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Abstract

A zinc-carnosine (ZnCar) metal-organic coordination polymer was fabricated in biologically 

relevant HEPES buffer for use as a vaccine platform. In vitro, ZnCar exhibited significantly less 

cytotoxicity than a well-established zeolitic imidazolate framework (ZIF-8). Adsorption of CpG 

on the ZnCar surface resulted in enhanced innate immune activation compared to soluble CpG. 

The model antigen ovalbumin (OVA) was encapsulated in ZnCar and exhibited acid-sensitive 

release in vitro. When injected intramuscularly on day 0 and 21 in C57BL/6 mice, OVA-specific 

serum total IgG and IgG1 were significantly greater in all groups with ZnCar and antigen 

compared to soluble controls. Th1-skewed IgG2c antibodies were significantly greater in OVA 

and CpG groups delivered with ZnCar for all time points, regardless of whether the antigen 

and adjuvant were co-formulated in one material or co-delivered in separate materials. When 

broadly acting Computationally Optimized Broadly Reactive Antigen (COBRA) P1 influenza 

hemagglutinin (HA) was ligated to ZnCar via its His-tag, significantly greater antibody levels 

were observed at all time points compared to soluble antigen and CpG. ZnCar-formulated antigen 

elicited increased peptide presentation to B3Z T cells in vitro and production of IL-2 after ex 
vivo antigen recall of splenocytes isolated from vaccinated mice. Overall, this work displays 
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the formation of a zinc-carnosine metal-organic coordination polymer that can be applied as a 

platform for recombinant protein-based vaccines.
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INTRODUCTION

Metal-organic coordination polymers are emerging as a promising class of materials for 

drug and vaccine delivery. Compared to other well-established vaccine delivery platforms, 

such as viral, polymeric, and lipidic platforms that require intricate and expensive 

manufacturing procedures, metal-organic coordination polymers can achieve facile and 

cost-effective synthesis and incorporation of drugs or vaccine antigens. Also, metal ions 

incorporated within metal-organic materials enable easy functionalization with groups 

that exhibit high affinity toward metals (like His-tag or phosphate groups, commonly 

present in biomolecules), which can be difficult to achieve in other platforms. Metal-based 

functionalization can be utilized to load molecules of interest via surface attachment or 

encapsulation by creating pre-nucleation clusters via electrostatic interactions. Additionally, 

synthesis of metal-organic materials under non-denaturing biocompatible conditions offers 

the possibility of incorporating of proteins without altering their antigenicity. Finally, the 

ability of metal-organic materials to protect biomolecules from thermal exposure could 

permit storage at ambient temperature, as opposed to the cold-chain storage conditions 

required for conventionally used platforms.1

Reported as 1-dimensional (1D), 2D and 3D structures, metal-based coordination polymers 

with organic ligands that form 2D and 3D structures commonly contain internal pores and 

are referred to as metal-organic frameworks (MOFs) (Figure 1A, 1B). Here we report 

the use of a coordination polymer comprising the dipeptide carnosine and zinc ions 

(Zn2+) (ZnCar) for incorporation of antigen and adjuvant as an influenza vaccine delivery 

system. Carnosine is a naturally occurring peptide in muscle and brain tissue, whose 

histidine contains an imidazole group, imparting inherent acid sensitivity that will break 

its coordination with metal ions near a pH of 5.0.2 This pH switch allows for a triggered 

release of cargo upon internalization by phagocytic cells (e.g. macrophages, dendritic cells 

(DCs)) and exposure to the acidic pH of the endo/lysosome.3 This is ideal for a vaccine 
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carrier as we have previously shown that acid-sensitivity in a carrier significantly increases 

vaccine efficacy.4–6

A 3D MOF constructed from carnosine and Zn2+ (ZnCar-MOF) has been reported 

previously.7, 8 However, the fabrication process for this MOF relies on harsh solvents (e.g. 

dimethylformamide, ethanol) and elevated temperature, which can denature protein antigens 

and lead to the generation of non-neutralizing antibodies.9 Generation of metal-organic 

coordination polymers in more biologically relevant solutions could result in enhanced 

vaccine efficacy, compared to those in organic solutions; however, different constructs may 

form in place of 3D MOFs upon changes in synthesis conditions.10 One such construct 

is a 1D metal-organic coordination polymer. 1D metal-organic coordination polymers are 

formed by metal ions interconnected by bridging linkers in an infinite chain-like fashion 

(Figure 1B), while any remaining coordination sites of the metal ions are capped with 

ligands that lack extension points, such as most solvent molecules. While 3D MOFs 

are typically more porous structures than 1D metal-organic coordination polymers, both 

are capable of serving as drug delivery vehicles via drug attachment to the surface or 

encapsulation in the void space within the structures.11–13

Influenza vaccines are used to prevent pandemics like those observed in 1918, 1957, 

1968, and 2009, as well as pandemics predicted to occur in the future.14 The 2009 H1N1 

influenza pandemic strain lead to over a half-million deaths worldwide.15 Historically, 

the strains selected for seasonal influenza vaccines can differ from circulating strains 

because of antigenic shift and/or drift, which can result in significantly reduced vaccine 

efficacy. Therefore, more broadly reactive or universal approaches are needed to provide 

enhanced protection over the current vaccines.16 To identify a broadly reactive influenza 

antigen that can elicit protective responses against a wider array of circulating influenza 

viruses, Computationally Optimized Broadly Reactive Antigen (COBRA) was developed. 

