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Abstract

Recently, there has been increased interest in using mannan as an immunomodulatory 

bioconjugate. Despite notable immunological and functional differences between the reduced 

(R-Man) and oxidized (O-Man) forms of mannan, little is known about the impact of mannan 

oxidation state on its in vivo persistence or its potential controlled release from biomaterials 

that may improve immunotherapeutic or prophylactic efficacy. Here, we investigate the impact 

of oxidation state on the in vitro and in vivo release of mannan from a biocompatible and 

immunostimulatory multidomain peptide hydrogel, K2(SL)6K2 (abbreviated as K2), that has been 

previously used for the controlled release of protein and small molecule payloads. We observed 
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that O-Man released more slowly from K2 hydrogels in vitro than R-Man. In vivo, the clearance 

of O-Man from K2 hydrogels was slower than O-Man alone. We attributed the slower release 

rate to the formation of dynamic imine bonds between reactive aldehyde groups on O-Man and 

the lysine residues on K2. This imine interaction was also observed to improve K2 + O-Man 

hydrogel strength and shear recovery without significantly influencing secondary structure or 

peptide nanofiber formation. There were no observed differences in the in vivo release rates of 

O-Man loaded in K2, R-Man loaded in K2, and R-Man alone. These data suggest that, after 

subcutaneous injection, R-Man naturally persists longer in vivo than O-Man and minimally 

interacts with the peptide hydrogel. These results highlight a potentially critical, but previously 

unreported, difference in the in vivo behavior of O-Man and R-Man and demonstrate that K2 can 

be used to normalize the release of O-Man to that of R-Man. Further, since K2 itself is an adjuvant, 

a combination of O-Man and K2 could be used to enhance the immunostimulatory effects of 

O-Man for applications such as infectious disease vaccines and cancer immunotherapy.

Graphical Abstract

INTRODUCTION

Linear β-(1–4) Mannan is a water-soluble and biodegradable polysaccharide produced by 

many plants and fungi.1 Due to its ability to stimulate the immune system by interacting 

with pattern recognition receptors on the surface of innate immune cells, mannan has gained 

interest as an adjuvant for vaccines and cancer immunotherapies.2–4 Adjuvants can improve 

the effectiveness of immunotherapies and vaccines by activating antigen-presenting cells 

(APCs), improving antigen uptake by APCs, extending the duration of the immune response, 

controlling antigen delivery, and directing the adaptive immune response.2 Mannan acts as 

an APC-targeting agent that significantly enhances the immunological response to antigens 

and elicits a stronger immune response than its corresponding monomer, mannose.5,6
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Mannan is often used in either its oxidized or reduced form to allow for bioconjugation, 

and both reduced mannan (R-Man) and oxidized mannan (O-Man) bioconjugates have 

been used in a variety of immunomodulatory applications.5,7 The oxidation of mannan 

results in the formation of reactive aldehyde groups that alter key chemical and biological 

properties of the polysaccharide.8–10 The presence of aldehydes on mannan allows for 

chemical modification through the formation of imine, oxime, and hydrazone bonds, along 

with others.11 These mannan bioconjugates can be used in their oxidized form or can 

be reduced after conjugation, converting aldehydes to hydroxyl groups, to prevent further 

reactivity. For example, peptide epitopes of myelin basic protein have been conjugated to 

R-Man to decrease the proliferation of autoreactive T cells and ameliorate symptoms of 

multiple sclerosis.12,13 O-Man, on the other hand, has been conjugated to Mucin 1 for 

cancer immunotherapy applications to promote cellular immunity to tumor cells and prevent 

adenocarcinoma reoccurrence.14,15 Conversely, the combination of Mucin 1 and R-Man 

lead to a poor immunological response with no substantial formation of cellular immunity, 

demonstrating the differing biological responses to R-Man and O-Man.16 These two forms 

of mannan can be purposefully used to leverage their specific functional properties and 

control the type of immune response generated. It has been observed that the conjugation of 

antigens to O-Man primarily induces Th1 immune responses, associated with the induction 

of cytotoxic CD8+ T cells, while antigen conjugation to R-Man results in predominantly 

Th2 B cell-mediated antibody immune responses.17 Despite these differing chemical and 

biological properties, little attention has been paid to the in vivo residence times of O- and 

R-Man or their optimal delivery for maximal therapeutic and/or prophylactic efficacy.

Many clinical immunotherapies and prophylactics require repeated, high-dose 

administration which can compromise patient safety, compliance, and efficacy.18 The 

frequent administration of high doses of immunomodulatory materials can lead to chronic 

inflammation, autoimmunity, hypersensitivity, and/or organ failure.19–22 Thus, mannan-

based immunomodulation, like many other immunotherapeutics and prophylactics, may 

benefit from a controlled-release delivery system to overcome these challenges through dose 

sparing and avoiding the need for frequent material administration.23 Injectable hydrogels 

represent one potentially attractive mannan delivery system due to their ability to locally 

deliver therapeutic agents over extended periods of time following minimally invasive 

administration. A wide variety of materials have been used to form injectable hydrogels, 

leveraging mechanisms such as supramolecular self-assembly, in situ cross-linking, or sol–

gel transitions under physiological temperature or pH.24–26 Several research groups have 

engineered systems that combine the use of mannan and injectable hydrogels,27–29 but the 

controlled release of mannan and the differing release properties of oxidized and reduced 

mannan have been largely unexplored.

