetric TMB substrate.

Standard deviations are represented as errors.
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For HST003eYFPGal-3, we observed binding efficiencies
ranging from 0.7-2 uM~'. Remarkably, we observed an
increase in binding efficiency for both proteins from the first
to the second day, namely by a factor of 5 for HSC003eYFPGal-
3 and by a factor of 2 for HST003eYFPGal-3. In the following
days, the binding efficiencies readjusted to values between 0.5
and 1 pM ", These time-dependent fluctuations could be due
to the concentration-dependent tendency of eYFP to form
weak dimers in solution®® or to Gal-3, which can form higher
oligomers.>”*® Despite the occurrence of these fluctuations,
we conclude that the proteins exhibit good stability under the
given storage conditions (4 °C, PBS pH 7.5).

SpyCatcher- and SpyTag-mediated conjugation of galectin-3
fusion proteins

To confirm that the SpyCatcher003-Spytag003 interaction was
preserved in the presence of N- and C-terminal fusion part-
ners, we examined the isopeptide bond formation of
HSC003eYFPGal-3 and HST003eYFPGal-3 with their respective
reaction partners. Strep-SC003-sfGFP and strep-ST003-sfGFP
served as controls. The proteins were purified to homogeneity
by IMAC followed by SEC to ensure consistent band identifi-
cation in the reducing SDS-PAGE gel and to prevent nonspeci-
fic interaction of protein fragments (Fig. 2A). The conjugation
of SpyCatcher003 and SpyTag003 was carried out in PBS buffer
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Fig. 2 SDS-PAGE analysis of galectin fusion protein and sfGFP inter-

action utilizing SpyCatcher003—-SpyTag003 technology. A: Non-inter-
acted individual proteins (1: molecular weight standard 10-180 kDa; 2:
strep-STO03-sfGFP (33.8 kDa); 3: strep-SCO03sfGFP (44 kDa); 4:
HST003eYFPGal-3 (57.5 kDa); 5: HSCO03eYFPGal-3 (67.2 kDa)). B:
[SpyCatcher003:SpyTag003]-conjugates at different molar ratios (1:
molecular weight standard 10-180 kDa; 2: [strep-ST003-
sfGFP : HSC003eYFPGal-3] molar ratio 1:2 (101 kDa); 3: [strep-SC003-
sfGFP : HSTO03eYFPGal-3] molar ratio 1: 2 (101.5 kDa); 4: [strep-ST003-
sfGFP : HSCO003eYFPGal-3] equimolar (101 kDa); 5: [strep-SC003-
sfGFP : HST0O03eYFPGal-3] equimolar (101.5 kDa); 6: [HSC003eYFPGal-
3:HST003eYFPGal-3] = SC-ST-Gal-3 conjugate equimolar (124.7 kDa)).
SpyCatcher003—-SpyTag003 reaction was performed in PBS pH 7.5 for
60 min at 25 °C. SDS-PAGE: 10% reducing gel; 200 V (const.), 75 min;
Coomassie Blue stain.

This journal is © The Royal Society of Chemistry 2025
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at pH 7.5 for 1 h at 25 °C, according to the reaction conditions
described previously.'> We observed the conjugation of
HSCO003eYFPGal-3 and strep-ST003-sfGFP at both equimolar
and 2-fold excess molar ratios (Fig. 2B, lanes 2 and 4, respect-
ively) of galectin fusion protein as a significant band corres-
ponding to the molecular weight of the protein-conjugate
(101 kDa, under denaturing conditions). The conjugation of
HST003eYFPGal-3 and strep-SC003-sfGFP (101.5 kDa; Fig. 2B
lanes 3 and 5, respectively) was also observed. Most impor-
tantly, the interaction of the two galectin-3 fusion proteins
HSCO003eYFPGal-3 and HST003eYFPGal-3 (denoted as SC-
ST-Gal-3 conjugate) was detected as a divalent Gal-3 conjugate
with two Gal-3 CRDs under the given denaturing conditions
(124.7 kDa; Fig. 2B, lane 6). Based on these results, we con-
cluded that SpyCatcher003-SpyTag003 interaction is not
affected by the N-and C-terminal fusion partners. Our findings
are consistent with other studies utilizing the SpyCatcher-
SpyTag interaction for protein-protein conjugation®>'®*81°
and enables to utilize the potential of the SpyCatcher-
SpyTagged galectin fusion proteins in further biomedical
applications.

After demonstrating SpyCatcher-SpyTag-driven assembly of
two Gal-3 fusion proteins into an SC-ST-Gal-3 conjugate, we
examined the binding behaviour of these conjugates in an
in vitro binding assay on ASF (Fig. 3A). The SC-ST-Gal-3 conju-
gate exhibited a higher binding signal at lower protein concen-
trations (Fig. 3B). However, due to the high variability of the
data points, the Kp, value and binding efficiency cannot be pre-
cisely calculated. At equivalent protein concentrations used in
our previous binding experiments (Fig. 1 and Table S47), the
apparent Kp of SC-ST-Gal-3 conjugate is estimated to be
<0.3 M, which is in the range of the analogous SNAP-tag con-
struct (Table S47T). We hypothesized that instead of having a bi-
valent SC-ST-Gal-3 conjugate as expected (Fig. 3A), the for-
mation of SC-ST-Gal-3 conjugate oligomers occurred upon
binding, leading to higher a valency with a higher binding
signal and an apparently higher affinity and binding efficiency.

Size exclusion chromatography (SEC) analysis of
HST003eYFPGal-3 (57.5 kDa) revealed a single peak with a cal-
culated molecular weight of 77.3 kDa (for 20 pM, ESI,
Fig. S11A, S12A and Table S7f), indicating the monomeric
form of the protein. The SEC profile of the SpyCatcher galectin
fusion protein HSC003eYFPGal-3 (67.2 kDa) displayed a promi-
nent peak corresponding to a molecular weight of 165.7 kDa,
along with a smaller peak at 73.7 kDa (20 pM, ESI, Fig. S11B
and Table S71). This indicates that HSC003eYFPGal-3 exists
primarily as a dimer and to a lesser extent as a monomer in
solution. Similarly, the SC-ST-Gal-3 conjugate eluted as a pro-
minent peak with a molecular weight corresponding to a
dimer of the divalent conjugate (10 pM, ESI Fig. S11C¥). In
addition, a smaller peak with a molecular weight of 78.4 kDa
was observed, probably representing the monomer of one of
the single fusion proteins, although we did not observe any
fragmentation of the SC-ST-Gal-3 conjugate in the SDS-PAGEs
of the SEC samples. As the SEC results differed from the
theoretical molecular weights, we conducted Dynamic Light

Biomater. Sci, 2025, 13,1482-1500 | 1485
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Fig. 3 Binding of SC—-ST-Gal-3 conjugates to ASF. A: Schematic representation of the in vitro binding assay on ASF (created with BioRender.com). B:
HSCO003eYFPGal-3 and HSTO03eYFPGal-3 (10 uM each), were mixed and incubated for 1 h at 4 °C and 20 rpm, resulting in a SC-ST-Gal-3 conjugate
solution (5 pM). Dilutions of the SC-ST-Gal-3 conjugates were incubated with ASF. Binding was identified using a peroxidase-conjugated anti-Hise-
antibody. The mean signal of two data points was determined by the conversion of TMB. Standard deviations are represented as error bars.

Scattering (DLS) measurements of these samples and con-
cluded that particles of (Dy,) = 22.0 nm, 58.1 nm, and 11.0 nm
were observed for HSC003eYFPGal-3, HST003eYFPGal-3, and
the SC-ST-Gal-3 conjugate, respectively (ESI, Fig. S13 and
Table S87). We performed a prediction of each galectin fusion
protein folding using the AlphaFold software and measured
distances in PyMOL software resulting in average dimensions
of 6-11 nm for HSC003YGal-3 and 6-9 nm for HST003YGal-3
(ESI, Fig. S147) which is in good agreement with published Dy
of respective single protein domains (3.3 + 0.6 nm for the Gal-
3CRD and 4.42 + 0.1 nm for GFP, similar to YFP,
Fig. $141).>**° These results are also in good agreement with
the plot on the correlation of protein molecular weights vs.
their Stokes radii published recently.*' Furthermore, the SEC-
based calculation of Stokes diameters (Ds) gave values of
7.9 nm, 10.2 nm and 12.2 nm for HST003YGal-3, HSC003YGal-
3 and the SC-ST-Gal-3 conjugate (ESI Fig. S12B and Table S77),
which match with the results of the DLS measurements. The
hydrodynamic diameter of the SpyCatcher003 protein and the
SpyTag003 peptide is not reported in literature. Based on the
DLS measurements, the AlphaFold models, and the reported
Dy, values, we conclude that the HSC003YGal-3 construct exists
predominantly in a dimeric or trimeric form, which agrees
with the obtained SEC results (ESI Fig. S11B and Table S77).
The HST003YGal-3 construct appears to be higher oligomers
in contrast to the SEC results indicating the monomeric form
(ESI Fig. S11A and Table S71). These differences may be due to
the changing Gal-3 monomer/oligomer equilibrium during the
SEC separation. Considering the reported Dy, values of the Gal-
3 CRD and GFP, our DLS results clearly indicate that the SC-
ST-Gal-3 (D, 11 nm) conjugate exists in the bivalent form
under the given conditions. For the SC-ST-Gal-3 conjugate, the
discrepancy between SEC (dimer) and DLS (monomer) may be
due to the rod-shaped structure giving rise to a different
elution behaviour when compared to the globular standard

