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ABSTRACT: With rapidly growing interest in therapeutic macromolecules, targeted drug delivery, and in vivo biosensing comes
the need for new nanostructured biomaterials capable of macromolecule storage and metered release that exhibit robust stability and
cytocompatibility. One novel possibility for such a material are engineered large-pore protein crystals (LPCs). Here, various chemi-
cally-stabilized LPC derived biomaterials were generated using three cross-linking agents: glutaraldehyde, oxaldehyde, and 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide. LPC biostability and in vifro mammalian cytocompatibility was subsequently eval-
uated and compared to similarly cross-linked tetragonal hen egg white lysozyme crystals. This study demonstrates the ability of
various cross-linking chemistries to physically stabilize the molecular structure of LPC materials—increasing their tolerance to
challenging conditions while exhibiting minimal cytotoxicity. This approach produces LPC derived biomaterials with promising
utility for diverse applications in biotechnology and nanomedicine.

Protein crystals, typically evaluated solely for the elucidation of three-dimensional protein structure through X-ray diffraction, have
unique chemical and material qualities—most notably, their self-assembling, homochiral, highly-ordered nanoporous structure.
Intriguingly, the chemical properties of protein crystal materials can be readily engineered through genetic or chemical modification
of their monomeric protein constituents. A common example of protein crystal modification involves the introduction of covalent
bonds between adjacent monomers using bifunctional reagents.! This chemical cross-linking has been shown to greatly improve
overall crystal stability,” thereby broadening the potential for protein crystals to be used in diverse material applications.’

One distinct advantage of protein crystals over chemically synthesized nanoporous scaffolds, such as zeolites and metal organic
frameworks, is their biological origin; biologically derived na-
noporous materials have been recognized as attractive scaffolds
for applications in which biodegradability and/or biocompatibility
is preferred. Some of these applications include: drug delivery,®’
vaccinations,® environmental remediation,” and biosensing.!*!?
However, stabilizing biologically derived materials with chemical
cross-linkers can lead to increases in cytotoxicity.’>™> Despite this
risk, we are unaware of any studies that have quantified the cyto-
toxicity and stability of various chemically cross-linked protein
crystal materials. Therefore, the extent of any toxic effects the
cross-linking process may impart to protein crystal materials is
unclear, nor is it clear whether the nanostructure of these bio-
materials can survive in contact with living cells or tissues.

To demonstrate the feasibility of utilizing chemically-stabilized
protein crystal materials in biological and environmental applica-
tions in which both toxicity and material stability is a concern, we
investigated the efficacy of various cross-linking reagents to stabi-
lize the molecular structure of two distinct protein crystal variants

while minimizing cytotoxicity. The first crystal variant used in Figure 1. (A) CJ-LPC crystal lattice (PDB: SW17) showing large (13 nm)

this study is ? large-pore proteu'l crystal .(LPC) composed of .CJ pores. (B) Tetragonal HEWL crystal lattice (PDB: 2HTX) showing much
monomers (Fig. 1A & 1C). CJ is a modified form of a putative smaller and more typical pore sizes (<2 nm). (C) CJ-LPCs in growth well.

periplasmic isoprenoid binding protein derived from Campylobac-  Scale bar: 200 um. (D) HEWL crystals in growth well. Scale bar: 100 pum.
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crystals (CJ-LPCs) have properties uniquely suited for program-
mable organization of macromolecular guests at distinct sites
| : within hundreds of millions of precisely defined pores.!*'® The
' /I & NV’ combination of high theoretical capacity for guest macromole-

E cules and the mechanical strength of a cross-linked honeycomb
lattice make CJ-LPCs attractive molecular depots for use in vari-