COBRA uses iterative layered consensus building from hemagglutinin (HA) sequences of 

circulating influenza isolates to construct antigens capable of eliciting a broadly reactive 

immune response.17 These antigens could protect against past and future seasonal and novel 

pandemic influenza strains including pandemic H1N1 subtypes.17

A broadly protective and safely applied COBRA HA vaccine has many advantages 

compared to conventional seasonal flu vaccine formulations; however, recombinant protein 

antigens tend to activate the immune response only weakly without the addition of an 

adjuvant. For this reason, we have formulated toll-like receptor 9 (TLR 9) agonist cytosine-

phosphate-guanine (CpG) with COBRA H1 HA.17 CpG is FDA approved as an adjuvant in 

hepatitis B vaccine Heplisav-B®. Herein, we report the evaluation of a zinc-carnosine metal-

organic coordination polymer for delivery of COBRA H1 HA and CpG for application 

as an influenza vaccine. The platform was characterized by scanning electron microscopy 

(SEM), high performance liquid chromatography (HPLC), zeta potential, and powder X-

ray diffraction (PXRD) spectroscopy, and the generated X-ray diffraction spectra were 

compared to the previously reported ZnCar-MOF.7, 8 We evaluated the humoral and cellular 

response with model antigen ovalbumin (OVA) and COBRA H1 HA in a mouse model. Our 

research highlights a facile and biocompatible method to apply a metal-organic platform for 

generation of subunit vaccines.
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RESULTS AND DISCUSSION

Zinc acetate and carnosine were stirred overnight in 0.1M HEPES buffer at neutral at 37°C 

(Figure 1C, 2A). HEPES buffer was chosen for its low binding to zinc ions.19 The product 

(ZnCar) was determined by HPLC to be composed of 77.00 ± 2.59 % carnosine by mass, 

consistent with a 1:1 molar ratio of zinc and carnosine. The PXRD spectrum of ZnCar 

was compared to a simulated spectrum of ZnCar-MOF reported in literature7 and to a 

simulated spectrum of a 1D zinc-carnosine coordination polymer (ZnCar-CP) (Figure 2C), 

the structure of which was modeled utilizing Expo2014 software.20 The experimental PXRD 

pattern of ZnCar (the product generated by our group in HEPES buffer) closely resembled 

the simulated powder diffraction pattern for a ZnCar-CP but differed from that of the 

ZnCar-MOF (Figure 2C). SEM revealed that the morphologies of these materials differed 

as well; while ZnCar-MOF consisted of well-defined rectangular prismatic microcrystals 

(Supplementary Figure S1), ZnCar formed thin nanofibers (Figure 2A). Moreover, cryogenic 

electron microscopy (cryo-EM) of ZnCar revealed lattice fringes indicative of stacks of 

polymeric chains on a nanoscale level (Figure 2B). Whereas ZnCar-MOF is a 3D MOF, 

ZnCar-CP (molecular model) consists of Zn cations and carnosine ligands linked in an 

infinite 1D polymeric chain. Solvent molecules (like water) were not modeled and are 

expected to occupy remaining coordination sites of Zn cations in ZnCar-CP structure. 

Furthermore, the bulk material of ZnCar-CP is composed of numerous polymeric chains 

stacking next to each other, allowing for solvent or drug entrapment between neighboring 

chains.

ZnCar-CP and ZnCar-MOF are closely related structures, and either could be formed 

depending on slight variations in the synthesis conditions. For example, when synthesis 

was performed in a mixture of HEPES buffer and ethanol, PXRD spectrum of the obtained 

material matched the spectrum of ZnCar-MOF, while synthesis in HEPES buffer alone 

resulted in the formation of ZnCar (Supplementary Figure S2), which we hypothesize has 

ZnCar-CP structure. Additionally, when the ZnCar-MOF synthesis procedure7 was followed 

and the reaction mixture was stirred, ZnCar-MOF was obtained (Supplementary Figure 

S1); however, when the same procedure was followed without stirring the reaction mixture, 

the PXRD of the obtained material matched the PXRD of ZnCar and not of ZnCar-MOF 

(Supplementary Figures S3, S4), and the morphology of the obtained material resembled 

ZnCar (Supplementary Figure S4B).