1486 | Biomater. Sci., 2025, 13, 1482-1500

calibration proteins. In this respect, the molecular weight indi-
cating a dimer in SEC is overestimated. Importantly, these
results cannot be related to the higher binding signal observed
in the binding assays of the SC-ST-Gal-3 conjugate to ASF
(Fig. 3B). A previous study demonstrated the concentration
dependent aggregation of Gal-3 to higher oligomers (>5 Gal-3
units) triggered by the intermolecular interaction of the Gal-3
NT-domain with the CRD F-face after binding to a glyco-
protein.*® However, it was also stated that fusion of proteins to
the N-terminus (NT) of Gal-3 disturb oligomerization of Gal-3
via its NT-domain rendering preferentially monovalent carbo-
hydrate  binding.® Our SEC results suggest that
HSC003eYFPGal-3 forms a dimer at 10-20 pM concentrations.
However, SpyCatcher-triggered dimerization has not been
described so far. We assume that upon binding of the SC-
ST-Gal-3 conjugate on ASF further oligomerization is induced.
Based on these findings, we conclude that the increased
binding signal of the SC-ST-Gal-3 conjugate to ASF in the
ELISA is likely due to the formation of the SC-ST-Gal-3 conju-
gate clusters at the given concentration (Fig. 3).

Binding of galectin fusion proteins to ECM glycoproteins

The prepared SpyCatcher galectin fusion protein toolbox
included CRD domains of Gal-1C2S, Gal-3 (incl. N-terminal
tail), Gal-4NL, LGal-4C, Gal-8NL, and LGal-8C (incl. parts of
the linker peptide (L)). Each galectin was color-coded by fusion
with a different fluorescent protein (Scheme 2), facilitating
fluorescence-based detection.

To ensure the functionality and targeting of the newly gen-
erated galectin fusion constructs, we conducted in vitro
binding experiments to analyze their interaction with glyco-
proteins such as ASF, fetuin, and selected extracellular matrix
(ECM) glycoproteins - laminin, fibronectin, and collagen IV, as
well as the mucus-forming protein Muc 2 (porcine stomach)
(Table 1, ESI, Fig. S15 and S167). All galectin fusion proteins

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Color-coded SpyCatcher galectin fusion proteins. A: construction of color-codes at the genetic level (created with BioRender.com); B:
production of recombinant fluorescent fusion proteins in E. coli. Gal-1C2S: aa (amino acid) 1-135 (Uniprot entry: P09382); Gal-3: aa 1-250 (Uniprot
entry: P17931); Gal-4NL: aa 1-160 (Uniprot entry: P 56470); LGal-4C: aa 169—-323 (Uniprot entry: P 56470);* Gal-8NL: aa 1-160 of Gal-8 isoform b;2
LGal-8C: aa 182-317 of Gal-8 isoform b.?

Table 1 Apparent Kp values of SpyCatcher galectin fusion proteins for binding of ASF, fetuin, laminin, fibronectin, collagen IV, and Muc 2. Kp, values
were calculated based on two parallels in three independent measurements by non-linear fitting. Binding efficiencies (BE; uM™) of galectins were
calculated as the ratio of the maximum binding signal (Bm.x) and the galectin concentration for half-maximum binding (apparent Kp value).>**° (Gal-
3: HSCO003eYFPGal-3; Gal-1C2S: HSCO003DsRedMGal-1C2S; Gal-4NL: HSCO03mCherryGal-4NL; LGal-4C: HSCO003mCherryLGal-4C; Gal-8NL:

HSC003eGFPGal-8NL; LGal-8C: HSC003eGFPLGal-8C; Muc 2: Mucin 2; BE: Binding efficiency; n.d.: not detected)

ASF Fetuin Laminin Fibronectin Collagen IV Muc 2
Gal-3 Kp [uM] 1.18 + 0.33 2.17 £ 0.64 2.58 £ 0.49 7.52 £1.61 0.94 £ 0.15 0.23 £ 0.07
Brax [—] 0.80 + 0.05 0.83 £ 0.07 1.00 + 0.06 1.08 + 0.09 0.79 + 0.03 0.75 +0.03
BE [pM ] 0.68 0.38 0.40 0.14 0.84 3.27
Gal-1C2S Kp [pM] 1.57 £ 0.75 9.00 +3.30 9.10 £ 1.70 3.95 +2.15 0.95 + 0.23 0.49 + 0.06
Bimax [—] 0.68 £ 0.08 0.51 £ 0.08 0.96 + 0.07 0.20 £ 0.04 0.68 £ 0.04 0.64 £ 0.01
BE [uM '] 0.43 0.06 0.11 0.05 0.72 1.31
Gal-4NL Kp [uM] 4.50 + 2.60 n.d. n.d. 21.48 + 1.78 n.d. 0.20 + 0.07
Brax [—] 0.14 + 0.03 n.d. n.d. 0.65 + 0.19 n.d. 0.37 £0.01
BE [uM '] 0.03 n.d. n.d. 0.03 n.d. 1.85
LGal-4C Kp [pM] 3.52 +1.51 2.11 +£1.47 21.22 +20.69 8.43 +3.47 7.55 +3.33 0.27 £ 0.07
Bimax [—] 0.29 + 0.04 0.09 + 0.02 0.18 £ 0.10 0.45 £ 0.08 0.35 £ 0.06 0.58 £ 0.07
BE [uM '] 0.08 0.04 0.01 0.05 0.05 2.12
Gal-8NL Kp [uM] 0.64 £ 0.12 4.00 + 1.58 37.60 + 24.35 4.00 £ 1.58 0.04 £ 0.38 0.49 £ 0.06
Brax [—] 0.65 + 0.02 0.33 +£0.04 1.32 £ 0.55 0.33 £ 0.04 0.08 + 0.02 0.64 +0.01
BE [pM_l] 1.01 0.08 0.04 0.08 2.00 1.30
LGal-8C Kp [pM] 4.45 +1.62 n.d. 84.62 +117.81 4.12 +2.48 n.d. 0.50 £ 0.17
Bunax [—] 0.30 + 0.04 n.d. 1.28 +1.39 0.28 + 0.06 n.d. 0.52 + 0.03
BE [uM '] 0.07 n.d. 0.02 0.07 n.d. 1.04

bound effectively to Muc 2 and exhibited affinities in the nano-
to submicromolar range, highlighting this glycoprotein as a
primary glycan target (Table 2). SpyCatcher fusion proteins of
Gal-3, Gal-4aNL, and LGal-4C exhibited the highest binding
efficiencies (BE > 1.9 pM™"). Porcine stomach Muc 2 (Uniprot

This journal is © The Royal Society of Chemistry 2025

entry: AOA5G2QSD1) is a highly glycosylated protein (~80%)*?
that has a variety of glycan epitopes, including galactosyl-ter-
minated O-glycans (core-1, -2, -3, and -4), blood group A anti-
gens® and a low degree of sialylation.** Our results are con-
sistent with previous studies on the interactions of Gal-3 with

Biomater. Sci, 2025, 13,1482-1500 | 1487


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01148a

Open Access Article. Published on 29 January 2025. Downloaded on 4/27/2026 3:44:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

internal N-acetyllactosamine residues, core-1 structures, and
blood group A antigens.*>*® Furthermore, the Gal-4 subunits
were found to recognize both blood group A and B
antigens,?”*® with the Gal-4N subunit showing a clear prefer-
ence for blood group A.!

