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Tuning carbohydrate density enhances protein binding and 
inhibition by glycosylated b-sheet peptide nanofibers  
Antonietta Restucciaa and Gregory A. Hudallaa,*  

Carbohydrate-modified biomaterials are attractive for disrupting natural protein-glycan binding events because they present 
ligands in multivalent arrangements that can address the weak affinity of monovalent protein-carbohydrate interactions. 
However, protein binding depends on physical aspects of immobilized carbohydrate display, such as density and valency, 
which are often difficult to predict and can vary for different types of biomaterials. Here, we characterized protein 
interactions with b-sheet peptide nanofibers with tunable immobilized carbohydrate content, which were prepared by co-
assembling QQKFQFQFEQQ (Q11) with a glycosylated variant modified with N-acetylglucosamine (GQ11) at different molar 
ratios. Rate of protein binding increased as carbohydrate density decreased, with nanofibers having a GQ11:Q11 molar ratio 
of 1:3 reaching equilibrium faster than formulations with GQ11 mole fraction of 1. A larger protein demonstrated a lower 
extent of binding than a smaller protein, however, the optimal range of carbohydrate densities was independent of protein 
size. Nanofibers with the highest apparent protein binding affinity inhibited T cell death induced by wheat germ agglutinin 
(WGA) more effectively than sub-optimal formulations, because they bound more protein within biologically-relevant time 
frames (min to h). Collectively, these observations suggest that tuning carbohydrate density via co-assembly of glycosylated 
and non-glycosylated Q11 variants can maximize multivalent avidity effects while minimizing steric penalties. We anticipate 
that this approach will enable rapid iterative development of biomaterials with optimal activity for inhibiting protein-glycan 
interactions implicated in disease progression. 

Introduction 
Protein-carbohydrate interactions are gaining interest as drug 
targets due to growing appreciation of their role in various 
pathological processes, including bacterial and viral infection,1, 

2 cancer,3, 4 inflammation,5 and autoimmunity.6 Carbohydrates and 
synthetic derivatives are attractive lead compounds for developing 
selective and specific inhibitors,7 however, their effectiveness is 
often limited by the weak binding affinity of monovalent protein-
carbohydrate interactions (KD ~ 10-3 – 10-6 M). In nature, protein-
carbohydrate interactions are stabilized by avidity effects resulting 
from multiple independent binding events that collectively increase 
apparent binding affinity.8 For example, chelate effects observed 
when multivalent carbohydrates can occupy multiple binding sites on 
a single protein lower the entropic cost of protein-ligand association. 
Likewise, statistical rebinding describes the increased probability of 
proteins to associate with ligands in close proximity rather than 
dissociate and diffuse away. Characteristic examples of 
statistical rebinding are soybean agglutinin and Vatairea macrocarpa 
lectin association with porcine submaxillary mucins, in 

which apparent binding affinity increases with glycoprotein chain 
length.9 Often referred to as the ‘cluster glycoside effect’,10 
carbohydrate multivalency is becoming increasingly important for 
designing inhibitors of protein-carbohydrate interactions. 

Various types of biomaterials are used as scaffolds to mimic 
natural multivalent carbohydrate presentation, including polymers, 
nanoparticles, proteins, polypeptides, and dendrimers.11-13 Prior 
work has demonstrated that protein recognition by immobilized 
carbohydrates depends on scaffold features, such as architecture, 
linker length, and rigidity, as well as carbohydrate density (i.e., lateral 
distance between carbohydrates) and carbohydrate valency (i.e., 
total number of carbohydrate molecules on the scaffold).14, 15 Many 
examples of biomaterials modified with carbohydrates (i.e., 
“glycomaterials”) that can enhance or inhibit the biological activity 
of protein targets have been reported to date.16-18 Critical to these 
advances is establishing design guidelines that correlate physical and 
chemical properties of different glycomaterial scaffolds with their 
protein binding properties.19-27 Thus, ideal glycomaterials provide 
simple, user-defined control of carbohydrate density and valency on 
a single scaffold architecture to enable systematic optimization of 
protein binding affinity, specificity, and kinetics according to the 
intended biomedical or biotechnological application. 