Peptide-based hydrogels are of clinical interest due to their modular bioactivity, ability to 

control the release of a variety of payloads, and shear thinning and self-healing properties 

that allow for injection through small-bore needles.29,30 Injectable peptide hydrogels have 

been used in a variety of immunotherapeutic and infectious disease applications31–33 and 

have been previously combined with carbohydrates to make supramolecular materials that 

mimic the extracellular matrix.34,35 Self-assembling peptide hydrogels have also shown 
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promise as immunotherapeutic agents for cancer and infectious disease due to their ability to 

act as adjuvants and to control the release of immunomodulating payloads.36–39

Multidomain peptides (MDPs) are a class of self-assembling peptides that use a sequence 

of alternating polar and nonpolar residues flanked by charged residues to favor β-sheet 

formation while providing the molecular frustration necessary to form a self-supporting 

fibrous hydrogel.40 These hydrogels are of particular interest due to their biocompatibility, 

shear recovery, and drug delivery capabilities.41 Their possible immunotherapy applications 

are bolstered by their modular amino acid building blocks, which allow for diverse chemical 

functionality that has been shown to influence host immune responses,42 including the 

preferential induction of humoral immunity.43 Composite delivery systems are of particular 

interest for combination cancer immunotherapy where several immunomodulatory agents 

delivered together can synergize to enhance treatment efficacy,44 and MDP hydrogels 

have been shown to have broad utility for the delivery of many therapeutic payloads. For 

example, previous investigations have used MDPs to modulate the delivery of proteins, 

small molecules, and liposomes in vitro and in vivo.43,45–48 The ability of MDP hydrogels 

to control the release of carbohydrate payloads, however, has not been explored. MDPs have 

typically leveraged complementary electrostatic interactions or hydrophobic interactions to 

control the payload release rate. These interactions, however, may be insufficient for many 

payloads, like mannan, that are hydrophilic and uncharged under physiological conditions. 

Additionally, no previous study has employed dynamic covalent interactions to tune release 

kinetics from MDP hydrogels.

In the current study, we investigated the ability of a lysinerich MDP hydrogel, Ac–

K2(SL)6K2–Am (referred to as K2), to control the release of oxidized and reduced mannan 

in vitro and in vivo. K2 was first designed in 2009,41 and it has become one of the most 

widely studied MDPs for small molecule and protein delivery.43,46,48 We hypothesized 

that the aldehydes on O-Man would react with the primary amines on the four lysine 

side chains of K2, forming reversible covalent imine bonds that would slow the release 

of O-Man but not R-Man, which lacks aldehyde groups (Figure 1). Dynamic imine bonds 

have been previously exploited for the controlled release of therapeutic payloads from 

biomaterials, bioconjugation of carbohydrates to proteins and peptides, and the development 

of shear-thinning carbohydrate-based hydrogels.49–52 By leveraging this imine interaction, 

we found that K2 significantly extends the release of oxidized mannan relative to reduced 

mannan in vitro and can prolong the release of O-Man but not R-Man—which lacks the 

ability to form dynamic imine bonds—in vivo.

RESULTS AND DISCUSSION

Aldehyde Quantification.

O-Man and R-Man were prepared from native mannan purified by alkaline extraction 

fromSaccharomyces cerevisiae. Initial oxidation by propidium iodide produced O-Man, 

which was subsequently reduced under mild conditions with excess ammonia borane 

to yield R-Man (Figure 2A). The successful synthesis of both R-Man and O-Man was 

confirmed through a fluorometric aldehyde detection assay to determine the percent of 

oxidized mannose monomers, referred to as aldehyde functionalization (Figure 2B). Size 
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exclusion chromatography demonstrated that the reaction resulted in minimal changes to 

carbohydrate size; however, a new low molecular weight peak did emerge as a result 

of oxidation/reduction (Figure S1). O-Man was found to have an average aldehyde 

functionalization of 17 ± 4% while R-Man fell below the limit of quantification for 

the assay (0.12%), thus confirming successful reduction. To investigate if imine bond 

formation occurred between amines in K2 and the aldehyde groups on O-Man, the 

aldehyde functionalization of a solution of 0.09 wt % K2 and 0.01 wt % O-Man—a 

10-fold lower concentration of the peptide used in subsequent experiments to avoid 

hydrogel formation—was quantified. This solution contains an approximately 11-fold molar 

excess (see Experimental Section) of primary amines on the peptide to aldehydes on the 

oxidized carbohydrate. Mixing K2 and O-Man led to a significant decrease in aldehyde 

functionalization compared to O-Man alone, suggesting that 65 ± 5% of the aldehydes on 

O-Man had been consumed in imine bond formation with K2.

Secondary Structure and TEM Characterization.