> ous biomedical and environmental applications. As a point of
/\ No comparison, the second crystal variant studied was tetragonal hen
\/’ Information egg white lysozyme (HEWL), which represents a more compre-
: hensively studied protein crystal system with archetypal pore
k — — —_— sizes (Fig. 1B & 1D).
HEWL/GA HEWL/OA HEWL/EDC HEWL/NCL Large (100-500 pum diameter) CJ-LPCs were grown by sitting

drop vapor diffusion at 20° C in 3.3-3.6 M (NH4).SOs, 100 mM

bis-tris at pH 7.0 (Fig. 1C). Tetragonal HEWL crystals were

\ ' grown per a modified version of a previously described batch
crystallization protocol'® (Fig. 1D). Prior to cross-linking, crystals

were washed in buffered high-salt solutions to remove residual

— protein monomers without compromising the integrity of the

crystal. Washed crystals were then cross-linked by direct addition

No No of one of three chemical cross-linkers: 1-Ethyl-3-(3-

Information | Information |  dimethylaminopropyl)carbodiimide (EDC), glutaraldehyde (GA),

or oxaldehyde (OA) to introduce covalent attachments between
= adjacent monomers, thereby generating various chemically stabi-

Figure 2. Stereomicroscopy images of protein crystals taken both before lized protein crystal materials. In all cases, cross-linking was per-
(pre-incubation) and after (post-incubation) 24-hour incubation with formed in solutions intended to mimic the mother liquor to miti-
HDFa cells. (A) CI-LPCs: Scale bar: 100 um. (B) HEWL crystals: Scale  gate crystal degradation. Protein expression, purification, crystal-
bar: 50 pm. Note: ‘No Information’ indicates the crystals dissolved during lization, and cross-linking are described in more detail in the
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Supporting Information.

The efficacy of various cross-linking chemistries in stabilizing protein crystals on a macroscopic level was investigated using ste-
reomicroscopy. Images were taken of crystals in high-salt conditions directly after cross-linking (pre-incubation) and again after
24-hour incubation with adult human dermal fibroblast (HDFa) cells at 37° C (post-incubation). Pre-incubation images of cross-
linked CJ-LPC materials (CJ/GA, CJ/OA, CJ/EDC) demonstrate similar macroscopic crystal quality as the washed non-cross-linked
CJ-LPCs (CJ/NCL) (Fig. 2A pre-incubation), thus indicating these cross-linking methods do not overtly lead to CJ-LPC deteriora-
tion. As expected, the comparatively low salt and high temperature environment associated with HDFa cell culture caused CJ/NCL
crystals to completely dissolve within 24-hours. Conversely, all chemically stabilized CJ-LPCs continued to show no loss of crystal
quality despite being transferred away from their high-salt crystallization environment (Fig. 2A post-incubation). Therefore, all
three cross-linking chemistries are shown to be independently sufficient and necessary to preserve the short-term macroscopic
structure of CJ-LPCs in the presence of living cells. Complementary images of cross-linked HEWL crystals taken prior to incuba-
tion with HDFa cells reveal HEWL/GA crystals to have similar quality as the washed HEWL/NCL crystals; however, images of
HEWL/OA and HEWL/EDC crystals show moderate to severe surface deformation and cracking (Fig. 2B pre-incubation). Post-
incubation images of HEWL/GA crystals continue to evince no loss of crystal quality while images of HEWL/OA reveal increased
cracking and severe crystal deterioration—HEWL/EDC and HEWL/NCL crystals completely dissolved (Fig. 2B post-incubation).
These results suggest that the cross-linking methods for HEWL/EDC and HEWL/OA were not sufficient to stabilize the macro-
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Figure 3. Representative XRD diffraction patterns both pre- and post-incubation with HDF cells. Tables: High-resolution estimates for each diffraction set.
See Supporting Information for XRD replicate data and resolution estimate details. Note: there is no resolution estimate for post-incubation NCL crystals
due to the crystals dissolving when transferred outside their respective crystallization conditions. *The high-resolution estimate (>6.0 A) for CJ/GA crystals
is a qualitative estimate based on observable spots—the reflection data could not be comparatively indexed and scaled due to poor diffraction.



scopic structure of tetragonal HEWL, resulting in severe crystal degradation and/or disintegration.