Further biophysical characterization of ZnCar was performed. The surface charge of ZnCar 

was evaluated after 3 h incubation in HEPES and PBS buffers at neutral pH. The zeta 

potential of the ZnCar incubated in HEPES was near neutrality (1.56 ± 2.35 mV), whereas 

ZnCar incubated in PBS had a significantly more negative surface charge (−21.91 ± 3.40 

mV). This was likely due to phosphate adsorption to the ZnCar surface (caused by high 

affinity of phosphate groups for Zn cations21), as illustrated by apparent crystal growth 

on the material surface (Supplementary Figure S5B). The scalability of ZnCar synthesis 

was also investigated. Synthesis was performed at a 900 mL scale (60X scale up) in 

otherwise identical conditions (in 0.1M HEPES at neutral pH with overnight stirring at 

37°C). The resulting ZnCar had similar morphology and crystallinity as ZnCar synthesized 

at a smaller scale (Supplementary Figure S6). In addition, upon scale up, the reaction yield 
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was increased from ~50% to ~100% yield. This observed increase in yield may be attributed 

to the volume of glassware used and the glass surface acting as a nucleation site for the 

formation of the polymer (Supplementary Table S1).

In vitro cytocompatibility of ZnCar was evaluated with 3T3 fibroblasts and DC2.4 dendritic 

cells (DCs). Cell viability following treatment with ZnCar or ZIF-8, a well-established 

zeolitic imidazolate framework (ZIF), was determined. ZIFs are one of the most extensively 

explored metal-organic materials and ZIF-8 has been previously applied as a drug delivery 

vehicle for cancer and infectious disease vaccines.1, 22–24 Our results indicate that in both 

fibroblasts and DCs, ZnCar was significantly less toxic than ZIF-8 at both 24 and 48 hours. 

The reduced cytotoxicity compared to ZIF-8 was especially pronounced in DCs relative to 

non-phagocytic fibroblasts (Figure 3; Supplementary Figure S7; Table 1). The cytotoxicity 

in DCs is important, as DCs are professional antigen presenting cells and therefore vital 

in coordinating vaccine responses to protein antigens.16 The IC50 of each of the reagents 

used to form ZnCar and ZIF-8 was determined in fibroblasts, and was much lower for 

the zinc salts relative to the ligands, indicating that the cytotoxicity of these materials 

was primarily driven by zinc (Supplementary Figure S8). Based on this and the decreased 

observed cytotoxicity in comparison to ZIF-8, it is likely ZnCar will have the same or 

decreased in vivo toxicity compared to ZIF-8, a platform that has demonstrated minimal 

toxicity in vivo.1, 25, 26

To assess ZnCar as a vaccine platform, we formulated a protein antigen and CpG adjuvant 

with ZnCar. To incorporate adjuvant, CpG was electrostatically adsorbed on the surface of 

the material (ZnCar-CpG; the “-” symbol represents surface association, in this case CpG 

to the ZnCar surface) (Figure 4A). The final loading quantified for CpG on the ZnCar-CpG 

composite was 52.9 Μg/mg of material. The addition of negatively charged CpG to ZnCar 

resulted in a net negative surface charge of −6.18 ± 1.63 mV, compared to the vehicle charge 

of ZnCar (1.56 ± 2.35 mV) (Figure 4B). To evaluate the in vitro innate immune activation 

of ZnCar and ZnCar-CpG, the materials were incubated with macrophages and compared to 

equal concentrations of soluble CpG. ZnCar-CpG was not significantly more cytotoxic than 

empty ZnCar after 24 hours (Figure 4C); however, generation of innate signaling mediator 

nitric oxide was significantly greater in macrophages cultured with ZnCar-CpG compared 

to soluble CpG or ZnCar alone (Figure 4D). Treatment of macrophages with ZnCar-CpG 

also induced significantly greater secretion of inflammatory cytokines interleukin 6 (IL-6) 

and tumor necrosis factor alpha (TNF-α) after 24 hours compared to soluble CpG or ZnCar 

alone (Figures 4E, 4F). This indicates a potential for CpG adsorbed to ZnCar material to 

stimulate an innate immune response and the potential for dose sparing of adjuvant when 

delivered as a ZnCar-CpG composite.

To encapsulate the model antigen OVA within the coordination polymer, OVA was added 

to the reaction solution during the formation of ZnCar (OVA/ZnCar; symbol “/” represents 

encapsulation, in this case OVA encapsulated in ZnCar) (Figure 5A). Loading of OVA in 

OVA/ZnCar composite was observed to be 4.3 µg/mg of material. The release of OVA 

from OVA/ZnCar at neutral pH illustrated a burst of approximately 18%, likely due to 

surface adsorption of protein, and is released only incrementally for an additional 24 hours 

(Supplementary Figure S9A). Further, the release was shown to be acid-sensitive, with 
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approximately 20% released after 24 hours in pH 7.4 HEPES buffer, but nearly 100% 

released in pH 5.0 buffer (Figure 5B).