To ensure that the inclusion of mannan did not disrupt peptide secondary structure or 

fiber formation, both O-Man and R-Man were loaded into K2, and the resulting hydrogels 

were characterized by Fourier transform infrared spectroscopy (FTIR), circular dichroism 

spectroscopy (CD), and transmission electron microscopy (TEM). As seen in the IR spectra, 

K2 loaded with O-Man, K2 loaded with R-Man, and K2 alone all exhibited an amide I peak 

around 1620 cm−1, indicative of β-sheet structure (Figure 3A). The smaller peak 1695 cm−1 

present in all the spectra suggest the presence of antiparallel β-sheets,53 which is expected 

from previous reports of K2.42 We hypothesized that the slight differences in peak shape 

around 1620 cm−1 in K2 loaded with O-Man may be due to changes in secondary structure 

upon the addition of O-Man. Thus, CD was employed to further assess the secondary 

structure of these hydrogel-forming materials in solution. As seen in the CD spectra (Figure 

3B), all three exhibit a maximum at 198 nm and a minimum at 218 nm, characteristic signals 

of β-sheet secondary structure. Taken together, these results suggest that the addition of 

O-Man or R-Man into K2 does not perturb β-sheet formation. Therefore, the shift in the 

amide I peak of O-Man loaded into K2 is circumstantially attributed to the presence of imine 

bonds, which are expected to have an FTIR peak around 1630 cm−1 from C=N stretching.54 

To confirm that this shift in the FTIR spectrum of K2 loaded with O-man is due to imine 

bond formation, the amide I region peaks of the MDP E2 (Ac-EE(SL)6EE-Am) loaded with 

R-Man and O-Man were evaluated. The E2 peptide hydrogel contains glutamate residues 

instead of lysine residues and is thus devoid of primary amines and cannot form imine 

bonds with the oxidized carbohydrate. The spectra of E2 with O-Man and R-Man are nearly 

identical and there is no observed shift in the amide I peak of E2 loaded with O-Man, further 

supporting that this shift in the amide I FTIR peak of K2 loaded with O-Man is due to imine 

bonding (Figure S2).

Although these spectroscopic techniques confirm the presence of secondary structure in 

all the peptide formulations and imine bonding between O-Man and K2, these methods 

are unable to report on nanoscale peptide morphology. To confirm that the incorporation 

of R-Man or O-Man did not interfere with nanofiber formation, K2 loaded with O-Man 

or R-Man were imaged using negative-stain TEM. TEM images of both K2 loaded with 
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O-Man (Figure 3C) and K2 loaded with R-Man (Figure 3D) confirm the presence of an 

extensive nanofiber network similar to what has been previously reported in K2.55 The slight 

differences in the appearance of the two samples is likely an artifact from negative stain 

TEM sample preparation. Additional TEM images of R-Man are included in the Supporting 

Information (Figure S3).

Rheological Properties.

We hypothesized that the dynamic covalent imine bonds formed between O-Man and 

the lysine residues on the K2 peptide would cross-link the fibrous peptide network, thus 

strengthening the hydrogel and accelerating its shear recovery. Oscillatory rheology was 

used to investigate the storage (G′) and loss (G″) moduli as well as the shear recovery 

of all three hydrogels to study their viscoelastic properties. All materials tested behaved 

as largely frequency-independent viscoelastic hydrogels as indicated by G′ > G″ at all 

oscillatory frequencies tested (Figure S4). K2 loaded with O-Man had the highest G′ of 

460 ± 42 Pa followed by K2 loaded with R-Man (G′ = 290 ± 40 Pa). K2 loaded with 

unmodified mannan (Man) and K2 alone had the lowest G′ values at 140 ± 3 and 75 ± 4 Pa, 

respectively (Figure 4A). These data confirmed that the imine bonds between O-Man and K2 

serve to cross-link hydrogel fibers and strengthen the hydrogel. The significant increase in 

G′ of K2 loaded with R-Man compared to K2 alone and K2 loaded with unmodified mannan 

was unexpected, as there are undetectable concentrations of aldehydes in R-Man, and as 

such, imine cross-linking cannot occur. Thus, the increase in hydrogel strength observed 

when R-Man is loaded into K2 compared to when Man is loaded into K2 appears to be the 

consequence of a different interaction between the processed carbohydrate and the peptide. 

As shown in Figure 1A, the oxidation and subsequent reduction of mannan results in the 

ring opening of mannose monomers, referred to as a “hinged” carbohydrate. It is known 

that naturally stiff carbohydrates increase in flexibility as a consequence of ring opening 

oxidation.56,57 Thus, the observed increase in G′ upon the addition of R-Man may be a 

consequence of this increase in carbohydrate flexibility.

Shear recovery is an important property of supramolecular hydrogels for biomedical 

applications because it allows them to behave as a liquid in the syringe during injection 

before rapidly reforming as a hydrogel in situ. K2 loaded with O-Man recovered 88 ± 

3% of its predeformation storage modulus within 10 min of being subjected to 200% 

strain for 1 min. K2 loaded with R-Man and unloaded K2 demonstrated statistically similar 

percent recoveries, 74 ± 1% and 69 ± 2%, respectively. K2 loaded with unmodified mannan 

had the lowest shear recovery of 57 ± 6% (Figure 3B), again indicating that processing 

mannan changes its chemical properties and the way it interacts with the peptide. The 

significantly higher shear recovery in O-Man-loaded K2 compared to all other groups is 

likely due to the dynamic imine bonds assisting in hydrogel recovery after deformation, 

which has been previously reported for imine-cross-linked hydrogels.50 The improved shear 

recovery in K2 when loaded with R-Man compared to K2 loaded with mannan may again 

be attributed to the increased flexibility of the hinged carbohydrate. This theory is further 

supported by the observation that the inclusion of stiffer, unmodified mannan into the 

hydrogel significantly reduces shear recovery compared to the unloaded K2 hydrogel. To 

confirm that the rheological differences between K2 loaded with R-Man and O-Man are due 
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to imine bonding, the rheological properties of E2 loaded with the two carbohydrates was 

characterized. There were no significant differences in G′ or the shear recovery between 

O-Man and R-Man loaded E2 (Figure S5). These results suggest that the differences in 

rheological properties between K2 loaded with O-Man and K2 loaded with R-Man are due to 

imine bond formation.