To further examine cross-linked crystal stability, the molecular order of sufficiently cross-linked protein crystal materials (CJ/GA,
CJ/OA, CJ/EDC, HEWL/GA) was analyzed both pre- and post-incubation with HDFa cells by X-ray diffraction (XRD) on a
Rigaku HomeLab (Fig 3). Pre-incubation CJ/OA and CJ/EDC crystals achieved diffraction out to approximately 3.7 and 3.1 A re-
spectively, which is comparable to the washed pre-incubation CJ/NCL crystal diffraction of 3.0 A. Intriguingly however, while GA
cross-linking did not overtly disrupt CJ-LPC crystal quality when observed on a macroscopic level via stereomicroscopy, it did
disrupt the molecular order as observed by XRD; GA cross-linked CJ-LPCs demonstrated markedly reduced pre-incubation molec-
ular order—to the point that the XRD data could not be comparatively indexed and scaled. These results indicate the molecular
order of CJ/OA and CJ/EDC crystals was maintained throughout the cross-linking method, while GA cross-linked crystals became
more disordered. Conversely, GA was the only cross-linking agent capable of stabilizing tetragonal HEWL crystals, both on a
macroscopic level, as seen by stereomicroscopy, and on a molecular level, yielding a post-cross-linking diffraction resolution of 2.0
A. The same cross-linked crystals were subsequently subjected to HDFa cell culture for 24 hours after which the post-incubation
retention of molecular order was measured again using XRD. All cross-linked CJ-LPCs as well as the HEWL/GA crystals exhibited
post-incubation resolution comparable to their respective pre-incubation resolution estimates (Fig. 3 Table)—suggesting these
cross-linked protein crystal materials can retain their molecular order in environments well outside their crystallization condition
and in the presence of HDFa cells.

Potential cytotoxic effects from GA, OA, or EDC cross-linking was investigated by measuring the viability of HDFa and human
macrophage (MV-4-11) cells when subjected to cross-linked protein crystal materials. Prior to cross-linking and incubation with
human cells, large CJ-LPCs and HEWL crystals were first fragmented by sonication to increase their surface area and thereby max-
imize the potential cytotoxic response® (Supporting Information). The particle size distribution of fragmented CJ-LPCs was ob-
served via scanning electron microscopy (SEM). SEM images were processed using image stitching and particle detection packages
in Fiji>!*? and quantified via histogram plotting tools in MATLAB version 9.1.0 (Natick, MA). The mean particle size was found to
be 5.8 £ 3.9 wum with a mode of about 3.3 um (Fig. S1).

To prepare for incubation with HDFa cell culture, cross-linked fragmented protein crystal materials were sterilized in high-salt
buffers containing 20% ethanol, washed in sterile PBS pH 7.5, and transferred to sterile supplemented cell culture medium (Sup-
porting Information). HDFa cells were plated at a density of 150,000 cells/mL within a 96 well plate and allowed to adhere for 24
hours. After the initial 24-hour period, the old medium was evacuated and replaced with new supplemented medium containing the
various fragmented protein crystal materials in a range of concentrations (1, 50, 100, 200, and 400 pg/mL) determined by Bradford
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Figure 4. (A) HDFa cell viability under varying concentrations of fragmented HEWL protein crystal materials; Error Bars: standard deviation, n=3. (B)
HDFa cell viability under varying concentrations of fragmented CJ-LPC materials; Error Bars: standard deviation, n=3. (C) Control HDFa cells with no
material added to the medium; Scale Bar: 300 pm; Top: green fluorescent live cell stain (calcein); Bottom: red fluorescent dead cell stain (ethidium ho-
modimer). (D) HDFa cells incubated with 400 pg/mL CJ/EDC; Scale Bar: 300 pm. (E) HDFa cells incubated with 400 pg/mL CJ/OA; Scale Bar: 300 um.
(F) HDFa cells incubated with 400 pg/mL CJ/GA; Scale Bar: 100 pm. (G) HDFa cells incubated with 400 ug/mL HEWL/GA; Scale Bar: 100 pm.
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of various cross-linked protein crystal materials. The cell counts