Apart  from  Muc 2, HSC003eYFPGal-3 and
HSC003DsRedMGal-1C2S exhibited binding to the ECM glyco-
proteins laminin, fibronectin, and collagen IV (Table 1).
Laminin from EHS murine sarcoma, a high molecular weight
heterotrimeric glycoprotein, contains up to 30% carbohydrate,
predominantly in the form of N-glycans, featuring poly(N-acet-
yllactosamine) residues often terminated with «2,3-linked
sialic acid or a-galactosyl moieties.*® In contrast to laminin,
fibronectin is a dimeric glycoprotein with both O- and
N-glycosylation sites, where N-glycans are primarily sialylated
and the main O-glycoforms feature the sialyl-T-antigen.”® In
contrast, human collagen IV is a major protein of the base-
ment membrane. The alpha chains of collagen IV are
O-glycosylated, composed mainly of galactosyl-hydroxylysines
and glucosyl-galactosyl-hydroxylysines.”® Hence, the elevated
results for HSC003eYFPGal-3 and HSC003DsRedMGal-1C2S
probably arise from their interaction with internal and external
galactosyl residues on the glycoproteins.”® The binding of
HSC003mCherryGal-4NL to fibronectin and ASF was detected
with binding efficiencies of less than 0.1 uM ™. Additionally,
we could not observe any binding to fetuin and laminin
(Table 1). Gal-4N preferentially recognizes sulfated and non-
sialylated glycans.*®>® Furthermore, the presence of sialic acid
residues is likely to hinder the binding of HSC003mCherryGal-
4NL to fibronectin.>® In contrast, the glycoproteins ASF and
fetuin as well as the ECM proteins laminin, fibronectin, and
collagen IV were bound by HSC003mCherryLGal-4C (Table 1).
However, they exhibited a low binding efficiency comparable
to that observed for the N-terminal domain of Gal-4.

ASF and collagen IV emerged as the most effective ligands
for HSC003eGFPGal-8NL, displaying BE greater than 1.0 pM ™.
Gal-8N is reported to prefer sialylated glycan residues,”” but
weak binding was detected with fetuin. In contrast, Gal-8N dis-
played a higher affinity to ASF (0.64 + 0.12 pM), which is in
line with the studies reporting on its high affinity to
N-acetyllactosamine residues.’® In contrast, only weak binding
was observed for laminin and fibronectin, with BE lower than
0.1 uM ™", The SpyCatcher galectin fusion protein, featuring
the C-terminal domain of Gal-8, demonstrated only weak
binding to ASF, fibronectin, and laminin (BE < 0.1 pM ™),
while no binding was observed for collagen IV and fetuin. This
lack of LGal-8C binding may be attributed to the preference of
the Gal-8C subdomain for (poly)N-acetyllactosamine and
blood group antigens.*>***” Inhibition assays with lactose
confirmed the glycan-derived binding of the SpyCatcher003-
galectin fusion proteins (ESI, Fig. S171). Here, the highest
binding signal was compared with the signal observed in the
presence of lactose. Lactose significantly inhibited glycan
binding of all galectins.

These results have confirmed the functionality of
SpyCatcher003-galectin fusion proteins and demonstrated
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their ability to bind to various glycoprotein targets. In particu-
lar, HSC003eYFPGal-3 proved to be a potent binder to all
tested ECM glycoproteins, including Muc 2 proteins with the
highest binding efficiencies. Considering the high efficiencies
of binding of the SC-ST-Gal-3 conjugates to ASF (Fig. 3), we
next investigated the SC-ST-Gal-3 conjugate for building an
ECM-like network using a layer-by-layer mode in a microtiter
plate assay.

Application of galectin-3 fusion proteins for layering ECM
glycoproteins

Galectins mediate cell-matrix and cell-cell interactions in the
external microenvironment. Their oligomerization, from
dimers (e.g., Gal-1) to oligomers (e.g., Gal-3), enables high-
affinity recognition and crosslinking of galactose-containing
glycoconjugates.>®***°" In biomaterial science, the lectin-
mediated in vitro mimicking of extracellular structures facili-
tates the reconstitution of natural microenvironment.®* In this
context, we exploited the ability of the generated SC-ST-Gal-3
conjugates to bind ECM glycoproteins for the layer-by-layer
assembly of a flexible in vitro ECM-like layer, incorporating
laminin, fibronectin, and collagen IV. The optimal concen-
tration of each glycoprotein layer and crosslinking by the SC-
ST-Gal-3 conjugate was determined using in vitro binding
assays on the respective protein. Since laminin is a major com-
ponent of the basement membrane, it was chosen as the first
layer. Initially, laminin-coated microtiter well plates were incu-
bated with SC-ST-Gal-3 conjugate in concentrations of 0-5 uM
(Fig. 4A). A concentration of 2.5 pM SC-ST-Gal-3 conjugate was
chosen to optimally occupy all glycan-binding sites of the
laminin layer. In the next step, the laminin layer was saturated
with 2.5 pM SC-ST-Gal-3 conjugate, and fibronectin was added
at a concentration of 0-20 pg mL ™" (Fig. 4B). The results dis-
played a saturated fibronectin layer at concentrations above
5 pg mL™". To ensure maximum occupancy of glycan binding
sites, the subsequent experiment was conducted with fibronec-
tin-coated well plates to determine the optimal concentration
of SC-ST-Gal-3 conjugate, which crosslinks the second fibro-
nectin layer with the third layer composed of collagen 1V,
revealing a maximum binding at 5 pM SC-ST-Gal-3 conjugate
(Fig. 4C). Lastly, the stepwise construction of 5 pg mL™"
laminin, 2.5 pM SC-ST-Gal-3 conjugate, 10 pg mL™" fibronec-
tin, and 5 pM SC-ST-Gal-3 conjugate enabled the binding of
collagen IV serving as the third layer (Fig. 4D). Here, the layer
density was achieved at concentrations exceeding 200 pg mL ™",
which can be attributed to the limited glycosylation of human
collagen IV and the presence of mono-galactosyl residues.’™>*
Herein, we demonstrated the SC-ST-Gal-3 conjugate-mediated
stepwise formation of an in vitro ECM-like layer composed of
three glycoprotein layers. The formation of a Muc2 layer could
not be demonstrated due to the cross-reactions of the available
antibodies with the wunderlying ECM glycoproteins. In
summary, the covalent interaction between SpyCatcher and
SpyTag with galectins facilitates the assembly of different
galectin recognition domains with unique glycan specificities,
enabling the construction of customized ECM protein layers.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 In vitro layer-by-layer formation of an ECM-like structure using SpyCatcher and SpyTag-conjugated Gal-3 fusion proteins. Left: Simplified
schematic representation of layer assembly components (created with BioRender.com). Right: binding curves extracted from binding data. Stepwise
glycan-mediated crosslinking of laminin, fibronectin, and collagen IV was conducted by the addition of SC-ST-Gal-3 conjugates. The required
amounts of glycoprotein and SC-ST-Gal-3 conjugate were determined using a binding assay on the respective protein. A: binding of SC-ST-Gal-3
conjugates to a laminin monolayer (saturation at 2.5 uM); B: binding of fibronectin to the SC-ST-Gal-3 conjugate layer (saturation at 10 pM); C:
binding of SC-ST-Gal-3 conjugate to the fibronectin layer (saturation at 5 uM); D: binding of collagen IV to the second SC-ST-Gal-3 conjugate
layer. The mean signal was determined from two data points. Standard deviations are represented as errors.

Since HSC003eYFPGal-3 also binds Muc 2 (Table 2 and
Fig. S16Ct), the formation of a galectin-mediated mucin layer
could help the reconstruction of the mucus layer. This is par-

This journal is © The Royal Society of Chemistry 2025

ticularly important in the context of chronic inflammatory dis-
eases such as inflammatory bowel disease (IBD), where the
integrity of the mucus layer is compromised, leading to
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increased  inflammation and  disease  progression.
Reconstruction of this layer could help to restore barrier func-
tion and reduce inflammation in affected tissues.