In Vitro and In Vivo Release.

The in vitro release rates of unmodified mannan (Man), O-Man, and R-Man from K2 were 

determined using a fluorescence-based in vitro equilibrium release assay using a custom 

3D-printed 48-well plate setup described in detail in the Experimental Section (Figure S6). 

K2 loaded with O-Man and K2 loaded with R-Man demonstrated statistically similar initial 

burst release rates which may be due to the release of mannan on the surface of each 

hydrogel. However, the long-term release rate of K2 loaded with R-Man was significantly 

higher than the long-term release rate of O-Man from K2. Unmodified mannan loaded 

in K2 had the highest equilibrium release of 99 ± 2.3% by hour 24 of the assay. The 

significantly more rapid release of the unmodified carbohydrate may be due to differences in 

rheological properties and/or the increased stiffness of the unoxidized/reduced carbohydrate. 

This result also supports the hypothesis that the hinged carbohydrate allows for more 

physical entanglement with the hydrogel compared to the stiff native carbohydrate. At the 

end of 24 h, only 45 ± 1.4% of O-Man had been released from K2 compared to 68 ± 0.5% 

for R-Man with each material appearing to approach an equilibrium between mannan in 

the hydrogel and supernatant (Figure 5A). The delay in O-Man release could be due to 

dynamic covalent imine interactions between O-Man and the hydrogel, whereas R-Man, 

which could not covalently interact with K2, released more quickly. Alternatively, these 

variations in release rates could be caused by differences in the rheological properties of 

the two hydrogels, as seen in the case of unmodified mannan loaded in K2. To provide 

further support for the hypothesis that in vitro release kinetics are imine bond-mediated, the 

equilibrium release profiles of O-Man and R-Man from the MDP E2, which lacks primary 

amines and cannot form imine bonds. As expected, the release rates of O-Man and R-Man 

from E2 were not significantly different from each other, which supports the conclusion that 

the delay in O-Man in vitro release from K2 is due to imine bonding (Figure S7). Like in 

the case of K2, unmodified mannan was more rapidly released from E2 than the O-Man 

and R-Man, demonstrating that this result is likely due to the nature of the unmodified 

carbohydrate and not the chemical functionality of the peptide hydrogel. Thus, these results 

support the hypothesis that imine interactions between O-Man and K2 can be used to 

modulate O-Man release.

The release rates of soluble and K2-loaded O-Man and R-Man in vivo were assessed using a 

fluorescence-based release assay performed in hairless SKH1-Elite mice. Mannan clearance 

was observed through the steady decrease in fluorescent signal at the site of injection over 

the 56-day monitoring period (Figure 5B). The first 30 days are graphed in Figure 5C 

to focus on the most dynamic portion of the release curves. The release profiles of all 

the materials tested demonstrated first-order release kinetics and fit well (R2 ≥ 0.90) to a 

one-phase decay exponential equation that is described in more detail in the Experimental 

Section (eq 1 and Figure S8). Soluble O-Man released at a significantly faster rate (0.18 
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days−1) than soluble R-Man (0.07 days−1), and the half-life of O-Man (3.9 days) was found 

to be less than half that of R-Man (9.7 days) (Table 1). These data suggest there is a 

significant inherent difference in the retention times of R-Man and O-Man in vivo (p < 

0.0001).

As hypothesized, O-Man loaded in K2 hydrogels demonstrated slower clearance than 

unloaded O-Man. Loading O-Man into K2 resulted in an over 2-fold increase in the half-life, 

indicating that the imine interaction can be leveraged to substantially prolong O-Man release 

in vivo (Table 1). In contrast with our in vitro results, however, R-Man and O-Man were 

released from K2 hydrogels at a similar rate. Additionally, R-Man cleared from the injection 

site at the same rate regardless of if it was loaded into K2 or not, suggesting that the 

hydrogel plays a minimal role in dictating the release of R-Man in vivo. The different 

observed release rates of O-Man and R-Man emphasize the dominant role that the chemical 

functionality of the carbohydrate plays on the in vivo retention of mannan, which has not 

been previously explored.

The discrepancy between our in vivo and in vitro results highlights the inability of in vitro 
release assays to adequately model the in vivo environment. Many other studies investigating 

supramolecular hydrogel drug delivery have seen similar discrepancies between in vitro 
and in vivo release kinetics.43,58,59 The results of the current study and these related 

investigations demonstrate that the complex biological environment (complete with proteins, 

cells, etc.) plays a large role in governing the release kinetics from supramolecular materials. 

New in vitro release assays are needed in the field of drug delivery to better mimic the in 
vivo environment environment and more accurately predict in vivo release kinetics. Despite 

the limitations of the assay, the difference between the in vitro and in vivo release results in 

the current study suggests that innate slower clearance of R-Man in vivo can compensate for 

its lack of imine interactions with K2.