The toxicity and efficacy of antigen presentation from DCs to T cells was evaluated in vitro 
using the B3Z T cell clone (Figure 5C-D). Our results indicate that ZnCar encapsulating 

OVA with or without CpG (OVA/ZnCar-CpG and OVA/ZnCar) significantly enhanced 

antigen cross-presentation relative to the soluble antigen. This could be a function of particle 

delivery of the antigen27 as well as the acid-sensitivity of the complex.4

To evaluate the humoral response to OVA and CpG formulated with ZnCar, OVA was 

encapsulated in ZnCar (OVA/ZnCar), and CpG was either co-formulated on the same 

composite (OVA/ZnCar-CpG) or delivered simultaneously in separately generated materials 

(OVA/ZnCar + ZnCar-CpG). Our group and others have shown that delivery of protein 

antigen and adjuvant in separate particles can invoke increased vaccine responses9, 28, 29 

in comparison to antigen and adjuvant in the same particle. These ZnCar formulations 

were administered to C57BL/6 mice on days 0 and 21 by intramuscular (IM) injection, 

and the humoral response was evaluated. Serum IgG (Figure 5E; Supplementary Table 

S2), IgG2c (Figure 5F; Supplementary Table S3), and IgG1 (Figure 5G; Supplementary 

Table S4) titers were measured at days 14, 28, and 42. An IM route was chosen because 

it is the most clinically relevant route and our previous studies have shown it results in 

efficient stimulation of the antigen presenting cells.30 The use of ZnCar as a delivery vehicle 

facilitated greater total IgG and IgG1 antibody production by day 42 compared to soluble 

OVA and soluble CpG (solOVA + solCpG). However, the presence of CpG was required 

to generate Th1 skewed IgG2c response, with the OVA/ZnCar-CpG and OVA/ZnCar + 

ZnCar-CpG treated mice generating significantly greater antibody titers at all time points 

compared to all other groups. Although many current vaccines are formulated with the Th2 

skewing adjuvant alum (e.g. Biothrax, DTaP, MenB, Gardasil), Th1 responses are needed for 

protection against intracellular pathogens like viruses, some bacteria, fungi and parasites,31 

and therefore a Th1 response is needed for many vaccines. Overall, these results illustrate 

that OVA-loaded ZnCar with and without CpG can generate significant antigen-specific 

humoral responses. Previous studies with OVA and CpG-loaded ZIF-8 MOF also illustrate 

significantly higher total IgG titers over soluble OVA and CpG,32, 33 however, our data 

indicates that ZnCar material has reduced cytotoxicity compared to ZIF-8 MOF (Figure 3), 

which could help to limit vaccine side effects.

Next, we assessed ZnCar for use as a broadly acting influenza vaccine with COBRA H1 

HA (HA). His-tagged HA was employed, as this tag allowed complexation with Zn ions 

on the surface of ZnCar. HA loading was determined to be much higher than that of OVA 

(which lacks His-tag) at 45.6 Μg HA/mg of material. The release of HA from ZnCar-HA at 

neutral pH demonstrated gradual and time-dependent release (Supplementary Figure S9B). 

As with OVA/ZnCar, release from ZnCar-HA was acid-sensitive with rapid and complete 

release of HA in pH 5.0 buffer (Supplementary Figure S9C). When ZnCar-HA (Figure 6A) 

was used to vaccinate C57BL/6 mice in a prime-boost schedule, the group with HA and 

CpG (co-administered in separate vehicles) had significantly greater antibody production 

than control groups (Figures 6C-E, Supplementary Table S5-7).
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To evaluate the cellular response ex vivo, splenocytes were isolated from HA-vaccinated 

mice and cultured in the presence of HA. In the supernatant of these restimulated 

splenocytes, no significant difference in interferon gamma (IFN-γ) secretion was observed, 

but IL-2 secretion was significantly greater in the ZnCar-delivered group compared to a 

group receiving soluble antigen and adjuvant, indicating a greater degree of antigen-specific 

T cell responses (Figure 6B). These findings support previous studies which indicate that 

vaccination with ZIF-8 MOFs associated with OVA and CpG lead to increased proliferation 

of T cells33 as well as increased levels of pro-inflammatory cytokines upon antigen 

restimulation.32

Based on the obtained results, ZnCar demonstrated promise as a vaccine platform. It 

permitted drug loading via both encapsulation and surface attachment. ZnCar retains 

the advantages of other coordination polymer materials, such as facile and inexpensive 

synthesis, while further improving the biocompatibility of the material. Carnosine is 

naturally present in the human body in muscle and brain tissue, contrasting with 

the exogenous 2-methylimidazole ligand utilized in ZIF-8. Combined with its rapid 

degradability in acidic conditions, this provides a promising safety profile for clinical 

translation. Herein we have demonstrated ZnCar’s potent performance as a vaccine platform 

in vitro and in vivo. Future work will be focused on further elucidation of the mechanism 

of this enhanced performance, its capacity to generate a long-lasting protective immune-

response, and the application of this platform to delivery of other therapeutics.