Binding of galectin fusion proteins to adenocarcinoma cell
line DLD-1

In line with our objective to utilize SpyCatcher galectin fusion
proteins as targeting or transport tools in an IBD-related
context, we focused on exploring the binding interaction of
these fusion proteins with human colorectal adenocarcinoma
DLD-1 cells. Typically, colon adenocarcinoma cell lines are
employed for investigating the galectin role in chronic
inflammation®®* or to appropriately simulate IBD con-
ditions.®® DLD-1 is a human colorectal cancer cell line orig-
inally isolated from the large intestine of a colon adeno-
carcinoma patient,’® employed in studies investigating IBD-
correlated tumorigenesis.®”*® The previous cells were shown to
express all investigated galectins®®”® (ESI, Fig. S181) and
present glycan ligands on their surface. The N-glycome predo-
minantly comprises glycans of the high mannose and (di- or
tri-antennary) complex type. The latter are characterized by
approximately 30% fucosylation and 40% sialylation.”"”> We
tested the ability of SpyCatcher galectin fusion proteins of Gal-
1C2S, Gal-3, and the subdomains Gal-4 and Gal-8 in varying
concentrations to bind to the glycocalyx surface of DLD-1 cells
by exploiting the color code in flow cytometry (Fig. 5 and ESI
Fig. S191). Unfortunately, the binding of Gal-8 subdomains to
DLD-1 cells interferes with the autofluorescence of the cells,”
which hampered proper data evaluation (results not shown).
Galectin fusion protein constructs of Gal-1, Gal-3, and Gal-4NL
bound to the surface of DLD-1 cells in a dose-dependent
manner (Fig. 5). Gal-1 and Gal-3 showed a distinct interaction
with the DLD-1 cell surface. Notably, concentrations of
HSC003eYFPGal-3 higher than 5 uM resulted in a fluorescence
intensity that was out of the detection limit of the laser/photo-
detector (Fig. 5B). We tried to reclone this construct with
DsRedM fluorescence to verify that the binding is not influ-
enced by the type of the fluorescence part but the result was
the same - the results were out of the detection limit.
Apparently, irrespective of the type of the fluorescence label,
the Gal-3 protein constructs bound so strongly and in such
high amounts to the cell surface that the fluorescence
exceeded the detection limit. We conclude that the binding of
HSC003eYFPGal-3/HSC003eDsRedMGal-3 to the DLD-1 cells is
very robust regardless of the fluorescent label. Moreover, Gal-3
caused a strong aggregation of cancer cells (in a concentration
higher than 17 uM) as also reported in the literature.”*

Due to the different binding behaviour of Gal-3 compared
to the other constructs, we verified that it is not cytotoxic for
DLD1 cancer cells (tested on the construct HGal-3 without
fusion partner due to the interference of the fluorescent label;
ESI, Fig. S2071). The binding of Gal-4 subunits varied. While
HSC003mCherryGal4NL bound similarly to
HSC003DsRedMGal-1C2S (Fig. 5C), HSC003mCherryLGal4C
did not bind to the cells whatsoever, even at 80 uM concen-
tration (Fig. 5D). In the available range of concentrations, satu-
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Fig. 5 Binding of fluorescent SpyCatcher galectin fusion protein con-
structs to the surface of DLD-1 cells. Varying concentrations of (A)
HSC003DsRedMGal-1C2S (B) HSC003eYFPGal-3 (@)
HSC003mCherryGal-4NL (D) HSCO03mCherryLGal-4C in PBS/BSA
buffer (50 mM NaH,PO,/150 mM NaCl/1% v/w BSA, pH 7.5; total
volume 50 pL) were added to the suspension of DLD-1 cells (10° cells
per well) and incubated on ice for 1 h with occasional gentle stirring.
The cells were washed with PBS/BSA buffer, and the strength of binding
of surface-bound SpyCatcher galectin fusion protein was analyzed by
flow cytometry and quantified as mean fluorescence intensity (MFI full
fusion protein — MFI fusion protein without galectin) at the corres-
ponding wavelength. Two independent experiments were performed in
duplicate. Data are presented as mean + SEM.

rated binding was reached with neither of the three proteins,
which indicates a high number of available glycan ligands on
the cell surface. The extracellular binding of Gal-3 to
DLD-1 has been previously reported®®”> and corroborates our
findings. However, the binding of the SpyCatcher fusion
protein of Gal-1C2S is not in accordance with previous studies
indicating that Gal-1 does not bind to this cell line.”® However,
we observed binding of Gal-1 even without the SpyCatcher
fusion (data unpublished). We assume that
HSC003DsRedMGal-1C2S may also occur as synthetic dimer of
the dimeric Gal-1 by the SC fusion as discussed for the SC-Gal-
3 fusion proteins (generating tetravalent Gal-1). Tetravalency of
the SC-fused Gal-1 may support binding to low affinity glycan
ligands. As stated above, Gal-4 is expressed by DLD-1 cells, but
there is no evidence in the literature for binding to DLD-1. The
binding of SpyCatcher galectin fusion proteins to the cell
surface was inhibited by the addition of lactose in a dose-
dependent manner (Fig. 6). For HSC003eYFPGal-3 (2.5 puM),
lactose was a stronger inhibitor than for HSC003DsRedMGal-
1C2S (2.5 uM); in the former case 100 mM lactose decreased
the binding to 5%, while binding of HSC003DsRedMGal-1C2S
was reduced only to 27%. The results were confirmed with
1 pM Gal-1 and Gal-3 and reflect previous inhibition studies
with both galectins.”” The binding of 18 pM Gal-4NL was
inhibited by only 53% with 100 mM lactose.

To summarize, we have verified the glycan-driven inter-
action of SpyCatcher galectin fusion constructs with human
intestinal DLD-1 cells and demonstrated the applicability of

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Inhibition of binding of SpyCatcher galectin fusion protein con-
structs to the surface of DLD-1 cells by lactose. The suspensions of
DLD-1 cells (50 pL) were added to varying concentrations of lactose
(200 mM, 100 mM) with (A) HSCO03DsRedMGal-1C2S, (B)
HSC003eYFPGal-3 and (C) HSCO003mCherryGal-4NL in PBS/BSA buffer
(50 mM NaH,PO,4/150 mM NaCl/1% v/w BSA, pH 7.5; total volume
50 pL). Data are presented as % of positive control, which is set to 100%;
mean + SEM. ****P < 0.0001 versus control without lactose (ANOVA with
Bonferroni post-hoc test).

the generated color-coding system in flow cytometry. Our
model human cancer cell line DLD-1 does not accurately
reflect the glycosylation pattern of intestinal epithelial cells.
The use of primary cells would more accurately reflect natural
conditions-but is associated with complex cultivation con-
ditions.”® Nevertheless, the usability of SpyCatcher galectin
fusion constructs with living biomaterials enables the investi-
gation of the targeting and transport capability of galectins.

Galectin-functionalized microgels as a targeting tool for
biomedical applications

We further exploited the specific binding properties of
SpyCatcher galectin fusion proteins to target cells in a bio-
medical context. For this aim, we have implemented galectin-
functionalized microgels as a targeting platform using the
SpyCatcher/SpyTag technology that combines the glycan-tar-
geting capabilities of galectins with the properties of micro-
gels. SpyTag003-presenting microgels were synthesized by
droplet microfluidics as previously shown for enzyme-deco-
rated microgels.”> The visualization of microgels through
optical microscopy (ESI, Fig. S21A and Bf) and the manual
measurement of the microgel diameters confirmed similar
sizes, with diameters of 146 + 5 nm (non-functionalized) and
142 + 4 nm (SpyTag003-functionalized). The microgels were
then subjected to a fluorescamine assay, which we have pre-
viously used for the visualization of peptides and enzymes in
microgels.>>”® While staining of the non-functionalized micro-
gels did not deliver a fluorescent product (ESI, Fig. S21Ct), the
presence of primary amines in the SpyTag003-microgels was
confirmed, demonstrating a uniform distribution of the
SpyTag003 throughout the entire microgel (ESI, Fig. S21D¥).
The permeability®® was investigated by dispersing the micro-
gels in FITC-dextran solutions with varying molecular weights
(4, 40, 150, and 500 kDa), followed by confocal analysis of the
fluorescence intensity profiles (ESI, Fig. S22+). Comparison of
normalized fluorescence intensities of microgels with and
without SpyTag003 showed a reduced permeability for higher

This journal is © The Royal Society of Chemistry 2025
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molecular weight molecules (~15% of 500 kDa dextran fluo-
rescence intensity was detected in the microgels), indicating
that the fluorescent molecules are too large to fit through
microgel pores. We observed a higher diffusion of 4 kDa FITC-
dextran into the microgels (>75%). Here, SpyTag003-microgels
displayed a lower permeability (75% of 4 kDa FITC-dextran in
the microgel) compared to non-functionalized microgels
(80%). The use of 8-arm PEG-VS for SpyTag incorporation
(instead of 4-arm PEG-VS), along with the incorporation of the
SpyTag itself, probably contributed to the reduced per-
meability. The lower permeability of the SpyTag003-microgels
was also reflected in the fluorescence intensity of the 4 kDa
and 40 kDa FITC-dextrans.