Interestingly, the clearance rates of R-Man, R-Man-loaded K2, and O-Man-loaded K2 are 

all similar demonstrated by the fact that all their mean half-lives and rate constants reside 

within their 95% confidence intervals based on in vivo release data (Table 1). There are 

two seemingly likely explanations for the observed results. First, O-Man could be covalently 

trapped in the hydrogel by the formation of imine bonds causing a delay in the release 

from the injection site. Second, O-Man’s rapid dissipation from the injection site could be 

due to some currently unidentified aldehyde-mediated clearance mechanism. Thus, O-Man’s 

imine bond formation with K2 quenches the reactive aldehyde groups on O-Man, preventing 

its aldehyde-mediated clearance and slowing its in vivo release rate to that of R-Man. 

This explanation suggests that primary amines and not the hydrogel itself are necessary to 

prolong the release of O-Man in vivo, so the same or a similar effect on the release rate 

should be observed when O-Man is mixed with just soluble primary amines.

To test this hypothesis, fluorescently labeled O-Man was mixed with glycine, at equimolar 

concentrations to primary amines in the K2 hydrogel samples, to quench the reactive 

aldehydes, and then were administered to mice. Over the course of 30 days, O-Man with 

glycine pretreatment behaved very similarly to O-Man on its own, demonstrating that the 

hydrogel is necessary to delay oxidized carbohydrate release (Figure S9). This result, in 
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combination with in vitro release results, suggests that the mechanism underlying this 

delayed release is due to local carbohydrate entrapment in the hydrogel via the formation 

of imine bonds. The observed differences between O-Man mixed with glycine and K2 may 

be explained by the dynamic covalent bonding polyvalency of the carbohydrate and the 

hydrogel. Since the peptide hydrogel has many attachment sites to the carbohydrate, for 

O-Man to be cleared, the hydrogel needs to degrade or every attachment site between K2 

and the carbohydrate needs to break. In the case of glycine-bound O-Man, we hypothesize 

that the imine bonds with glycine can be exchanged with a primary amine on protein at 

a single site, and this is sufficient to allow for clearance as no other imine attachment is 

anchoring the carbohydrate in place as is the case with the hydrogel. Since the hydrogel 

itself is responsible for the observed improvement in O-Man in vivo persistence, the release 

rate of O-Man may be tunable by changing the concentration of the hydrogel or doping in 

MDPs that lack free amines to alter the number of imine bonds formed. In this study, we 

demonstrate that K2 can be used to delay the release of O-Man alone. Using this approach, 

however, future investigations may be able to use K2 as a composite delivery system to 

control the release of O-Man and other immunomodulatory compounds simultaneously, and 

thereby improving the efficacy of mannan-based immunotherapeutics and prophylactics.

CONCLUSION

Despite growing interest in using mannan in biomedical applications, there is a dearth 

of research into the in vivo retention of O-Man and R-Man. Temporal control of other 

adjuvants and immunotherapeutic payloads has previously been shown to significantly 

improve prophylactic and treatment efficacy.60–63 It is likely that mannan release kinetics 

play a key role in the immune response generated by mannan conjugates as well, but 

this area of research remains largely unexplored. Recent investigations have found that the 

efficacy of immunotherapies employing mannan is strongly influenced by in vivo dynamics, 

including the persistence of constituent immunostimulatory agents,60,64 and thus the ability 

to manipulate mannan kinetics may be useful for optimizing therapeutic outcomes. In the 

current study, we demonstrate for the first time that O-Man has an intrinsically faster in 
vivo clearance than R-Man, and that the K2 MDP hydrogel can be used to delay the release 

of a carbohydrate payload. The accelerated clearance of O-Man can be ameliorated by 

loading it into K2 hydrogels whose abundance of amines reacts with aldehydes on O-Man 

to form imine bonds. We show that the inclusion of R-Man and O-Man into K2 does not 

interfere with peptide nanofiber self-assembly or hydrogel formation. The imine cross-links 

between O-Man and K2 also lead to a significant improvement in hydrogel strength and 

shear recovery.

The timing of mannan delivery, previously achieved by altering dosing regimens, has been 

shown to be particularly important for combination immunotherapies.65 We demonstrate 

here that temporal control of O-Man can be achieved without requiring multiple doses 

by using the K2 hydrogel. The results of the current study also open the possibility of 

designing MDP-based composite delivery systems that include O-Man conjugates with 

other MDP-compatible immunomodulatory payloads (e.g., antibodies, protein subunits, 

small molecule adjuvants) for combination immunotherapy or vaccine development. Further, 

these results imply that K2 may be able to act as a platform for the controlled delivery 
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of a variety of oxidized carbohydrates and potentially other aldehyde-containing payloads, 

including small molecules. To the best of our knowledge, previous investigations into the 

immunomodulatory effects of mannan conjugates have not considered differences in in 
vivo release or investigated potential controlled-release systems that modulate temporal 

presentation. Thus, the results from the current study may shed light on the previously 

reported immunological differences between R-Man and O-Man and help guide future 

research into translational mannan-based bioconjugates and biomaterials.

EXPERIMENTAL PROCEDURES

Solid-Phase Peptide Synthesis.