for control cells as well as cells incubated with CJ/EDC and

CJ/OA crystals show minimal cell death, while cells incubated with CJ/GA and HEWL/GA materials appear to suffer approximate-
ly 50% cell death. These images agree with quantitative data from the LDH assay—indicating minimal loss of cell viability for
EDC and OA cross-linked protein crystal materials and a much higher loss of viability for protein crystal materials cross-linked by
GA. More details concerning the LDH, endotoxin, and live/dead staining assays can be found in the Supporting Information.

To prepare for incubation with MV-4-11 cell culture, cross-linked fragmented protein crystal materials were sterilized in high-salt
buffers containing 20% ethanol, washed in sterile PBS pH 7.5, and transferred to sterile double deionized water (Supporting Infor-
mation). Fragmented crystal materials were transferred to an empty 96-well plate at a concentration of 400 pg/mL and allowed to
dry overnight. MV-4-11 cell suspension was then added to the dried material at a density of 150,000 cells/mL. Cells were then in-
cubated in the presence of the fragmented protein crystal materials for 24 hours, after which the cell viability (Fig. SA) and nitrite
concentration was determined (Fig. 5B). The viability trend for MV-4-11 cultures is commensurate to HDFa cells, showing high
viability for both NCL crystals as well as OA and EDC cross-linked protein crystal materials, while both CJ/GA and HEWL/GA
materials engendered low cell viability. All samples tested demonstrated low nitrite concentration relative to the negative control
(cells only), indicating these materials do not appear to promote human macrophage activation.

CONCLUSION

A priori it was not known if chemically modifying CJ-LPC interfaces would substantially degrade diffraction quality. While GA,
the cross-linking agent primarily used to stabilize protein crystals, generated robust CJ-LPCs on a macroscopic level when tested
against HDFa cell culture, it exhibited the greatest initial loss in molecular order upon cross-linking. Migneault et al. details the
complex solution properties of GA and lists 13 proposed forms ranging from monomeric to highly polymerized.* Thus, in this
case, the heterogeneous nature of GA is likely at odds with preserving molecular order at the lysine rich interfaces of CJ-LPCs.
Surprisingly, the seldom used cross-linkers, OA and EDC, generated CJ-LPC materials capable of retaining molecular order post-
incubation while suffering minimal loss of diffraction upon cross-linking.

Conversely, cross-linking tetragonal HEWL with GA was shown to be effective at both stabilizing the crystal and preserving dif-
fraction quality; these results support previous findings.>* To date, neither OA nor EDC has been effective at stabilizing HEWL
crystals. This is not surprising considering the small number of amines at HEWL crystal interfaces as well as a lack of proximal
amine to carboxylic acid pairs at crystal interfaces. OA is the shortest dialdehyde and primarily monomeric, which may limit its
ability to be effective.?® In this case, the ability to polymerize may enable GA to sufficiently cross-link HEWL crystals.

The results of the stability and toxicity tests suggest that both OA and EDC cross-linked CJ-LPC materials are superior to protein
crystals cross-linked by GA, demonstrating both promising molecular stability and cytocompatibility when tested in the short-term
against HDFa and MV-4-11 cells. These materials may be particularly well suited for use in biocatalysis, drug delivery, biosensing,
and environmental remediation. Further genotoxicity, and immunogenicity studies should be done to determine long-term biocom-
patibility toward a more diverse set of tissue types. By pursuing this research, we hope to better understand protein crystal materials
and leverage that knowledge to design advanced nanostructured devices for applications in biotechnology and nanomedicine.
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