Attachment of SpyCatcher galectin fusion proteins to
SpyTag003-microgels was accomplished via post-attachment.
SpyCatcher003-carrying fusion proteins of each galectin class
were incubated with SpyTag003 microgels and non-functiona-
lized microgels as controls, including HSC003DsRedMGal-
1C2S, HSCO003eYFPGal-3, HSC003mCherryGal-4NL and
HSC003eGFPGal-8NL. Subsequent visualization of the micro-
gels with confocal microscopy revealed that non-functionalized
microgels did not display significant fluorescence (Fig. 7A-D),
indicating that only minimal non-specific interactions of the
galectin fusion proteins with the microgels exists. In contrast,
we expected considerable fluorescence of the SpyTag003-micro-
gels due to the attachment of SpyCatcher003-carrying fluo-
rescent galectin fusion proteins, which was confirmed for all
tested galectins (Fig. 7E-H). We observed microgels that
exhibited fluorescence throughout the microgel, indicating
diffusion of galectin fusion proteins into the microgel mass.
On the other hand, some microgels exhibited fluorescence
only in the outer shell of the microgel. We conclude that an
increasing attachment of galectins to the microgel shell may
lead to the blockage of the microgel pores, which prevents
galectins from further diffusing into the microgel due to steric
hindrance. Galectin fusion proteins, including Gal-1, Gal-3,
Gal-8N, and Gal-4N, can form concentration-dependent oligo-
mers, ranging from dimers to oligomers.'7384%:81:82 oy
study demonstrates that SpyCatcher-fused Gal-3 forms dimers,
which may reduce the diffusion into the microgels.
Additionally, fluorescent proteins originating from A. Victoria
tend to form weak dimers, such as eGFP and eYFP.>®*® we
expect that the overall diffusion of galectin multimers into
microgels is lower than that of galectin monomers due to their
increased size under the given conditions. The increased con-
centration of larger galectin clusters in the outer shell of the
microgel may further reduce the permeability of the microgel
and hinder the ability of the galectins to react with the
SpyTag003 units in the core of the microgel. The permeability
studies indicated that the galectins (sized from 54.6 to
67.2 kDa; Table S37), can partially diffuse into the microgels.
Importantly, the results cannot be directly compared on a one-
to-one basis with the molecular weights of galectins, which
arises from the differences in the molecular structure and
associated interactions with the polymer network.
Furthermore, the permeability is not only influenced by the
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Fig. 7 Galectin-functionalized microgels prepared by SpyCatcher—SpyTag technology. Suspensions of SpyTag003-presenting microgels and non-
functionalized microgels (50 pL) were incubated with 27.3 pM SpyCatcher003-galectin fusion proteins for 24 h (1 h at 25 °C, followed by 23 h at
4 °C) followed by a washing step with PBS at pH 7.5. Subsequently, the galectin-functionalized microgels were visualized by confocal microscopy
(DsRedM: Aey: 561 NM, Aem: 575-650 nm; eYFP: lex: 476 NM, Aem: 500—-550 nm; mCherry: dex: 561 nm, dem: 600-650 nm; eGFP: ey 488 nm, Jom:

500-550 nm). A-D: Non-functionalized microgels (control);

E-H: SpyTag003 presenting microgels carrying galectin constructs; E:

HSC003DsRedMGal-1C2S; F: HSC003eYFPGal-3; G: HSC003mCherryGal-4NL; H: HSC003eGFPGal-8NL.

molecular weight-but also by the different three-dimensional
structures of the SpyCatcher galectin fusion proteins. Even so,
the results indicate that the diffusion of galectins into micro-
gels would be much less probable when clusters are formed:
the permeability already decreased strongly when comparing
40 with 150 kDa FITC-dextran and was even lower for larger
dextrans.

Quantification of microgel-bound galectin fusion proteins
was performed using the Bradford method calibrated for
BSA.** Analysis of the supernatants from two independent
galectin—microgel coupling experiments revealed significant
SpyCatcher/SpyTag-mediated galectin attachment compared to
non-functionalized microgels (Fig. 8). About 75% of the
initially added amount of HSC003eYFPGal-3 and
HSC003DsRedMGal-1C2S bound to SpyTag003 microgels
corresponding to absolute values of 12.4 + 2.3 nmol and 12.4 +
1.8 nmol, respectively. In contrast, the binding efficiency of
fusion proteins containing the N-terminal subdomains of
Gal-4 and Gal-8 were more than 20% lower with 45% (7.6 +
0.5 nmol) for HSC003eGFPGal-8NL and 54% (7.8 + 0.6 nmol)
for HSC003mCherryGal-4NL. The factors contributing to this
reduced attachment could be the potential formation of oligo-
mers between the single subdomains of Gal-4NL and Gal-8NL
as previously reported.”*® Even though the fluorescent fusion
protein eGFP may theoretically enhance oligomerization
effects due to its intrinsic tendency to form dimers,*®%
mCherry is not expected to cause problems as it mainly
appears as a monomeric protein.®> The formation of large oli-
gomer clusters at the microgel shell could hinder their
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Fig. 8 Binding efficiencies of SpyCatcher003-galectin fusion proteins
to SpyTag003-presenting microgels. After SpyCatcher/SpyTag-mediated
galectin attachment to microgels, the remaining amounts of
HSCO003eYFPGal-3 in the supernatant were measured using the
Bradford assay, and the calculated amount bound was then compared
to the initial amount added (set to 100%). SpyCatcher/SpyTag-mediated
galectin binding efficiency compared to non-functionalized microgels
was analyzed with Anova statistical analysis with a confidence interval of
p < 0.001 (0.000575) (n = 2). Error bars indicate standard deviations.

diffusion into the microgel and reduce the amount of binding.
We hypothesized that only a small quantity of galectins would
be bound to the microgel network via non-specific interactions
(1.4 to 2.7 nmol), which corresponds to 9-16% of the initial
amount of galectin in the reaction (Fig. 8). These data suggest

This journal is © The Royal Society of Chemistry 2025
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that galectins were mainly bound to microgels through specific
SpyTag/SpyCatcher interactions.

Following the establishment of microgel-galectin coupling
conditions, we conjugated SpyCatcher fluorescent galectin
constructs to the SpyTag003-microgels and assessed the
binding of these galectin-functionalized microgels (Gal-MGs)
in a culture with DLD-1 cells by fluorescent microscopy
(Fig. 9). Gal-1C2S-DsRedM-MGs and Gal-3-eYFP-MGs bound
strongly to the cells, even pulling adhered cells off the plate
surface (Fig. 9A and C). Gal-4 subunits showed the same
binding as observed in the flow cytometry experiment: Gal-
4NL-mCherry-MGs bound to DLD-1 cells whereas the LGal-4C-
mCherry-MGs did not bind (Fig. 9F and H). Lactose (200 mM)
inhibited cell surface binding of the galectin fusion proteins
(Fig. 9B, D, G and I), indicating a glycan-driven galectin inter-
action. Our findings demonstrate the potential usability of the
galectin-loaded microgels as a targeting and transporting tool
for biomedically relevant materials. Boesveld et al.* previously
established microgels as a platform for antibody-mediated
cytokine scavenging in the context of chronic inflammation.
Thus, the assembly of functional microgels with our galectin-
targeting tools would enable the positioning of these micro-
gels in the areas of inflammation. In addition, galectin-func-
tionalized microgels can be interesting colloidal building
blocks for the cell-triggered assembly and fabrication of hydro-
gel scaffolds for tissue engineering applications.®®

Experimental

Protein constructs

The N-terminal Hise-tagged (H) proteins utilized in this study,
were generated as

including HGal-3 and HeYFPGal-3,
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described elsewhere."®'° Galectin fusion proteins incorporat-
ing SpyCatcher003 are based on the pET17b (Novagen,
Germany) or pET28a (Novagen, Germany) vector (ESI,
Table S27). Restriction enzymes, Klenow-Polymerase I and
DNA-ligases, were purchased from New England Biolabs
(Germany). All genes were optimized for recombinant
expression in E. coli, and successful cloning was confirmed
through DNA sequencing. To create SpyCatcher003-carrying
galectin fusion proteins, the established SNAP-tag vector DNA
(pET17b::HSNAPeYFPGal-3, pET17::HSNAPDsRedMGal-1C2S,
pET17b::HSNAPeGFPGal-8NL/LGal-8C) was employed as a tem-
plate."® The synthetic gene encoding SpyCatcher003 protein
from S. pyogenes'* was introduced using Nhel and Agel restric-
tion sites. pET17b::HSpyCatcher003Gal-4NL/LGal-4C was
cloned in several successive steps. Here, the mCherry synthetic
gene (Genbank: KJ567138.1 81) was introduced into the exist-
ing vector pET17b::HSNAPeYPGal-3 through Agel and BsrGI
restriction sites followed by the substitution of Gal-3 with sub-
domains of human Gal-4N (aa 1-150) and Gal-4C (aa 179-323),
respectively. To enhance the binding activity, the subdomains
were recloned including the segments of the natural linker
peptide (L)." For the amplification of Gal-4NL, a PCR with
forward primer 5-CTCTAGATGTACAAAATGGCATATGTT-
CCGGCACCGGG-3' and reverse primer 5-GATCGCGGCCG-
CTTAGGGTCCCTGGGGCCGGAGGGGCTGACCACCAATAAAATT-
AATGCTCTGC-3' was employed. The subdomain LGal-4C was
cloned using forward primer 5-GATCTGTACAAACCCGGAC-
ATTGCCATCAACAGCTGAACAGCCTGCCTACCATGGAAGGCCC-