CONCLUSION

In conclusion, we introduced a facile and biocompatible synthesis of a metal-organic 

coordination material comprised of zinc and carnosine. Complementary methods such as 

cryo-EM and molecular modeling suggest that our ZnCar material is a 1D coordination 

polymer rather than the 3D ZnCar-MOF previously reported in literature.7 Infinite 

coordination polymers are known to exhibit rapid stimulus-dependent depolymerization, 

a property which may make them more desirable than MOFs for stimulus-dependent 

drug release applications.34 ZnCar consists of micron-length fibers that can encapsulate 

protein antigens as well as associate protein antigens and CpG to their surface. ZnCar 

exhibited reduced cytotoxicity compared to ZIF-8 MOF in vitro. A dose-sparing response 

was observed for CpG wherein less CpG was needed to stimulate innate immune activity 

in the form of ZnCar-CpG than soluble CpG in vitro. When ZnCar was evaluated in vivo 
as a vaccine platform, whether formulated with OVA or COBRA H1 HA with CpG, a 

significantly greater Th1 humoral response was observed. Moreover, cytokine generation 

with antigen recall indicates an antigen-specific cellular response. These results illustrate 

the potency of ZnCar metal-organic coordination polymer in inducing antigen-specific 

humoral and cellular responses when formulated with recombinant protein antigens. This is 

promising for future applications working towards achieving an effective immune response 

from broadly acting influenza vaccines.
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MATERIALS AND METHODS

All chemicals were purchased from Sigma (St. Louis, MO) and used as purchased, unless 

otherwise indicated. Assays, biologics, and disposables were purchased from Thermo Fisher 

Scientific (Waltham, MA) unless otherwise indicated.

Synthesis of Metal Organic Carriers

For ZnCar, 0.1M HEPES solution was prepared by diluting an aliquot of sterile 1M 

HEPES buffer solution of pH 7.4 (Corning, Corning, NY) in molecular biology grade water 

(Corning) and adjusting the pH of the resulting solution to 7.4 with 1M aqueous NaOH 

solution. Carnosine (51.3 mg, 0.227 mmol) was dissolved in 5 ml of HEPES solution. 

Zinc acetate dihydrate (50 mg, 0.227 mmol) was dissolved in 10 ml of HEPES solution. 

Carnosine and zinc acetate solutions were mixed together, and the reaction mixture was 

stirred at 37ºC for 18 h. The reaction mixture was cooled to room temperature and the 

resulting precipitate was isolated by centrifugation (22,000 x g, 20 min, 4ºC). The pellet was 

washed with Milli-Q water (twice), re-suspended in 5 mL of Milli-Q water, frozen at −80ºC 

and lyophilized to produce ZnCar as a white powder (52 mg, 51% yield).

OVA/ZnCar was synthesized by mixing carnosine (51.3 mg, 0.227 mmol), zinc acetate 

dihydrate (50 mg, 0.227 mmol), and ovalbumin (OVA) (4 mg, 0.000093 mmol; Invivogen 

Endofit OVA, San Diego, CA) in 15 ml of HEPES buffer (0.1M, pH = 7.4). The reaction 

mixture was stirred at 37ºC for 18 h. The reaction mixture was cooled down to room 

temperature and the resulting precipitate was isolated by centrifugation (22,000 x g, 20 min, 

4ºC). Supernatant containing unencapsulated OVA was removed, and the pellet was washed 

with Milli-Q water (twice), re-suspended in 5 mL of Milli-Q water, frozen at −80ºC for 

and lyophilized to produce OVA/ZnCar as a white powder. To characterize OVA loading in 

OVA/ZnCar material, samples were decomposed in acetate buffer (pH = 5.0) at 1 mg/mL 

concentration, carnosine removed by desalting with a 3 kDa Amicon Ultra-0.5 centrifugal 

filter, and the retentate analyzed with a BCA assay. OVA loading was determined to be 4.28 

µg/mg.

CpG ODN 1826 (CpG) (Invivogen) was adsorbed on ZnCar by mixing a suspension 

of ZnCar in HEPES buffer (0.1M, pH = 7.4) and an aliquot of CpG stock solution 

in sterile water (40µM), resulting in the formation of ZnCar-CpG material. Loading of 

CpG in ZnCar-CpG was confirmed by measuring the absorbance of the supernatant (260 

nm) after centrifugation (22,000 x g, 20 min, 4ºC). Loading and encapsulation efficiency 

were determined to be 52.9 µg/mg and 100%, respectively. OVA/ZnCar-CpG material was 

synthesized in the identical way, with OVA/ZnCar used in place of empty ZnCar. COBRA 

P1 HA (referred to as HA; containing a His-tag) was used and generated as previously 

indicated.35–38 HA was loaded onto ZnCar by mixing a suspension of ZnCar in HEPES 

buffer (0.1M, pH = 7.4) and an aliquot of HA in HEPES buffer, resulting in formation of 

ZnCar-HA. HA loading on ZnCar-HA was evaluated with a BCA assay and determined to 

be 45.6 µg/mg. Empty ZnCar and loaded ZnCar materials exhibited the same morphology by 

SEM (Supplementary Figure S9).