Carbohydrate-modified molecules that self-assemble into 
supramolecular structures are receiving increasing attention as 
glycomaterials.28-37  For example, we recently reported b-sheet 
peptide nanofibers modified with a disaccharide that can specifically 
recognize galectins, a family of soluble carbohydrate-binding 
proteins.38 Self-assembled peptide nanofibers are advantageous as 
scaffolds for immobilized ligands because their molecular 
composition is easily interchangeable, can be finely tuned, and is 
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robustly reproducible.39 For example, variants of the b-sheet 
fibrillizing peptide QQKFQFQFEQQ (Q11) modified with different 
ligands can be co-assembled at optimal ratios to elicit desired 
biological responses, such as cell adhesion and proliferation,40 or 
adaptive immunity.41  However, relationships between the 
composition of carbohydrates immobilized onto self-assembled 
peptide nanofibers and their protein binding properties are poorly 
defined. Here, we systematically characterized relationships 
between the density and valency of carbohydrates on Q11 
nanofibers and their recognition of carbohydrate-binding proteins. 
Specifically, we co-assembled Q11 and a variant modified with the 
monosaccharide n-acetylglucosamine (i.e., “GQ11”) at different 
molar ratios to create nanofibers with a broad range of carbohydrate 
densities (Fig. 1a-b). We expected that tuning carbohydrate density 
would increase protein binding affinity by maximizing statistical 
rebinding while minimizing steric penalties (Fig. 1c).  As a model 
system, we characterized GQ11 nanofiber binding to two plant 
lectins that recognize N-acetylglucosamine (GlcNAc), wheat germ 
agglutinin (WGA) and Griffonia Simplicifolia lectin II (GS II). We 
established relationships between carbohydrate density on the 
nanofiber and lectin binding rate, as well as relationships between 
valency, density, and extent of protein binding. We also evaluated 
the efficacy of GQ11 nanofibers to inhibit WGA-induced T cell death 
in vitro as a function of carbohydrate density. The results from this 
study illustrate the potential of peptide co-assembly to easily and 
rapidly survey glycomaterials with user-defined carbohydrate 
content to identify optimal multivalent lectin inhibitors. 

Results and Discussion  

WGA binding by glycosylated peptide nanofibers is optimal at 
moderate carbohydrate density and valency 

We characterized lectin binding to nanofibers with different 
carbohydrate densities by co-assembling GQ11 and non-glycosylated 
Q11 at different molar ratios, reported as (GQ11:Q11) (Fig. S3). First, 
binding kinetics were determined using a turbidity assay in which 
crosslinking of lectin and nanofibers into insoluble networks leads to 
measurable attenuation of incident light.19 Nanofibers with low 
carbohydrate density (250:750) formed macroscopic aggregates 
within minutes when incubated with WGA (Fig. 2a, black circles). In 
contrast, nanofibers with equivalent carbohydrate valency at high 
density (250:0) formed macroscopic aggregates much more slowly in 
the presence of WGA, taking more than 18 hours to reach maximum 
visible light attenuation (Fig. 2a, white squares). When total peptide 
concentration was held constant, nanofibers with high carbohydrate 
density and valency (1000:0) formed aggregates more slowly than 
nanofibers with low carbohydrate density and valency (250:750) 
(Figure S4). Collectively, these observations suggested that kinetics 
of lectin binding to glycosylated peptide nanofibers were more 
dependent on immobilized carbohydrate density than valency.  

To relate aggregate formation kinetics with lectin binding 
affinity, we characterized extent of WGA binding to glycosylated 
peptide nanofibers at different time points. We used an established 
sedimentation assay,38 in which nanofibers plus bound lectin are first 
separated from unbound lectin via centrifugation, and then unbound 
lectin in the supernatant is measured fluorimetrically.  250:750 
nanofibers bound more than 95% of WGA in solution after 1 h of 
incubation, whereas 250:0 nanofibers bound less than 60% of WGA 
in solution (Figure 2b). Concentration of WGA bound to 250:750 
nanofibers was unchanged after 24 h, whereas WGA concentration 

 
bound to 250:0 nanofibers increased to an extent approximately 
equal to that bound to 250:750 nanofibers. Taken together, these 
data demonstrated that glycosylated peptide nanofibers having 
relatively low carbohydrate density reached binding equilibrium with 
WGA faster than nanofibers with high carbohydrate density.  

To further understand relationships between carbohydrate 
density and valency, we compared WGA binding to a library of 
GQ11:Q11 and GQ11 nanofibers. First, we compared WGA binding to 
GQ11:Q11 nanofibers for which valency and density are coupled to  

Figure 1. Schematic representation of glycosylated b-sheet peptide 
nanofibers that can capture carbohydrate-binding proteins.  (a) Q11 
and the glycosylated Q11 variant, N(GlcNAc)-SGSG-QQKFQFQFEQQ 
(GQ11). (b) Co-assembled nanofibers of Q11 and GQ11 have lower 
carbohydrate density than self-assembled GQ11 nanofibers. (c) 
Bound proteins, such as wheat germ agglutinin (WGA), are expected 
to sterically shield more carbohydrates on GQ11 nanofibers than 
GQ11:Q11 nanofibers, leading to lower effective carbohydrate 
concentration that decreases apparent binding affinity. 
 