GC-3' and reverse primer 5-ATCCGCGGCCGCTTAAATC-
TGAACATAACTCAGGG-3'. Both genes were introduced through
restriction sites BsrfI and Notl. In the case of
HSC003DsRedMGal-3, the Gal-1C2S domain from pET17b::
HSC003DsRedMGal-1C2S was exchanged with the human Gal-3

Fig. 9 Binding of galectin-functionalized microgels (Gal-MGs) to the surface of DLD-1 cells. Representative fluorescence microscopy images of
Gal-MGs bound to the DLD-1 cells. The cells were incubated with Gal-MGs and washed with HBSS. The images are composites of fluorescence and
bright-field images made with Fiji sofware. (A) Gal-1C2S-DsRedM-MGs (B) Gal-1C2S-DsRedM -MGs inhibited by 200 mM lactose (Lac) (C) Gal-3-
eYFP-MGs (D) Gal-3-eYFP-MGs inhibited by 200 mM Lac, (E) negative control — cells without Gal, without Lac, (F) Gal-4NL-mCherry-MGs (G) Gal-
4ANL-mCherry-MGs inhibited by 200 mM Lac (H) LGal-4C-mCherry-MGs (I) LGal-4C-mCherry-MGs inhibited by 200 mM Lac. (J3) control with micro-

gel only (no Gal-MG, no Lac). The scale bar represents 100 um.
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domain by BsrGI and Notl. For the production of control pro-
teins (HSCO003eYFP, HSC003eGFP, HSC003DsRedM,
HSC003mCherry), galectin domains were removed with BsrGI
and Notl. The remaining overhanging DNA bases were treated
with Klenow polymerase I, followed by blunt-end ligation. The
synthesis of HSC003Gal-3 involved removing the fluorescence
gene eYFP from PpET17b::HSC003eYFPGal-3 with Agel and
BsrGl, followed by overhanging base digestion and blunt end
ligation. Genes encoding for SpyTag003 (ST003)"* protein var-
iants HST003eYFPGal-3 (pET28a), HST003eYFP (pET17b),
HST003Gal-3  (pET17b) and  strep-SC003/ST003-sfGFP
(pETDuetI) were custom-synthesized (Biocat GmbH, Germany).

Expression and purification of protein constructs

The protein constructs were expressed in E. coli BL21 (DE3),
E. coli Rosetta (DE3) pLysS, or E. coli Rosetta 2 (DE3) pLysS
(Merck, Germany) strains (ESI, Table S2t). Transformation,
protein expression, cell disruption, and purification of Hise-
tagged proteins were performed as described previously.'?
Strep-tagged proteins were isolated on 5 mL StrepTrap XT
Sepharose (Cytiva GmbH, Germany) using strep binding buffer
(100 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM EDTA) and
50 mM desthiobiotin as an elution reagent. Purified proteins
were dialyzed in PBS (50 mM NaH,PO, pH 7.5, 150 mM NaCl)
overnight at 4 °C (molecular weight cut off: 14 kDa).

SDS-PAGE and immunoblot

Discontinuous SDS-PAGE (4% stacking gel, 10-14% separation
gel) was used for the analysis of galectin expression and purifi-
cation. Protein samples were treated with 50 mM dithiothreitol
(Carl Roth GmbH, Germany) and NuPAGE™ LDS 1x sample
buffer (Thermo Fisher Scientific, Germany) for 15 min at
95 °C. Gel electrophoresis was conducted at 200 V (const.) for
60 min, followed by Coomassie Blue staining (Serva
Electrophoresis GmbH, Germany). Western blotting was
carried out on PVDF membranes (Immobilon®-P, pore size
0.45 um, Merck, Germany) for 60 min at 30 V (const.). Hise-
tagged proteins were detected with 100 mU mL™" of peroxi-
dase-conjugated anti-Hisg-antibody (sc-8036, Santa Cruz
Biotechnology, Germany). The SpyCatcher incorporation was
detected with primary rabbit anti-SpyCatcher antibody (200 ng
mL~", HCA-379, Bio-Rad Laboratories, Germany) and goat
anti-rabbit peroxidase-conjugate at a 1:4000 dilution (A9169,
Sigma Aldrich, Germany). After washing with 0.05% v/v
TBS-Tween 20, Pierce 1-step Ultra TMB substrate solution
(Thermo Fisher Scientific, Germany) was utilized for calori-
metric visualization.

Galectin binding and inhibition assays

Glycoproteins used in this study are asialofetuin (fetal calf
serum; Sigma Aldrich, Germany), fetuin (fetal bovine serum;
Sigma Aldrich, Germany), Muc 2 (porcine stomach; Sigma
Aldrich, Germany), laminin (Engelbreth-Holm-Swarm murine
sarcoma; Sigma Aldrich, Germany), fibronectin (human
plasma; Sigma Aldrich, Germany), collagen IV (human pla-
centa; Sigma Aldrich, Germany). The analysis of galectin
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binding to glycoproteins was conducted using established
assays.®™'° Briefly, glycoproteins (1 pg per well in 100 mM
Na,CO; pH 9.6) were immobilized on adsorptive 96 well micro-
titer plates (Nunc Immuno Maxisorp; Thermo Scientific,
Germany) overnight at 4 °C. After three washes with PBS-T
(PBS pH 7.5 + 0.05% v/v Tween 20), the remaining active sites
on the plates were blocked with 2% w/v bovine serum albumin
in PBS-T. Subsequently, galectin dilutions of up to 10 pM
(50 pL per well) were incubated for 1 h followed by incubation
with a 50 pL of 200 ng pL~" peroxidase-conjugated anti-Hise-
antibody (sc-8036, Santa Cruz Biotechnology, Germany).
Galectin binding was detected with 50 uL per well 3,3',5,5"-
tetramethylbenzidine (TMB; Kementec, Denmark) and 3 M
HCl (50 pL per well) as a stopping reagent. Photometric
absorption at 450 nm was measured (BioTek Synergy™ 2;
Agilent Technologies, USA) and the mean signal was deter-
mined based on 2-3 data points. The binding signals under-
went normalization with the highest binding signal set to 1
followed by the subtraction of the background signal.
Apparent Kp values of galectins were computed (SigmaPlot
14.0 software) assuming one-site saturation with galectin con-
centration for half-maximum binding. The galectin binding
efficiencies (uM™") were then determined as the ratio of the
maximum binding signal (Bp.,) and the apparent Kj, value.'’
Glycan-derived galectin-binding was confirmed by inhibition
with lactose. For this, 30 pM galectin was incubated for 1 h,
either with 200 mM lactose or without lactose. The highest
binding signal for each galectin was normalized to 100% and
inhibition was calculated as the residual binding signal [%] in
relation to the non-inhibited binding.

Conjugation of galectin fusion constructs through the
interaction of SpyCatcher and SpyTag

The constructs  strep-SC003-sfGFP,  strep-ST003-sfGFP,
HSC003eYFPGal-3, and HST003eYFPGal-3 were isolated from
the bacterial crude extract following the described procedure
(Section Expression and purification of protein constructs) and
subsequently purified to homogeneity through SEC (HiPrep
26/60 Sephacryl-S200-HR; Cytiva GmbH, Germany). The reac-
tions involving HSC003eYFPGal-3, HST003eYFPGal-3, and
sfGFP proteins were conducted using both equimolar and
2-fold molar excess ratios. The Gal-3 conjugation of
HSC003eYFPGal-3 and HST003eYFPGal-3 (referred to as SC-
ST-Gal-3 conjugate) was conducted at an equimolar ratio of
both fusion proteins (Table 2). All experiments were carried

Table 2 Molar ratios used to analyze SpyCatcher and SpyTag-mediated
interaction of galectin fusion proteins

Conc. Conc.
Reaction  Protein 1 [1M] Protein 2 [M]
1 Strep-ST003-sfGFP 5 HSCO003eYFPGal-3 10
2 Strep-SC003-sfGFP  3.75 HST003eYFPGal-3 7.5
3 Strep-ST003-sfGFP 7.5 HSCO003eYFPGal-3 7.5
4 Strep-SC003-sfGFP 5 HST003eYFPGal-3 5
5 HSC003eYFPGal-3 5 HST003eYFPGal-3 5

This journal is © The Royal Society of Chemistry 2025
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out in a total volume of 100 pL and incubated in PBS pH 7.5
for 1 h at 25 °C. Afterward, the protein samples were applied
to a reducing gel as outlined (Section SDS-PAGE and
Immunoblot).