Peptides were synthesized manually using standard Fluorenylmethyloxycarbonyl (Fmoc)-

based chemistry. Resin and Fmoc-protected amino acids were supplied by Novabiochem 

(MilliporeSigma, Burlington, MA). Fmoc-protected low-loading MBHA rink-amide resin (1 

equiv) was deprotected with two steps of excess 25% v/v piperidine in DMF:DMSO 1:1 for 

5 min each. All Fmoc deprotection steps were performed identically and checked using the 

ninhydrin test for primary amines. Coupling was achieved with the addition of preactivated 

Fmoc-protected amino acids (4 equiv), hexafluorophosphate azabenzotriazole tetramethyl 

uronium (3.95 equiv) and N,N-diisopropylethylaine (DIEA) (6 equiv) to the resin in a 

minimal amount of DMF:DMSO 1:1 for 20 min at RT. The process was repeated until the 

peptide was complete. N-terminal acetylation was performed with the addition of acetic 

anhydride (200 equiv) and DIEA (75 equiv) in DCM two times for 45 min. Peptides were 

cleaved from the resin by reacting it with a cleavage cocktail composed of trifluoroacetic 

acid:Anisole:triisopropylethylsilane:ethylenedithiol:H2O 90:2.5:2.5:2.5:2.5 for 3 h at RT. 

The cleavage cocktail was then evaporated off to approximately 1 mL with a nitrogen stream 

and peptide was triturated with cold diethyl ether.

HPLC Purification.

All peptides were purified by high-performance liquid chromatography (HPLC) on an 

XBridge Protein BEH C4 OBD Prep column (Waters Corporation, Milford, MA) using 

two different solvent systems. For K2, a solvent system of Milli-Q water with 0.05% 

trifluoracetic acid (solvent A) and acetonitrile with 0.05% trifluoroacetic acid (solvent 

B) was used for purification. E2 was purified using Milli-Q water supplemented with 4 

mM acetic acid and 5 mM ammonium hydroxide (solvent A) and acetonitrile with the 

same buffer (solvent B). Peptide solutions (10 mg/mL) were injected on the column in a 

volume of 1 mL 80% solvent A and 20% solvent B. Purification was achieved using a 

3% solvent B/min gradient from 5% to 50% solvent B while monitoring the absorbance 

at 220 and 280 nm on a UV detector. Sample purity was confirmed by ultraperformance 

liquid chromatography (UPLC) using the same HPLC solvents and matrix assisted laser 

desorption/ionization mass spectrometry (MALDI MS) (Figures S10 and S11).

Mannan Preparation.

Mannan purified by alkaline extraction (MilliporeSigma, Burlington, MA) was labeled with 

aminooxy-functionalized Cy647 (Biotium, Fremont, CA) using the standard protocol from 

the supplier with minor modifications. Mannan was dissolved at 100 μM (1 equiv) in 
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1× PBS, 100 mM sodium acetate, and 150 mM sodium chloride. The carbohydrate was 

oxidized by adding propidium iodide to a final concentration of 10 mM (100 equiv) and 

incubating for 10 min at RT. Oxidation was stopped with the addition of ethylene glycol to 

a concentration of 100 mM (1000 equiv). Aminooxy-functionalized Cy647 (5 equiv) was 

then reacted with aldehyde groups on the O-Man for 2 h with 1× aniline buffer (Biotium, 

Fremont, CA) as a catalyst. The carbohydrate was purified with an Amicron Ultra-15 3 kDa 

cutoff spin filter (MilliporeSigma, Burlington, MA) to yield labeled O-Man. R-Man was 

prepared by reducing O-Man with a final concentration of 10 mM (100 equiv) ammonia 

borane overnight with agitation and the product was purified using a 3 kDa spin filter. 

Ammonia-borane was employed because it is a gentle reducing agent that can be used for 

the selective reduction of aldehydes and keytones,66 and thus would preserve the integrity of 

the conjugated fluorophore. All materials were lyophilized and stored at −20 °C until use. 

Unlabeled O-Man and R-Man were prepared using the same method as above without the 

addition of fluorophore.

Fluorophore-labeled unmodified (not oxidized or reduced) mannan (Man) was prepared 

by using amine-reactive TFP-AZdye 647 (Click Chemistry Tools, Scottsdale, AZ) to react 

with trace amount of mannoprotein that has been used previously to make mannan-protein 

bioconjugates without oxidation or reduction.49 In brief, mannan (10 mg/mL) was labeled 

with 10 equiv of AZdye 647 overnight in pH 8.2 0.2 M sodium bicarbonate buffer. The 

resulting solution was purified using a PD-10 desalting column (Cytiva, Marlborough, MA) 

and lyophilized until used.

Size Exclusion Chromatography.

Size exclusion chromatography was performed using a HiLoad 16/600 Superdex 200 

prep grade column (Cytiva, Marlborough, MA) on an Agilent 1290 Infinity 2 HPLC 

system (Santa Clara, CA). Unmodified and reduced mannan (not fluorophore-labeled) were 

dissolved in 1 mL and injected onto the column with a flow rate of 1 mL/min in PBS. The 

absorbance was measured at 210 nm over 150 min. Chromatograms were area normalized 

and background subtracted for comparison.

Hydrogel Preparation.

Mannan-containing hydrogels were prepared by making two separate 2 wt.% solutions of 

peptide and carbohydrate. The solutions were then mixed in a 9:1 peptide:carbohydrate 

ratio. The volume was then doubled with 1× HBSS to make a final solution of 0.9 wt.% 

peptide and 0.1 wt.% carbohydrate. Hydrogel without mannan was made in the same way 

but without the addition of mannan. The solutions were then incubated at RT overnight to 

allow for complete hydrogelation.

Aldehyde Quantification.