Figure 2. Carbohydrate density on Q11 nanofibers determines WGA 
binding kinetics. (a) Turbidity assay demonstrating that co-
assembled GQ11:Q11 nanofibers having lower carbohydrate 
density aggregate faster in the presence of WGA than GQ11 
nanofibers having equivalent carbohydrate valency at high density. 
(b) Co-precipitation assay demonstrating that GQ11:Q11 nanofibers 
having lower carbohydrate density reach binding equilibrium with 
WGA faster than GQ11 nanofibers having equivalent carbohydrate 
valency at high density. * p < 0.005, student’s t-test. 
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GQ11 nanofibers with a range of GlcNAc valencies at high density. 
Both nanofiber formulations bound a comparable amount of WGA at 
high GlcNAc valency (i.e., [GQ11] > 500 µM), however, GQ11:Q11 
nanofibers approached maximum binding at lower valency than 
GQ11 nanofibers (Fig. 3a). Scatchard analysis of these saturation 
binding data yielded negative linear trends (Fig. 3b), suggesting non-
cooperative association of WGA with these GQ11 and GQ11:Q11 
nanofiber formulations. Non-linear regression of saturating binding 
data estimated that GQ11:Q11 nanofiber dissociation constant (KD) 
for WGA was ~3-fold lower than that of GQ11 (Fig. 3c), consistent 
with the steeper slope for the Scatchard plot of GQ11:Q11 
nanofibers. Together, these observations demonstrated that 
decreasing immobilized glycan density on Q11 nanofibers increased 
WGA binding affinity, consistent with observations that decreasing 
glycan density can enhance lectin binding rate (Fig. 2).   

Next, we compared WGA binding to GQ11:Q11 nanofibers with 
equivalent GlcNAc valency at different densities. Extent of WGA 
binding increased to a maximum as GlcNAc density was decreased 
(i.e., [Q11] was increased), although extent of WGA binding was 
significantly diminished at very low GlcNAc densities (i.e., high [Q11]) 
(Fig. 3d). Similarly, when the GlcNAc to WGA ratio was held constant 
to normalize the driving force for binding, GQ11:Q11 nanofibers with 
a moderate GlcNAc density and valency demonstrated the highest 
extent of WGA binding (Fig. 3e). Taken together, these observations 
suggested that nanofibers with moderate glycan density and valency 
would demonstrate optimal WGA binding affinity. To test this, we 
characterized WGA binding to GQ11:Q11 nanofibers with low density 
and valency (100:900), moderate density and valency (250:750), or 
high density and valency (1000:0). Low density, low valency 
nanofibers approached saturation at ~15 µM bound WGA (Fig. 4a, 
black triangles). Strikingly, high density, high valency nanofibers 
bound nearly the same amount of WGA over 1 h as low density, low 
valency nanofibers (Fig. 4a, white squares), despite a 10-fold 
difference in carbohydrate content, further supporting observations 
that increasing carbohydrate density decreases lectin binding rate 
(Fig. 2). In contrast, nanofibers with moderate carbohydrate density 
and valency were not saturated over the range of 2.5-25 µM WGA 
(Fig. 4a, black circles). Scatchard analysis suggested that WGA 
binding to 100:900 and 1000:0 nanofibers was not cooperative (Fig. 
4b), where the latter was consistent with WGA binding to high 
density nanofibers at a range of valencies (Fig. 3b). Non-linear 
regression estimated an ~2-fold difference in KD for WGA binding to 
100:900 and 1000:0 nanofibers (Fig. 4c), demonstrating that high 
glycan density did not significantly enhance lectin binding affinity. In 
contrast, Scatchard analysis suggested positive cooperativity for 
WGA binding to 250:750 nanofibers (Fig. 4b), which precluded 
accurate estimation of KD (Fig. 4c). Notably, this contrasted with the 
observed non-cooperative binding of WGA to GQ11:Q11 nanofibers 
with a range of increasing densities and valencies (Fig. 3b). 
Collectively, these data demonstrated that binding affinity was 
optimal for nanofibers with moderate carbohydrate density and 
valency, likely due multivalent avidity effects that maximized 
statistical rebinding while avoiding steric penalties. 