ZnCar-MOF7 and ZIF-8 MOF39 were synthesized as previously indicated.
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Characterization

ZnCar Structure Determination—Numerous attempts to obtain a crystal of ZnCar 

material suitable for crystal structure determination were performed but none of the 

methods produced a crystal of suitable quality. Regular synthesis conditions (HEPES buffer 

pH = 7.4, 37ºC, 18 h, stirring) produced nanofibrous material (Supplementary Figure 

S10A) not suitable for single X-ray diffraction (SXRD) analysis due to the small crystal 

dimensions. Performing the synthesis without stirring (HEPES buffer pH = 7.4, 37ºC, 18 

h, no stirring) did not improve crystallinity of the product. When crystals were grown at 

room temperature with no stirring, spherical aggregates composed of microcrystals were 

obtained (Supplementary Figure S11); similar results were obtained when crystals were 

grown at 4ºC with no stirring. When these polycrystalline spheres were cut in half with 

a razor, SEM demonstrated that the spheres’ interiors consisted of fibers very similar to 

the fibers synthesized at 37ºC (Supplementary Figure S12). The experimental PXRD of 

ZnCar synthesized at room temperature fully matched the experimental PXRD of ZnCar 

synthesized at 37ºC (Supplementary Figure S13), indicating that it is the same compound. 

Unfortunately, the spherical aggregates obtained by room temperature synthesis (25–50 μm) 

were not suitable for SXRD due to their polycrystallinity, and the microcrystals (1 μm or 

less) composing those spheres were not suitable for SXRD due to their small size and their 

intergrowth.

When the synthesis conditions were altered to include ethanol (HEPES buffer pH = 7.4, 

ethanol, no stirring; aqueous:ethanol at 2:1 ratio), SXRD-suitable crystalline material was 

formed. When this crystalline material was analyzed with SXRD, it revealed the crystal 

structure of the 3D ZnCar-MOF reported in literature.7 The PXRD spectrum simulated 

from this crystal structure fully matched the simulated PXRD spectrum of ZnCar-MOF 

but differed from the experimental PXRD of ZnCar synthesized in HEPES buffer alone 

(Supplementary Figure S2), indicating that those two materials are not the same. So, while 

addition of an organic solvent like ethanol improved the crystallinity of the material, it 

resulted in the formation of a different structure; meanwhile, the material formed in the 

absence of ethanol was not suitable for SXRD. Next, we attempted structure determination 

using microcrystal electron diffraction (microED). However, even with cryogenic sample 

preparation, diffraction from the ZnCar material was too weak to elucidate the structure.

Due to the lack of SXRD-suitable or micro-ED-suitable material, molecular modeling was 

utilized. A molecular model of the ZnCar structure was based on the experimental PXRD 

spectrum of ZnCar (HEPES buffer pH = 7.4, 37ºC, 18 h, stirring) and was generated via 

Expo2014 software.20 The crystal structure of ZnCar-MOF (CCDC 949242) was used as a 

starting point for the modeling.

Endotoxin, Imaging, and Zeta Potential—Endotoxin was evaluated using the Pierce 

LAL chromogenic endotoxin quantitation kit in accordance with the manufacturer 

instructions. All samples had undetectable levels of endotoxin (<0.1 EU/mg). SEM (Hitachi 

S-4700 with EDS, Tokyo, Japan) and PXRD (Rigaku SmartLab diffractometer, Tokyo, 

Japan) were carried out at UNC CHANL. For Cryo-EM imaging, ZnCar samples were 

suspended at 1 mg/mL in molecular grade water immediately prior to application to plasma-
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cleaned R1.2/1.3 Quantifoil Cu grids. Samples were blotted and frozen using a Vitrobot 

Mark IV. Data was collected at the UNC at Chapel Hill CryoEM Core Facility with a 200 

keV Thermo Fisher Scientific Talos Arctica G3 equipped with a Gatan K3 direct electron 

detector. Zeta potential was determined on a NanoBrook 90Plus Zeta Particle Size Analyzer 

(Holtsville, NY).

HPLC Analysis of Carnosine Content—To quantify ZnCar carnosine content, ZnCar 

was dissolved in a 0.1% trifluoroacetic acid (TFA). Carnosine loading was quantified by 

high performance liquid chromatography (HPLC, Agilent 1100 series, Santa Clara, CA) 

using a 0.1% TFA in water/0.1% TFA in acetonitrile gradient method through an Aquasil 

C18 column (150 mm length, 4.6 mm inner diameter, 5 μm pore size) with a C8 guard 

column cartridge and a UV detection wavelength of 220 nm. Theoretical mass loading of 

carnosine at a 1:1 molar ratio was determined to be 77.37%.

In vitro Experiments: All cell lines (RAW 264.7 murine macrophages, DC2.4 dendritic 

cells, and 3T3 fibroblasts; ATCC, Manassas, VA) and maintained according to ATCC 

guidelines. For viability experiments, cells were plated overnight at 5 × 104 cells/well in 

100 µL of their respective media. Particle suspensions or soluble controls in 100 µL of their 

respective media were added to cells for the indicated time points. Media was removed and 

cell viability was determined with an MTT (Sigma M2128) assay as previously described.40

B3Z T cells were obtained from Dr. Nilabh Shastri (Johns Hopkins) and maintained and 

used as previously outlined.4 Briefly, DC2.4 cells were seeded overnight at 5 × 104 cells/

well in 100 µL RPMI 1640 containing L-glutamine and HEPES (Corning 10–041-CV), with 

10% fetal bovine serum (Avantor 97068–085), 1% penicillin/streptomycin (Gibco 15140–

122), MEM non-essential amino acids (Gibco 11140050), and 50 µM beta mercaptoethanol 

(Sigma) overnight. Media was removed and cells were treated for 24 hours with OVA-

containing treatments in 100 µL of the same media and 1 × 105 B3Z cells in the same media 

but containing 1 mM sodium pyruvate (Gibco 11360070) instead of nonessential amino 

acids. Media was removed and replaced with 100 µL of a solution containing 0.155 mM 

chlorophenol red β-d-galactopyranoside (Sigma 59767), 0.125% Nonidet P-40 Substitute 

(Sigma 74385), and 9 mM MgCl2 (Sigma) in PBS. The plates were developed at room 

temperature away from light. Plates were centrifuged at 500 x g for 5 minutes and 75 µL of 

the supernatant was transferred to a new plate and absorbance measured at 570 nm.