Dynamic light scattering (DLS) measurements

80 pL of each solution (1 mg mL™" of HSC003eYFPGal3 and
HST003eYFPGal-3; 10 pM of SC-ST-Gal-3 conjugate) was
measured in a DynaPro® NanoStar® DLS Detector (Wyatt
Technology, Germany) using disposable micro-cuvettes (MOS
Plastics Inc., USA). Each sample was measured ten times
under the conditions shown in Table 3. The data were analyzed
with DYNAMIC software (Version 2.3.7.3).

Size exclusion chromatography (SEC)

For size exclusion chromatography, we prepared 200 pL solu-
tions of two-fold purified HSC003eYFPGal-3 (20 puM) and
HST003eYFPGal-3 (20 uM), along with an SC-ST-Gal-3 conju-
gate solution (10 pM). These solutions were filtered through a
0.2 pM filter. The samples were applied onto a Superdex
Increase 200 10/300 GL column (Cytiva, USA), using PBS pH
7.5 as the running buffer, with a flow rate set at 0.75 mL
min~", and a detection wavelength of 280 nm. To determine
the molecular weight of the samples, the SEC column was
equilibrated with protein standards from a Gel Filtration
Calibration Kit (Cytiva, USA)."® Stokes calibration was calcu-
lated based on the Stokes radii of the standard proteins®’~5°
and an online protocol (https:/www.phenomenex.com/documents/
2022/10/18/16/04/white-paper-sec-for-the-determination-of-
protein-hydrodynamic-radius).

In vitro ECM-layer formation

The stepwise in vitro built-up of an ECM-like layer was con-
structed using laminin (Engelbreth-Holm-Swarm murine
sarcoma, Sigma Aldrich, Germany), fibronectin (human
plasma, Sigma Aldrich, Germany), and collagen IV (human
placenta, Merck Millipore, USA). Interaction of these proteins
was achieved using SpyCatcher and SpyTag-conjugated Gal-3
fusion proteins (SC-ST-Gal-3 conjugate). 10 uM solutions of
HSC003eYFPGal-3 and HST003eYFPGal-3 were mixed in a
rotary shaker for 1 h at 4 °C, resulting in a 5 pM conjugate
solution which was further diluted (0-5 uM) in PBS at pH 7.5.
In vitro binding assays were conducted to determine the satur-
ating concentrations of the respective glycoprotein/galectin for
each layer. Initially, 200 uL per well of a 5 pg mL™" laminin
solution was immobilized on adsorptive microtiter plates

Table 3 DLS measuring conditions

Property Value
Number of acquisition 10
Acquisition time 5s

Read interval 1
Temperature 20 °C
Laser wavelength 662.7 nm
DLS detector angle 90°

This journal is © The Royal Society of Chemistry 2025
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(Nunc Immuno Maxisorp, Thermo Scientific, Germany) over-
night at 4 °C. Following three washes with PBS-T, non-occu-
pied binding sites were blocked in PBS-T supplemented with
2% w/v BSA for 1 h at room temperature. Subsequently, freshly
prepared dilutions of the SC-ST-Gal-3 conjugates (50 pL per
well) were added and incubated for 1 h at room temperature.
Aliquots of 50 pL per well of an anti-Hises-antibody dilution
(1:1000 in PBS pH 7.5; sc-8036, Santa Cruz Biotechnology,
Germany) were added and incubated for 1 h at room tempera-
ture. Galectin binding was detected by adding 50 uL per well
of TMB followed by 50 pL per well of 3 M HCI as a stopping
reagent and photometrical measurement was conducted at
450 nm. In the following binding experiment, saturating
amounts of SC-ST-Gal-3 conjugate (2.5 pM; 50 pL per well)
were applied to the laminin layer for binding fibronectin. To
achieve this, 50 pL per well of fibronectin dilutions (0-20 pg
mL™"; in PBS pH 7.5) were added and incubated for 1 h at
room temperature. Bound fibronectin was then detected by
adding 50 pL per well of a rabbit anti-fibronectin antibody
(1:1000 in PBS pH 7.5; F3648, Sigma Aldrich, Germany) for
1 h at room temperature, followed by the addition of 50 pL per
well of peroxidase-conjugated anti-rabbit-antibody from goat
(A9169, Sigma Aldrich, Germany). The binding was detected
photometrically after adding TMB and 3 M HCI, following the
same procedure as described. The subsequent binding assay
was conducted to determine the amount of SC-ST-Gal-3 conju-
gate necessary to crosslink fibronectin with collagen IV. Here,
200 pL per well of a 10 ug mL ™" fibronectin solution was
immobilized on adsorptive plates and incubated with dilutions
of SC-ST-Gal-3 conjugate, as described for the laminin assay.
Finally, the whole layer was built up with 200 pL per well of
5 pg mL~" laminin, 50 pL per well of 2.5 pM SC-ST-Gal-3 con-
jugate, 50 uL per well of 10 ug mL™" fibronectin and 50 pL per
well of 5 pM SC-ST-Gal-3 conjugate, each solution incubated
for 1 h at room temperature with intermittent PBS-T washing
steps. Subsequently, aliquots of 50 pL per well of collagen IV
in the range of 0-200 pg mL ™" were incubated for 1 h at room
temperature. The binding of collagen IV was detected by incu-
bation with 50 pL per well of mouse anti-collagen IV-antibody
(1:1000 in PBS pH 7.5, C1926, Sigma-Aldrich, Germany) for
1 h and incubation with goat anti-mouse antibody (1:1000 in
PBS pH 7.5, A4416, Sigma Aldrich, Germany) under the same
conditions.

Microgel synthesis and attachment of galectin fusion proteins

Fabrication of the microfluidic device. Photolithography was
used for the preparation of master molds for the microfluidic
devices.”® Using AutoCAD® software (Autodesk, USA), the
microfluidic channel was designed as a two-dimensional
drawing and then printed on a high-resolution (25000 dpi)
dark-field photomask. An epoxy-based photoresist (SU-8) was
then patterned onto a silicon wafer through photolithography
of the printed photomask to form the used master molds. To
produce PDMS-based microfluidic devices, soft lithography
was used. The Sylgard 184 Elastomer Kit (Mavom), was used to
fill the master molds, more specifically a two-component
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mixture of 10 parts siloxane and 1 part curing agent (cross-
linker). After filling the master molds, the mixture underwent
overnight curing at 60 °C, forming a fully cross-linked polydi-
methylsiloxane (PDMS) device. The device was carefully
removed, and equipped with tube connections using a
0.75 mm biopsy punch. The device and glass slide, cleaned
with isopropyl alcohol and water, and dried at 60 °C for 1 h,
underwent oxygen plasma treatment. The PDMS and glass
slide were bonded to form irreversible bonds, facilitated by the
introduction of polar Si-Ox, Si-OH, and C-OH groups during
plasma treatment. To minimize wetting in microfluidic chan-
nels, an Aquapel® (PWG Auto Glass, LLC) hydrophobic film
was applied, and the channels were flushed with air after a
2-minute exposure.

For microfluidic experiments, a microfluidic station com-
prising three syringe pumps (PHD Ultra, Harvard Apparatus,
Holliston, USA) was used. GASTIGHT® Syringes (Hamilton,
USA) were placed in each syringe pump to accurately control
the flow rates on the microfluidic chip. Through fine-bore PE
tubing with an inner diameter of 0.38 mm, the syringes were
attached to a PDMS microfluidic device with an 80 pm channel
diameter. During the synthesis, an inverted microscope (Motic
AE2000, TED PELLA, INC., Redding, CA) with a camera (Flea3,
Point Grey, Richmond, CA) enabled real-time observation of
microfluidic flow and droplet formation.

Two distinct aqueous phases, each at a flow rate of 150 pL
h™, were introduced separately into the microfluidic device.
These phases were merged into a single channel, maintaining
laminar flow conditions. Following the combination, an immis-
cible oil phase (Novec™ HFE-7500 with 2% w/w FluoSurf-C sur-
factant, Emulseo) was used to transform the aqueous stream
into water-in-oil (W/O) droplets at 600 uL h™" in a flow-focusing
microfluidic channel. The pre-polymers in the droplets under-
went a Michael-type addition reaction, resulting in the for-
mation of monodisperse, spherical microgels. For their purifi-
cation, microgels were washed three times with HFE-7500
(Emulseo), once with n-heptane, and five times with PBS.