We postulate that the observed differences in rate and extent of 
WGA binding to glycosylated peptide nanofibers may result from 
steric masking of neighboring carbohydrates by a bound lectin.42 In 
particular, WGA is a dimer with four accessible binding sites and a 
hydrodynamic diameter of ~56 Å.43, 44 On the other hand, 
carbohydrates appended onto b-strands of an anti-parallel b-sheet 
are ~9.2 Å apart (distance between b-strands is ~4.6 Å),45 which is 
approximately one-sixth of the hydrodynamic diameter of the lectin. 
Co-assembly of GQ11 with diluent Q11 increases the average linear 

 

 
distances between carbohydrates on the nanofiber, thereby 
decreasing the number of glycans masked by a bound lectin (Fig. 1c). 
Thus, “effective” carbohydrate concentration would decrease more 
rapidly as a function of lectin binding to GQ11 than GQ11:Q11 
nanofibers. Since association rate is dependent on the microaffinity 
constant, which is dependent on the effective concentration of both 
protein and ligand in solution, a more rapid decrease in effective 
carbohydrate concentration on GQ11 nanofibers would explain their 
slower binding rate compared to GQ11:Q11 nanofibers. Similar 
effects have been reported for soybean agglutinin lectin association 
with submaxillary mucins, where microaffinity constant decreases as 
extent of lectin binding increases.46, 47  

Figure 3. Carbohydrate density on Q11 nanofibers determines 
extent of WGA binding. (a) % WGA bound to GQ11 nanofibers with 
increasing GlcNAc valency at high density (open squares) or 
GQ11:Q11 nanofibers with increasing GlcNAc density and valency 
(GlcNAc density µ [GQ11]) (black circles) when [WGA]total = 15 µM. 
(b) Scatchard plots and (c) dissociation constants (KD) determined 
from data in (a). (d) % WGA bound to GQ11:Q11 nanofibers with 
equivalent valencies at different densities when [WGA]total = 2.5 µM 
(GlcNAc density µ 1/[Q11]). (e) Comparison of % WGA bound to 
GQ11 nanofibers with different GlcNAc valency (open squares) or 
GQ11:Q11 nanofibers with different GlcNAc density and valency 
(black circles) when the GQ11 to WGA ratio was held constant at 20 
([WGA] = 5, 12.5, 25, 37.5, and 50 µM, respectively). In all 
experiments, total peptide (GQ11 + Q11) = 1 mM for GQ11:Q11 
group. In (a) * represents p < 0.05, and in (d) and (e) ** represents 
p < 0.01, student’s t-test comparing GQ11:Q11 to GQ11 at [GQ11]. 
In (d) and (e), * represents p < 0.05 compared to all other conditions 
unless indicated otherwise, ANOVA with Tukey’s post-hoc.  
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GS II binding by glycosylated peptide nanofibers is optimal at 
moderate carbohydrate density and valency 
 
We characterized GQ11 nanofiber recognition of another GlcNAc-
binding protein, Griffonia Simplicifolia lectin II (GS II), to determine if 
the observed relationships between carbohydrate content on Q11 
nanofibers and their lectin binding properties were specific to WGA. 
GQ11:Q11 nanofibers with lower density and valency (i.e., [GQ11] < 
500 µM) bound more GS II than nanofibers with high density, 
regardless of valency (Fig. 5a). Likewise, 250:750 nanofibers 
demonstrated a tendency to bind more GS II at increasing lectin 
concentrations than 100:900 and 1000:0 nanofibers (Figure 5b), 
which bound comparable amounts of GS II despite having a 10-fold 
difference in GlcNAc valency. Previous studies using brush-like 
glycopolymers also demonstrated that GS II binding kinetics and 
equilibrium dissociation constant were dictated by scaffold topology 
and overall glycan accessibility.48 Here, we assume that differences 
in the extent of WGA and GS II binding to glycosylated peptide 
nanofibers can be attributed to differences in size, as well as 
orientations and binding preferences of their carbohydrate 
recognition domains.  For example, although both lectins are known 
to recognize GlcNAc, WGA preferentially binds internal carbohydrate 
residues within polysaccharides, while GS II binds terminal 
residues.49, 50 In our studies, extent of GS II binding to GQ11 
nanofibers was significantly lower relative to WGA, regardless of 
carbohydrate density. This was not surprising, given that the 
molecular weight of WGA is nearly three times smaller than GS II, 
which consists of four 30 kDa subunits.51 Thus, binding of a larger GS 
II molecule to glycosylated peptide nanofibers would be expected to 
sterically shield more carbohydrates than a bound WGA molecule.  
Nonetheless, these observations suggested two general design 
guidelines for glycosylated b-sheet peptide nanofibers: (1) co-
assembly of GQ11 with diluent Q11 enhances protein binding, and 
(2) optimal lectin binding affinity correlates with a relatively narrow 
range of glycan densities. 