The number of aldehyde groups per mg of mannan was measured using a fluorometric 

aldehyde quantification assay kit (MilliporeSigma, Burlington, MA) following the standard 

protocol from the supplier. If brief, 0.1 mg/mL of oxidized and reduced mannan and 0.1 

mg/mL oxidized mannan with 0.9 mg/mL K2 were prepared in Milli-Q H2O. After overnight 

incubation at RT, 50 μL of each solution was added in triplicate to a Costar black flat-bottom 
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96-well plate (Corning Inc., Corning, NY) along with aldehyde standards. Master reaction 

mix (50 μL) was added to each well and incubated at RT in the dark for 30 min with orbital 

shaking. To develop the assay, 25 μL of reaction buffer was added to each well, and the 

fluorescence was measured immediately (Ex/Em 365/435 nm) using a microplate reader 

(Tecan, Mannedorf, Switzerland). The aldehyde functionalization percentage was calculated 

using the aldehyde standard curve to determine the molar concentration of aldehyde in each 

well. This value was divided by two to account for the fact that two aldehydes are generated 

per mannose monomer oxidation. The final functionalization percentage was determined 

by then dividing half the molar concentration of aldehydes by the molar concentration of 

mannose monomer in solution.

Fourier Transform Infrared Spectroscopy.

Grazing angle FTIR spectra were obtained using a NicoletTM iS20 FTIR spectrometer 

(Thermo Fisher Scientific, Waltham, MA). The instrument was purged with nitrogen to 

avoid capturing signals from atmospheric molecular vibrations. Hydrogel samples, prepared 

as previously described, were plated (10 μL) and dried with a stream of nitrogen until 

all water had evaporated. Absorbance spectra were collected as an accumulation of 30 

measurements and background subtracted. The amide I FTIR peak was visualized by 

plotting the area normalized absorbance from 1575 to 1705 cm−1.

Circular Dichroism Spectroscopy.

Circular dichroism spectroscopy was performed on a Jasco J-810 spectropolarimeter with 

temperature control. Hydrogel samples, prepared as previously described, were loaded into 

a quartz cuvette with a path length of 0.1 mm and analyzed at RT. Wavelength scans 

were performed between 190 and 250 nm, and spectra were collected as the average of 5 

accumulations. The molar residue ellipticity (MRE) was calculated using the equation [θ] 

= θ/(c × l × nr), where θ is ellipticity in mdeg, c is the concentration in mmol/L, l is path 

length of the cuvette in mm, and nr is the number of amino acid residues in the peptide.

Transmission Electron Microscopy.

Negative staining of peptide hydrogel fibers was performed using 2% (w/v) phosphotungstic 

acid (PTA) in fresh Milli-Q water. Samples were prepared with the syringe-filtered PTA 

solution. Briefly, a 300CF-Cu film was stained with a 0.05% (w/v) solution of peptide and 

mannan. The peptide solution was allowed to sit on the carbon side of the film for 60 s, and 

then the excess solution was wicked away. Subsequently, 50 μL of PTA solution was allowed 

to sit on the film for 5 min before removing the excess solution as well. Micrographs were 

taken on a JEOL JEM 2100F electron microscope at 120 kV.

Rheology.

Oscillatory rheology measurements were collected using an AR-G2 rheometer (TA 

Instruments, New Castle, DE). Rheology was performed on 75 μL samples transferred to 

the instrument with a truncated 200 μL pipet to minimize shear. Samples were equilibrated 

at 1 rad/s and 1% strain for 30 min. The final hydrogel strength was determined by obtaining 

the storage (G′) and loss (G″) moduli at the end of this period. After equilibration, a 
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frequency sweep was performed over the range of 0.1–10 rad/s at a constant 1% strain. 

Shear recovery experiments were conducted after the frequency sweep by allowing the 

hydrogel to equilibrate for 2 min at 1 rad/s and 1% strain and then sheared for 1 min at 

200% strain. Recovery was then monitored for 10 min at the starting conditions, and the 

percent recovery was calculated by comparing the final G′ and G″ values at the end of the 

10 min to the values at the end of the initial 2 min equilibration.

In Vitro Release Assays.

Hydrogels were prepared with 10% fluorescent R-Man or O-Man the day before the assay 

and hydrogelation proceeded at RT in the dark overnight. Hydrogels were then plated (50 

μL) into a custom 3D-printed 48-well plate in a depression on the left side of each well with 

a truncated pipet tip. The wells of the custom 48-well plate are printed on a Form 3+ 3D 

printer using PU Rigid 650 resin (Formlabs, Somerville, MA) by converting two laterally 

adjacent wells on a 96-well plate into a single oblong well with the same positions, so they 

are compatible with a microplate reader.43 The hydrogels were then plated on the left side 

of the well and then allowed to rest for 5 min to reform as hydrogels before supernatant 

(400 μL) was then added to each well (Figure S6). The supernatant used was 1× PBS with 

4.5 mM glucose. Solutions that mimicked 100% release were prepared in the same way as 

the hydrogels but without peptide. The assay was then placed in a microplate reader (Tecan, 

Mannedorf, Switzerland) set to 37 °C with orbital shaking (142 rpm), and time points were 

taken every 45 min by reading the fluorescence on the right side of each well (opposite 

end of where the hydrogel was plated). The percent release was calculated by dividing the 

fluorescent intensity of each sample by the intensity of the 100% release solution at each 

time point.