The two aqueous phases consist of the SH-phase containing
PEG thiol (PEG-SH, Biopharma PEG Scientific Inc.) and the
VS-phase containing PEG vinyl sulfone (PEG-VS, Creative
PEGWorks). To prepare SpyTag-functionalized microgels, the
VS-phase was prepared from 5% w/v 8-arm PEG-VS (20 kDa) in
100 mM HEPES pH 8. The SH-phase contained 2.5% w/v
4-arm PEG-SH solution (10 kDa) and 1% w/v SpyTag in H,O
due to the low solubility of the used peptide in the buffer.>®
The peptide C-SpyTag003 (BioCat GmbH, 98% purity), desig-
nated as SpyTag003, was custom-synthesized with the
sequence CRGVPHIVMVDAYKRYK (2034.06 g mol ')."* The
microfluidic synthesis was designed according to our previous
work where an excess of VS functional groups was used for the
attachment of the Spy-Tag through an incorporated cysteine.>®
For the preparation of non-functionalized microgels, a 2.5%
w/v 4-arm PEG-VS solution (10 kDa) in 100 mM HEPES pH 8
formed the VS-phase. The SH-phase was prepared with 2.5%
w/v 4-arm PEG-SH (10 kDa) in 100 mM HEPES pH 8. Using
Olympus cellSens Standard 3.2 software, microscopy images of
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microgels were captured using an Olympus CKX53 equipped
with a camera (Olympus DP23). Microgel sizes were deter-
mined using Fiji (Image]), with a minimum of 20 particles
measured for analysis.

Conjugation of galectins to microgels. After microgel syn-
thesis and purification, post-attachment of galectins to the
microgels was performed. Therefore, 50 pL of a concentrated
microgel dispersion in PBS pH 7.5 was mixed with 500 pL of
30 pM galectin solution (final concentration: 27.3 pM). After
mixing in a vortex shaker at 500 rpm for 1 h at room tempera-
ture, the mixture was stored for a further 23 h at 4 °C. The
galectin—microgels were purified by removal of the supernatant
and washing twice with PBS. The supernatant was kept for
further analysis. By determination of the galectin concen-
tration in the supernatant, the amounts of immobilized galec-
tins were determined.

Confocal microscopy

A fluorescamine assay was used for the detection of the
SpyTag peptide in microgels.>>”® Therefore, microgels (40 pL
in 100 mM PBS pH 7.5) were mixed vigorously with a solution
of 4'-phenylspiro[2-benzofuran-3,2'-furan]-1,3"-dione (fluores-
camine, 10 pL, 3 mg mL™" in acetone) as described pre-
viously.”! The product was then examined using confocal
microscopy and possesses an excitation wavelength Ao, of
390 nm and an emission wavelength i.p,, of 475 nm.”®

Permeability studies were carried out according to Bulut
et al.®® Microgels were mixed with 1 mg mL™" FITC-dextran
solutions of varying molecular weights (4, 40, 150, and
500 kDa). The fluorescence intensity profile was analyzed by
confocal microscopy.

For the visualization of fluorescent microgels, confocal
laser scanning microscopy (SP8 Tandem Confocal, Leica
Microsystems Inc.) was used. A photodiode with 405 nm was
used for the analysis of fluorescamine derivates (455-500 nm
emission; blue channel), an argon laser with 476 nm for eYFP
(500-550 nm emission; yellow channel), and an argon laser
with 488 nm for eGFP (500-550 nm emission; green channel).
A diode-pumped solid-state laser with 561 nm was used to
analyze samples with DsRedM (575-650 nm emission) and
mCherry (600-650 nm emission; red channel). Image proces-
sing was performed with LasX software.

Cell culture

The human adenocarcinoma DLD-1 cell line was kindly pro-
vided by Prof. P. Sebo (Institute of Microbiology of the Czech
Academy of Sciences, Prague). Cells were grown in RPMI sup-
plemented with 10% v/v fetal bovine serum and 1% v/v anti-
biotic mixture (penicillin, 100 U mL™", and streptomycin,
100 ¢ mL™%; all Gibco, Thermo Fisher Scientific, Waltman, MA,
USA). Cells were incubated in a humidified atmosphere con-
taining 5% CO, at 37 °C.

Western blot for the detection of galectins in DLD-1 cells

The detection of all galectins was done by western blot as
described earlier with Gal-3,%° or Gal-87° in DLD-1. We used

This journal is © The Royal Society of Chemistry 2025
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primary rabbit antibodies (1:1000) against human Gal-1
(D608 T, Cell Signaling Technology, Danvers, MA, USA),
against human Gal-3 (D412, Cell Signaling Technology, USA),
against human Gal-4 (PA5-95353, Thermo Fisher Scientific,
Waltman, MA, USA), or against human Gal-8 (JB85-35, Novus
Biologicals, USA), respectively. Goat anti-rabbit secondary anti-
body conjugated with horseradish peroxidase (31460,
ThermoFisher Scientific, USA) with SuperSignal™ West Femto
Maximum Sensitivity substrate (Thermofisher, USA) were used
for chemiluminescence detection.

Binding of galectin fusion proteins to colorectal cancer cells

The serially diluted galectin fusion proteins in PBS/BSA buffer
(50 mM NaH,PO,/150 mM NaCl/1% w/v bovine serum
albumin, pH 7.5) were mixed with the suspension of DLD-1
cells (1 x 10° in 100 pL final volume) in U-bottom 96-well
tissue culture test plates and incubated for 60 min on ice. The
carbohydrate-driven galectin binding was verified by inhibition
with lactose (200 and 100 mM). The cells were washed with
PBS/BSA buffer and centrifuged (200g, 3 min, 4 °C). The cells
(resuspended in PBS/BSA buffer) were analyzed by flow cytome-
try with Hoechst 33258 stain (1 mg mL™"). Two independent
experiments were performed in duplicate. In data analysis
using Flow]Jo software (Tree Star, Ashland, OR, USA), cell aggre-
gates and dead cells were excluded by appropriate gating.
Values are given as mean and SEM.

Binding of galectin-functionalized microgels to the cell surface

DLD-1 cells were seeded in the complete medium into a
24-well plate at 12 x 10° in 500 pL final volume. After 40 h of
incubation (ca. 90% confluence of cells), the cells were washed
with Hanks’ balanced salt solution (HBSS). Following the
coupling, the galectin-functionalized microgels were dissolved
in 200 pL of HBSS or 200 mM lactose (in HBSS), added to the
cells, and incubated on ice for 1 h. After washing in HBSS, the
samples were examined using an Olympus IX83 fluorescence
microscope equipped with a 10x 2PH-UPLFLN/0.3 N.A. objec-
tive. An appropriate filter set was used for the excitation/emis-
sion of the fluorescently labeled proteins. The resulting
images consist of a fluorescence and bright-field image using
FiJi software.®?

Cytotoxicity

The cytotoxicity of HGal-3 was tested using CellCounting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan) according to
the manufacturer’s protocol. Briefly, DLD-1 cells (20 000 cells
per well) were seeded in 100 pL of standard growth medium in
96-well plates. After overnight stabilization, the used medium
was removed and the cells were treated with serially diluted
HGal-3 (final concentration 0.5-30 uM) and cultured for 24 h.
Then, 10 pL of CCK-8 solution was added to each well. After
2 h, absorbance was measured at 450 nm using Sunrise
Absorbance Microplate Reader (Tecan Group Ltd, Maennedorf,
Switzerland). All samples were tested at least twice. The relative
viability of cells was determined, with the negative control
(without substances) set at 100%.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

This study showcased the versatile potential of galectin fusion
proteins as innovative glyco-tools for biomedically relevant
applications, particularly in the context of chronic inflam-
mation. We established a color-coded SpyCatcher galectin
fusion protein library and performed in vitro binding assays on
glycoproteins, ECM glycoconjugates, and the cell surfaces,
which revealed their functionalities and binding affinities
towards the respective ligands. SpyCatcher/SpyTag immobiliz-
ation technology enabled the in vitro layer-by-layer construc-
tion of an ECM-like network and the synthesis of galectin-
functionalized  microgels, which were targeted to
DLD-1 glycocalyx through the interaction between galectin and
glycocalyx carbohydrates. These findings show the perspective
for the transport of functional and biocompatible materials,
such as microgels, to the desired locations. Future research
should explore conjugating different galectin-binding domains
with each other to elucidate the properties of newly combined
constructs. Additionally, utilizing primary cells from IBD
patients would provide a more accurate picture of natural cell
surface glycosylation in this disease and will be the subject of
the future research. In conclusion, this work demonstrates the
potential use of galectin fusion proteins as novel tools in bio-
material science.
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