 
The length of the linker separating GlcNAc from Q11 nanofibers 
does not influence WGA binding 
 
Previous reports demonstrate that linker length and flexibility can 
affect lectin binding to multivalent carbohydrates,52-54 and here we 
considered that the Q11 nanofiber scaffold may establish steric 
penalties that hinder WGA binding to immobilized GlcNAc. To probe 
the influence of the linker separating GlcNAc and Q11 on lectin 
binding, we characterized WGA interactions with GQ11 variants 
having a short (~2 nm) linker, referred to as “G-2-Q11”, and a long 
(~8 nm) linker, referred to as “G-8-Q11”, where the parent GQ11 
molecule has an intermediate (~4 nm) linker. G-2-Q11 and G-8-Q11 
formed elongated nanofibers with morphological features and b-
sheet content that were similar to GQ11 (Figure 6a-c and S5).27 Co-
assembled nanofibers consisting of 250 µM GQ11 and 750 µM Q11 
(i.e. 250:750) bound comparable amounts of WGA after 1 h, 
regardless of linker length (Fig. 6d), suggesting that the Q11 
nanofiber did not impose significant steric penalties on WGA:GlcNAc 
binding. This was not necessarily surprising since WGA carbohydrate 
recognition domains are shallow clefts located near the protein 
surface. Nonetheless, in other contexts, such as GS II binding to 
GQ11:Q11 nanofibers (Fig. 5) or galectin binding to LacNAcQ11:Q11 
nanofibers reported previously,38 linker length or rigidity may still be 
an important determinant of binding affinity or binding kinetics. 

Although previous reports demonstrate an influence of linker 
length and rigidity on WGA binding to multivalent carbohydrate 
ligands, the most drastic effects are associated with scaffold 
architectures that promote chelate effects, such as calix[n]renes and 
cyclopeptides.55, 56 For example, optimal linker lengths can increase 
apparent WGA-GlcNAc binding affinity ~25,000-fold compared to   
monovalent GlcNAc alone.54 In contrast, WGA binding to GlcNAc 
moieties immobilized onto a surface, which we consider analogous  

Figure 4. Extent of WGA binding is maximized on Q11 nanofibers with 
moderate glycan density and valency. (a) WGA concentration bound 
to low density, low valency (100:900), moderate density, moderate 
valency (250:750), or high density, high valency (1000:0)  GQ11:Q11 
nanofibers. (b) Scatchard plots and (c) KD determined from data in 
(a). *** denotes p < 0.001, ANOVA with Tukey’s post-hoc. 

Figure 5. Extent of GS II binding is maximized on Q11 nanofibers 
with moderate carbohydrate density and valency. (a) Co-
precipitation assay demonstrating extent of GS II binding to 
GQ11:Q11 and GQ11 nanofibers as a function of GQ11 
concentration. (b) Co-precipitation assay demonstrating amount of 
GS II bound to GQ11:Q11 nanofibers with different densities and 
valencies as a function of GS II concentration. * denotes p < 0.05, 
student’s t-test. 
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to GQ11 nanofibers, are less clear.57 For example, immobilizing  
GlcNAc onto Q11 nanofibers only increased binding affinity by ~85-
90 fold when compared to monovalent GlcNAc (KD ~20-30 µM (Fig. 
4c) vs 2.5 mM,58 respectively). We infer that chelate effects are 
unlikely to be a major contributor to protein-nanofiber binding. 
Rather, we postulate that the increased binding affinities reported 
herein are due to a combination of statistical rebinding effects 
endowed by carbohydrate multivalency (i.e. ‘bind and slide’), as well 
as decreased entropic penalties due to immobilizing GlcNAc onto a 
Q11 nanofiber. Elucidating the thermodynamic parameters 
governing lectin binding to glycosylated peptide nanofibers, which 
are beyond the scope of this report, will likely aid in clarifying these 
contributions.  

Nanofibers that rapidly bind lectin are more effective inhibitors 

We characterized relationships between GQ11 nanofiber apparent 
WGA binding affinity and potency for inhibiting WGA biological 
activity using an in vitro Jurkat T cell death assay.  Co-assembled 
GQ11:Q11 nanofibers (250:750) inhibited WGA-induced Jurkat T cell 
death more effectively than GQ11 nanofibers at two different WGA 
concentrations (Fig. 7a-b). In all cases, GlcNAc concentration was at 
least 200-fold greater than WGA concentration, an excess expected 
to be sufficient to saturate WGA binding sites. Indeed, under these 
conditions, both GQ11:Q11 and GQ11 nanofibers bound equivalent 
amounts of WGA at equilibrium, but their lectin binding rates 
differed (Fig. 2). Taken together, these observations demonstrated  

 
that glycosylated peptide nanofibers that bind WGA more rapidly 
are more effective inhibitors. This was not necessarily surprising 
since  WGA activates pro-apoptotic signaling mechanisms (e.g. inner 
mitochondrial membrane disruption, cytochrome c release) within 
30 minutes of incubation with Jurkat T cells.59 Thus, these 
observations underscore the importance of lectin binding rate, in 
addition to dissociation constant, as a key predictor of multivalent 
glycoconjugate inhibitory efficacy.  
 