For Nitric Oxide experiments, macrophages and fibroblasts were plated in a 96-well plate 

at a density of 5 × 104 cells/well, incubated at 37°C and left overnight to adhere. The cells 

were treated with complete medium, soluble CpG, ZnCar and ZnCar-CpG particles for 24 h. 

The isolated macrophage supernatants were collected and analyzed for nitrite concentration 

using the Griess reagent (Promega, Madison, WI) and IL-6 and TNF-α concentration using 

mouse TNF-α and IL-6 Ready-SET-Go sandwich ELISA kits (Fisher).

Antibody Titer and Antigen Recall—Mice (C57Bl/6) were purchased from The 

Jackson Laboratory (Bar Harbor, ME). All animal experiments were performed in 

accordance with UNC Institutional Animal Care and Use Committee (IACUC) approval. For 

experiments, mice received 10 µg of protein (OVA or COBRA HA) and 10 µg of CpG per 

Eckshtain-Levi et al. Page 10

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mouse per dose. These doses of protein and CpG were selected based on what is commonly 

reported in literature41–49 and used in our group5, 28, 50, 51. Mice were vaccinated on day 0 

and 21, and submandibular blood samples were taken on days 14, 28, and 42. On day 42, 

mice were sacrificed, and their spleens removed and processed for antigen recall.28

Flat-bottomed high-binding polystyrene plates (Corning 29442–322) were coated overnight 

at 4°C with 1 μg/mL COBRA P1 HA in PBS. Plates were washed three times with 200 µL 

0.05% Tween 20 in PBS (PBST), then blocked for two hours at room temperature with 200 

μL blocking buffer (3% nonfat instant milk in PBS). Plates were washed three times again. 

Serum samples were diluted in 100 μL blocking buffer and added to the blocked plates 

for one hour. Plates were washed three times again. The appropriate secondary antibodies 

(Goat Anti-Mouse IgG Fc-HRP 1033–05, Goat Anti-Mouse IgG2c-HRP 1078–05, or Goat 

Anti-Mouse IgG1-HRP 1071–05, Southern Biotech) were diluted in blocking buffer to the 

highest dilution recommended by the manufacturer, and 100 μL of the resulting secondary 

antibody solution was added to each well for two hours at room temperature. Plates were 

washed five times with PBST and developed with 100 µL tetramethylbenzidine (TMB) one 

component substrate (Southern Biotech 0410–01) before quenching with 50 µL 2 N sulfuric 

acid. Development times were based on day 42 sera and sera from each day were developed 

for the same amount of time per each secondary antibody to allow comparison of titers 

between days. Plates were read for absorbance at 450 nm and corrected for background by 

subtracting absorbance at 570 nm. Antibody titers were determined by fitting a curve to 

the background-corrected absorbance vs. dilution using the “log(inhibitor) vs. response -- 

Variable slope (four parameters)” model in Graphpad Prism 8, then interpolating the dilution 

value at which the curve intercepts the endpoint value as defined by Frey et al. using a 

99.9% confidence level and twelve background controls.52
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Figure 1. 
(A) Schematic of 3D metal-organic framework (MOF) formation. (B) Schematic of 1D 

metal-organic coordination polymer formation. (C) Zinc-carnosine (ZnCar) coordination 

polymer formed at neutral pH in HEPES buffer.
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Figure 2. 
(A) Scanning electron micrograph of ZnCar. (B) Cryogenic electron micrograph of ZnCar 

displaying lattice fringes indicative of stacks of polymeric chains. (C) PXRD pattern of 

ZnCar as synthesized (ZnCar experimental), compared with PXRD pattern simulated from 

crystal structure of ZnCar-MOF (DMF solvate) reported in literature7 and PXRD pattern 

simulated from a molecular model of ZnCar coordination polymer (ZnCar-CP). ZnCar-MOF 

and ZnCar-CP structures are shown along the b crystallographic axes. Broadening of 

experimental spectrum relative to simulated spectrum is attributed to small size of individual 

crystallites composing the material as described in literature by Scherrer equation.18
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Figure 3. 
In vitro biocompatibility of ZIF-8 and ZnCar measured by MTT assay. Cell viability 

of (A) fibroblasts (3T3) and (B) dendritic cells (DCs; DC2.4) incubated with different 

concentrations of ZIF-8 and ZnCar for 48 h. Data is presented as average ± standard 

deviation (n=6 to 12). % Viability is normalized to media only control.
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Figure 4. 
(A) Scanning electron micrograph of ZnCar-CpG. (B) Zeta potential of ZnCar after 

incubation in HEPES buffer or PBS buffer, and ZnCar-CpG after incubation in HEPES 

buffer (incubation time 3 h for all samples). Zeta potentials reported as average ± standard 

deviation (SD). Number of data points 10–20. (C) Cell viability of macrophages incubated 

with different concentrations of ZnCar and ZnCar-CpG for 24 h measured by MTT assay. 