In Vivo Release Assays.

All animal studies were conducted in accordance with a protocol approved by the Rice 

University Institutional Animal Care and Use Committee (IACUC-20-065-RU) in the 

Animal Resource Facility at Rice University. SKH1-Elite mice were first obtained from 

Charles River Laboratories (Wilmington, MA) and allowed to acclimate. The day before 

injection, hydrogels were prepared as described above with 100% fluorescent mannan. 

Gly+O-Man samples were prepared with 1.5 mg/mL glycine to match the concentration 

of free amines in the K2 hydrogel. Samples (50 μL) were loaded into insulin syringes and 

stored at 4 °C overnight. Immediately before administering the injections, the background 

tissue autofluorescence (Ex/Em 640/700 nm) of each mouse was acquired using an In Vivo 

Imaging System (IVIS) small animal imager (PerkinElmer, Waltham, MA). Background 

autofluorescence was subtracted from all subsequent measurements. Samples were then 

injected bilaterally subcutaneously into the rear flank and imaged at several time points until 

the fluorescence was no longer discernible from the background. Release was calculated by 

drawing equally sized rectangular regions of interest around the injection site and dividing 

the observed total radiant efficiency in that region by the maximum total radiant efficiency 

observed on the first day of the experiment. The entirety of the in vivo release data was 

then fit to a first-order release model with the initial value set to 0% and the plateau set to 

95% (eq 1) in GraphPad Prism 9 using a least-squares regression. The plateau was set based 

on the maximum release observed for O-Man, which never surpassed 95% during the time 
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period monitored (Figure S8). The half-lives and rate constants of the resulting first-order 

release models were reported with their 95% confidence intervals.

y = − 95e−k · x + 95 (1)

Statistics.

The same two statistical analyses were performed for all experiments. Single group 

comparisons were compared by unpaired t test. Multiple group comparisons were calculated 

by one-way ANOVA with Tukey’s multiple comparisons test. Calculations were performed 

in GraphPad Prism 9. Statistical significance is denoted with asterisks as follows: *p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars and reported error represents one 

standard deviation from the mean unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic showing O-Man (blue) and R-Man (red) loaded into a K2 hydrogel. Aldehyde 

groups on O-Man can form imine bonds with the amines on the K2 peptide fibers whereas 

the hydroxyl groups present on R-Man cannot form imine bonds with K2.
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Figure 2. 
(A) Schematic of oxidation and reduction reactions on a representative portion of the 

linear mannan polysaccharide showing one mannose monomer being oxidized and then 

subsequently reduced. (B) Results of the fluorometric aldehyde quantification assay show 

the percent of mannose monomers oxidized, referred to as aldehyde functionalization, for 

O-Man and R-Man. Mixing O-Man with K2 led to a significant decrease in aldehyde 

content, suggesting the formation of imine bonds between the peptide and the carbohydrate.
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Figure 3. 
Structural characterization of K2 loaded with O-Man and R-Man. (A) Area normalized 

FTIR absorbance spectrum of K2, K2 loaded with O-Man (K2 + O-Man), and K2 loaded 

with R-Man (K2 + R-Man) showing characteristic peaks for antiparallel sheet: 1675 cm−1, 

1695 cm−1, and β-sheet: 1620 cm−1. The peak shift observed in K2 + O-Man is attributed 

to the presence of imine bonds. (B) CD spectrum of K2, K2 + O-Man, and K2 + R-Man 

show a characteristic minimum at 218 nm and maximum at 198 nm for β-sheets. TEM 

negative stain of (C) K2 + O-Man and (D) K2 + R-Man demonstrate both have a nanofibrous 

architecture. The scale bar is 200 nm.
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Figure 4. 
Oscillatory rheology characterization of the viscoelastic properties of K2, K2 loaded with 

O-Man (K2 + O-Man), K2 loaded with O-Man (K2 + R-Man), and K2 loaded with mannan 

(K2 + Man). (A) Storage modulus of each hydrogel and (B) percent recovery 10 min after a 

deformation force yielding 200% strain.
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Figure 5. 
(A) In vitro release of K2 loaded with unmodified mannan (K2 + Man), O-Man (K2 + O-

Man), and R-Man (K2 + R-Man) over a 24 h period demonstrates an overall slower release 

of K2 + O-Man. (B) In vivo release IVIS images of O-Man, R-Man, K2 + O-Man, and K2 

+ R-Man for 56 days after injection. (C) Graph of the percent of released carbohydrate from 

the first 30 days of the in vivo release experiment (n = 4–5). R-Man, K2 + O-Man, and K2 

+ R-Man all release at similar rates while O-Man is cleared from the site of injection at a 

significantly faster rate.
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Table 1.

In Vivo Mannan Release Rate Parameters
a

Sample R 2 t1/2 (days) k (days−1)

O-Man 0.98 3.9 ± 0.2 0.18 ± 0.01

R-Man 0.98 9.7 ± 0.4 0.07 ± 0.01

K2 + R-Man 0.94 9.4 ± 0.6 0.07 ± 0.01

K2 + O-Man 0.90 9.0 ± 0.8 0.08 ± 0.01

a
Rate constants (k) and halt-lives (t1/2) ± 95% confidence interval extracted by fitting all release data over the 56-day period to a first-order 

one-phase decay equation (Experimental Sectioneq 1). These models adequately fit the data in all cases (R2 ≥ 0.9).
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