Conclusions  
The results presented here demonstrate that protein recognition by 
glycosylated b-sheet peptide nanofibers depends on carbohydrate 
density. Glycosylated peptide nanofibers bound comparable 
amounts of protein at equilibrium, regardless of carbohydrate 
density, however nanofibers with low to moderate carbohydrate 
densities reached equilibrium faster than nanofibers with high 
carbohydrate densities, regardless of valency. Increased rate of lectin 
binding correlated with improved efficacy for inhibiting WGA-
induced T cell apoptosis in vitro. Similar correlations between protein 
binding and carbohydrate density were observed with two different 
GlcNAc-binding lectins, suggesting that these relationships were a 
common feature of glycosylated peptide nanofibers. We attribute 
the observed density-dependent differences in protein binding to 
steric masking of carbohydrates. Due to the larger size of proteins 
relative to carbohydrates, binding of one protein molecule to one 
carbohydrate molecule within a multivalent cluster can mask 
multiple neighboring carbohydrates. Thus, the concentration of 
carbohydrate ligands that are available to bind proteins (i.e. the 
“effective concentration”) will decrease at a faster rate as protein 
size increases. Consistent with this, the results presented here 
demonstrated that glycosylated peptide nanofibers bound less GS II, 
a relatively large lectin, than WGA, which is considerably smaller. 
Therefore, increasing the distance between neighboring 
carbohydrates would be expected to enhance protein binding by 
reducing the number of ligands masked by each bound protein 
molecule. Consistent with this, we observed higher extent of lectin 
binding to nanofibers with GQ11:Q11 ratios less than 1 when 
compared to nanofibers assembled from GQ11 alone or GQ11:Q11 

Figure 6: Linker length does not influence WGA binding to co-
assembled GQ11:Q11 nanofibers with moderate carbohydrate 
density and valency. Transmission electron micrographs 
demonstrating that (a) G-2-Q11 and (b) G-8-Q11 self-assembled 
into elongated nanofibers with morphologies similar to the parent 
GQ11 molecule (scale bar = 100 nm). (c) G-2-Q11, parent GQ11 (i.e., 
G-4-Q11), and G-8-Q11 nanofibers were rich in 𝛽-sheets based on 
ThT fluorescence. (d) Co-precipitation assay demonstrating that 
GQ11:Q11 nanofibers (250:750) bound comparable amounts of 
WGA at 1 h regardless of linker length. “ns” represents no 
significant difference using ANOVA with Tukey’s post-hoc. 

Figure 7. Nanofibers with optimal carbohydrate density inhibited 
WGA-induced Jurkat T cell death more effectively than nanofibers 
with high carbohydrate density. Jurkat T cell metabolic activity, a 
measure of viability, in the presence of 250:750 GQ11:Q11 
nanofibers or 250:0 GQ11 nanofibers in media supplemented with 
(a) 0.25 µM or (b) 0.5 µM WGA. ** represents p < 0.01 and *** 
represents p < 0.001, student’s t-test. 
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ratios greater than 1. However, nanofibers with carbohydrate 
densities that were too low demonstrated weakened binding, likely 
due to diminished avidity effects. Inverse relationships between 
glycan density and lectin binding have also been reported for 
glycodendrimersomes,27 suggesting that optimal affinity at 
moderate glycan density may be a shared trait among self-assembled 
glycomaterials. Interestingly, this would distinguish self-assembled 
glycomaterials from glycopolymers and glyconanoparticles, for 
which binding affinity and ligand density are often directly related.19, 

21, 24, 60, 61 Future efforts to benchmark lectin binding to different self-
assembled glycomaterials are expected to clarify these relationships, 
ultimately leading to design guidelines for supramolecular 
biomaterials that bind specific lectin targets with high affinity and 
rapid kinetics.  In total, these observations reinforce the notion that 
protein recognition by carbohydrates immobilized onto biomaterials 
depends on physical features that are difficult to predict a priori, 
highlighting the need for platforms that enable systematic and 
reproducible tuning of carbohydrate density and valency to define 
structure-function relationships. Self-assembled glycomaterials, 
such as the b-sheet peptide nanofibers reported herein, are ideal in 
this regard because their composition can be finely tuned via 
modular co-assembly of different molecular building blocks.  