Empty ZnCar did not contain CpG and contained equivalent concentration of ZnCar as 

ZnCar-CpG material at indicated concentrations. Data is presented as average ± standard 

deviation (n=3). % Viability is normalized to media only control. (D) Nitric oxide (NO) 

released by macrophages with soluble CpG, ZnCar, and ZnCar-CpG. Data is presented 

as average ± standard deviation (n=3). Secretion of (E) TNF-α (F) IL-6 by macrophages 

incubated with indicated concentrations of soluble CpG, ZnCar-CpG, or ZnCar for 24 hr. 

Empty ZnCar did not contain CpG and contained equivalent concentration of ZnCar as 

ZnCar-CpG material at indicated concentrations. Concentration of IL-6 and TNF-α were 
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determined by ELISA. Data is presented as average ± standard deviation (n=3 for TNF-α 
and n=2 for IL-6). Unpaired t-tests were performed between ZnCar-CpG and soluble CpG 

at each concentration. Significance reported as * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, 

**** = p ≤ 0.0001. ns = not statistically significant.
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Figure 5. 
(A) Scanning electron micrograph of OVA/ZnCar. (B) OVA release from OVA/ZnCar after 

24 h at pH 7.4 and 5.0. (C) Cell viability of DCs (DC2.4s) incubated with different 

concentrations of ZnCar, OVA/ZnCar, and OVA/ZnCar-CpG for 24 h measured by MTT 

assay. Empty ZnCar did not contain OVA and contained equivalent concentration of ZnCar 

as OVA/ZnCar material at indicated concentrations. Data is presented as average ± standard 

deviation (n=3). % Viability is normalized to media only control. One-way ANOVA coupled 

with Tukey’s correction for multiple comparisons was performed and significance between 

OVA/ZnCar and OVA/ZnCar-CpG is indicated as follows: **** = p ≤ 0.0001. (D) Relative 

MHC I presentation by DCs (DC2.4s) for ZnCar, OVA/ZnCar, and OVA/ZnCar-CpG. Data 

is presented as the average fold change vs. soluble protein ± standard deviation (n=3). 

One-way ANOVA coupled with Tukey’s correction for multiple comparisons was performed 

and significance between the OVA/ZnCar and OVA/ZnCar-CpG groups is represented as * = 

p ≤ 0.05. OVA-specific (E) total IgG, (F) IgG2c, and (G) IgG1 antibody titers of mice (n=5 

per group) vaccinated intramuscularly on days 0 and 21 with indicated experimental groups. 

Groups receiving OVA received 10 µg per mouse per dose. Groups receiving CpG received 

10 µg per mouse per dose. Data is presented as average ± standard deviation. One-way 
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ANOVA coupled with Tukey’s correction for multiple comparisons was performed for day 

42 titers and significance is indicated as follows: **** = p ≤ 0.0001. ns = not statistically 

significant.
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Figure 6. 
(A) Scanning electron micrograph of ZnCar-HA. (B) Secretion of IL-6 and TNF-α 
incubated with indicated concentrations of HEPES, solHA + solCpG, and ZnCar-CpG 

+ ZnCar-HA, where “sol” stands for soluble. Concentration of IL-6 and TNF-α were 

determined by ELISA. Data is presented as average ± standard deviation (n=4 to 5) One-way 

ANOVA coupled with Tukey’s correction for multiple comparisons was performed and 

significance is indicated as follows: * = p ≤ 0.05. Serum HA-specific (C) total IgG, (D) 

IgG2c, and (E) IgG1 antibody titers of mice (n=5 per group) vaccinated intramuscularly 

on days 0 and 21 with indicated experimental groups. Groups receiving HA received 10 

µg per mouse per dose (HA type: COBRA P1). Groups receiving CpG received 10 µg 

per mouse per dose. Data is presented as average ± standard deviation. One-way ANOVA 

coupled with Tukey’s correction for multiple comparisons was performed for day 42 titers 

and significance is indicated as follows: **** = p ≤ 0.0001. ns = not statistically significant.
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Table 1.

50% inhibitory concentration (IC50) of ZIF-8 and ZnCar. Average ± standard deviation (n=6–12).

50% Inhibitory Concentration (IC50; μg/mL)

ZIF-8 ZnCar

Time (h) 24 48 24 48

Fibroblasts 19.3 ± 0.6 12.5 ± 0.6 24.6 ± 1.0 20.9 ± 2.1

Dendritic Cells 25.0 ± 1.0 24.2 ± 1.3 48.6 ± 2.2 69.8 ± 4.2
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