Materials and Methods 
Peptide synthesis and purification  
Amino acids and amide resin were purchased from Novabiochem. 2-
(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate (HATU), 1-Hydroxy-7-azabenzotriazole (HOAt), 
N,N- Diisopropylethylamine (DIEA), dimethylformamide (DMF), 
trifluoroacetic acid (TFA), diethyl ether, and methanol were 
purchased from Fisher Scientific. Piperidine, 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU), triisopropylsilane (TIS), and 
sodium methoxide were purchased from Sigma-Aldrich. Peptides 
GQ11 (N(GlcNAc)SGSGQQKFQFQFEQQ), G-2-Q11 
(N(GlcNAc)SGQQKFQFQFEQQ), G-8-
Q11(N(GlcNAc)SGSGSGSGQQKFQFQFEQQ), and Q11 
(QQKFQFQFEQQ), were synthesized following standard Fmoc solid 
phase peptide synthesis protocols with DIEA/HOAt/HATU activation, 
according to previously reported methods.38 Peptides were cleaved 
with TFA/TIS/water (95:2.5:2.5) cocktail. Peptides were precipitated 
with diethyl ether, dried, resuspended in distilled water, and freeze 
dried. GQ11, G-2-Q11, and G-8-Q11 were further treated with 
sodium methoxide and precipitated in methanol for deacetylation. 
All peptides were purified using reversed-phase high-performance 
liquid chromatography (RP-HPLC) on an Ultimate 3000 equipped 
with a C18 column. Peptide molecular weight was confirmed using 
MALDI-TOF on a Bruker Microflex LRF system with α-cyano-4-
hydroxycinnamic acid as the matrix (Fig. S1). Peptide purity was >95% 
for all studies (Fig. S2).  
 
Nanofiber preparation  
Peptide powders were dissolved in ultrapure water (5 mM), diluted 
to working concentration in 1x phosphate buffered saline (PBS) (137 
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), and 
incubated for at least 12 hours. To prepare nanofibers with different 
carbohydrate densities, GQ11 and Q11 peptide powders were mixed 
at different molar ratios and dissolved in water to induce co-
assembly, similar to established methods.62 Sample labels indicate 
the molar concentration (in µM) of GQ11 and Q11. For example, a 
nanofiber with 250 µM GQ11 and 750 µM Q11 is labeled 250:750, 

and the total peptide concentration is the sum of the two 
components (1000 µM). 

We used an RP-HPLC assay to determine the GlcNAc content of 
GQ11:Q11 nanofibers, similar to previous methods.38 GQ11 and Q11 
were mixed as dry powders at different molar ratios, dissolved in 
water as described above, diluted 10-fold in 1x PBS to a final 
concentration of 3.2 mM, and incubated for 30 min. Nanofibers were 
then sedimented by centrifugation at 12000 xg for 5 min. Greater 
than 90% of peptide in solution was sedimented by centrifugation, 
independent of carbohydrate content (data not shown), consistent 
with previous reports.63 Following centrifugation, supernatant above 
the nanofiber pellet was carefully removed via pipet, nanofibers 
were resuspended in TFA, and nanofibers were 
disassembled via vigorous pipetting. GQ11 and Q11 content in each 
TFA solution was then independently analyzed via RP-HPLC using an 
Ultimate 3000 HPLC equipped with a C18 column. An RP-HPLC 
chromatogram was collected from each sample containing a mixture 
of GQ11 and Q11 in TFA. The area under the GQ11 peak (~18.5 min; 
confirmed via MALDI-TOF-MS) and Q11 peak (~19.5 min; 
confirmed via MALDI-TOF-MS) was calculated. RP-HPLC 
chromatograms of serial dilutions of TFA solutions with known 
concentrations of GQ11 or Q11 were then collected and the area 
under the GQ11 or Q11 peak was used to create standard curves of 
absorbance vs. GQ11 concentration or Q11 concentration, 
respectively. Standard curves were used to convert the area under 
the Q11 or GQ11 peak in each sample RP-HPLC chromatogram to 
peptide concentration in the sample, and mole fraction of GQ11 in 
each sample was then calculated from these concentrations. 
Chromatograms from each GQ11:Q11 mole fraction were collected 
for three replicates, and all standards were run in duplicate.  
 
Turbidimetric assays  
Turbidity measurements were performed to investigate kinetics of 
lectin binding to nanofibers. Assays were adapted from previously 
reported methods.19 100 µL of (250:750) and (250:0) nanofibers in 
PBS were incubated at room temperature with 12.5 µM WGA. 
Absorbance was recorded over time at 420 nm using a SpectraMax 
M3 spectrophotometer (Molecular Devices). Samples were run in 
triplicates. The curve represents the average and standard deviation 
of all three measurements.   
 
Co-precipitation assays to determine lectin binding to nanofibers 
Nanofibers were incubated at room temperature with wheat germ 
agglutinin (WGA, Sigma L9640) or Griffonia Simplicifolia Lectin II (GS 
II, Vector Laboratories L-1210) for 1 hour unless stated otherwise. 
Nanofibers were sedimented by centrifugation at 11,300 x g for 5 
min. Unbound protein in the supernatant was quantified by 
measuring tryptophan fluorescence using a SpectraMax M3 
spectrophotometer (excitation = 280 nm and emission = 345 nm). 
Fluorescence signals were converted to lectin concentration using 
calibration curves respective to each lectin. Scatchard plots were 
prepared by calculating the ratio of bound WGA concentration to 
free WGA concentration and then plotting these values against the 
bound WGA concentration, or calculating the ratio of bound GlcNAc 
concentration to free GlcNAc concentration and then plotting these 
values against bound GlcNAc concentration. Bound/free WGA or 
GlcNAc concentration ratios were calculated for each experimental 
replicate and then averaged. Data are reported as this average + 
standard deviation. Linear regression was performed using GraphPad 
Prism software. Dissociation constants were extracted via non-linear 
regression of saturating binding data using the one-site binding 
model (hyperbola) in GraphPad Prism software.  
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Transmission electron microscopy  
G-2-Q11 and G-8-Q11 nanofibers we adsorbed onto Formvar/carbon 
grids (FCF400-CU-UB, Electron Microscopy Sciences) from a droplet 
containing 250 µM peptide in PBS. Grids were dried by tilting onto a 
KimwipeTM (Kimberly-Clark). Samples were then negatively stained 
with a 2% aqueous solution of uranyl acetate. Samples were imaged 
on a Hitachi-7000 maintained by the UF Interdisciplinary Center for 
Biotechnology Research. 
 
Thioflavin T staining 
b-sheet content of GQ11, G-2-Q11 and G-8-Q11 samples was 
quantified using Thioflavin T (ThT) (Acros Organics), similar to 
previously reported methods.64 Nanofibers were prepared as 
described above, diluted to 1 mM in PBS, and mixed with aqueous 
Thioflavin T solution (0.8 mM) at a 10:1 ratio. Fluorescence was 
measured using a SpectraMax M3 spectrophotometer (excitation = 
385 nm, emission = 450 nm). 
 
Fourier transform infrared spectroscopy (FTIR)  
Peptides secondary structure was characterized using attenuated 
total reflectance (ATR) FTIR. A 3 µL nanofiber solution in water (5 
mM) was deposited onto a diamond-coated ZnSe crystal and dried at 
room temperature. Spectra were collected with a PerkinElmer 
Spectrum 100 spectrometer equipped with a KBr beam splitter. The 
data presented corresponds to the average of 4 scans at a resolution 
of 4 cm−1. 
 
Nanofiber inhibitory activity in vitro  
Jurkat T cells (E6-1) (ATCC) were kindly provided by Dr. Benjamin 
Keselowsky. Jurkat T cells were grown in RPMI media supplemented 
with 10% Fetal Bovine Serum (FBS) (Hyclone), 1% penicillin-
streptomycin (Gibco), 200 mM L-glutamine (HyClone), and 1% HEPES 
buffer (Hyclone), at 37 oC and 5% CO2. Jurkat T cells (30,000 cells/mL) 
were incubated with 0.25 or 0.5 µM WGA and increasing 
concentrations of 250 µM GQ11 or 250:750 GQ11:Q11 nanofibers 
overnight. Previous studies demonstrated that Q11 and GQ11 
nanofibers do not induce Jurkat T cell apoptosis,38 and therefore 
control samples of nanofibers alone were not included here. Cell 
metabolic activity, used here as a measure of viability, was 
determined using the Cell-Titer Blue assay (Promega), according to 
the manufacturer’s instructions. 
 
Statistical analysis  
All experimental and control groups consisted of 3 independent 
replicates for WGA turbidimetric assays, WGA and GS II co-
precipitation assays, and Jurkat T cell apoptosis assays. All studies 
were performed in duplicate. Statistical differences between groups 
were analyzed using student t-test (2 groups) or one-way ANOVA 
with Tukey’s post hoc (multiple groups) using GraphPad Prism 
software. 
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