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Gluing dynamic, wet biological tissue is important (D) Nanoscale () Interaction motif (3) Biopolymer
in injury treatment yet difficult to achieve. Polymeric adhesives are S -
inconvenient to handle due to rapid cross-linking and can raise OH i
biocompatibility concerns. Inorganic nanoparticles adhere weakly @ on o + - O</0 g %20”
to wet surfaces. Herein, an aqueous suspension of guanidinium- 1nm >100 nm O:/\NH oH
functionalized chitin nanoparticles as a biomedical adhesive with
biocompatible, hemostatic, and antibacterial properties is devel- Bioorganic Nanoparticle Tissue Adhesive

oped. It glues porcine skin up to 3000-fold more strongly (30 kPa)

than inorganic nanoparticles at the same concentration and

adheres at neutral pH, which is unachievable with mussel-inspired -
adhesives alone. The glue exhibits an instant adhesion (2 min) to

fully wet surfaces, and the glued assembly endures one-week

underwater immersion. The suspension is lowly viscous and stable, hence sprayable and convenient to store. A nanomechanic study
reveals that guanidinium moieties are chaotropic, creating strong, multifaceted noncovalent bonds with proteins: salt bridges
comprising ionic attraction and bidentate hydrogen bonding with acidic moieties, cation—7 interactions with aromatic moieties, and
hydrophobic interactions. The adhesion mechanism provides a blueprint for advanced tissue adhesives.
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bioorganic nanoparticles, tissue adhesive, guanidinium, surface chemistry, noncovalent interactions, chitin, hemostasis,
antibacterial properties

and generation of tissue-damaging reactive oxygen species
upon exposure to air.”””® While natural adhesives are more
biocompatible, they usually weakly adhere under physiological
conditions."”

The design of next-generation tissue adhesives requires one
to integrate high performance, convenience, and biocompat-
ibility into one material. Aqueous inorganic nanoparticle
suspensions are simple and efficient glues for gluing hydrogels
and tissue through physical bridging without chemical cross-
linkers.”'® Although they are convenient to handle and store
because of oxidation resistance and low viscosity, the health
risks associated with inorganic nanoparticles remain concern-
ing.'® Moreover, they weakly adhere to tissue because the
adhesion relies on the van der Waals interaction.'”

Surface modification can improve nanoparticle adhesion. In
this regard, interactions mediated by the guanidinium cation
(Gua*) in biological systems are a great inspiration. Gua® is

In injury treatment and surgery, wound closure is required to
bind wet-tissue incisions and prevent fluid leakage."”” To boost
tissue regeneration, polymeric adhesives are replacing sutures
and staples, which are invasive and not applicable to
inaccessible body parts.”

Developing polymeric adhesives for soft, wet tissue is
challenging because swelling, particularly of hydrophilic
polymers, alters mechanical properties of adhesives, leading
to cohesion failure, poor tissue adhesion, and detrimental
tissue compression."” Polymeric adhesives are also too viscous
to handle after cross-linking reactions cascade, resulting in
poor contact with dynamic tissue,” and they are difficult to
spray or apply evenly on substrates.

Most clinically available adhesives do not satisfy perform-
ance and biocompatibility requirements. Most petrochemical
adhesives and some biobased adhesives are cytotoxic and often
accompany heat, pH change, and/or chemical reaction when
curing which can traumatize patients.” For example, mussel-
inspired adhesives require alkaline conditions or cytotoxic
mediators such as ferric (Fe**) or periodate (I0,~) for cross-
linking."”> They also need to be stored and distributed under
reduced oxygen conditions before in vivo application because
their autoxidation results in gradual loss of adhesion strength
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Figure 1. Schematic illustration of various tissue adhesives and their adhesion strength ranges. Compared with physical adsorption-based
nanoparticle suspension adhesives, the performance, storage, and handling of chemically cross-linked adhesives are limited by spontaneous
oxidation, high viscosity, and nonbiocompatible cross-linking conditions. The adhesion mechanism of the bioorganic chitin nanoparticle through
guanidinium-mediated multifaceted noncovalent interactions is proposed.

found mainly in the side chain of arginine (Arg) that
modulates adhesion of biomolecules.'® Gua® forms strong,
multifaceted noncovalent interactions under aqueous con-
ditions, including bidentate hydrogen-bond-associated salt
bridges with oxyanions, and cation—7 interactions with
aromatic moieties;'® Gua® can also manifest hydrophobic
interactions.”” These properties stem from its planar structure
that sterically hinders water molecules and dehydrates the
Gua" surface (chaotropic effect).”” Moreover, owing to its high
pK, (>12.5), Gua® remains fully protonated at physiological
pH, which is necessary for binding.”' These unique features of
Gua®, however, have not been recognized for the fabrication of
wet tissue adhesives.

Achieving excellent adhesion also requires a high cohesion
energy of the adhesive to effectively dissipate energy."" In this
respect, bioorganic chitin and chitosan, its deacetylated
derivative, satisfy this requirement owing to their highly
crystalline structures resulting from collective intermolecular
hydrogen bonding." They also exhibit biological functions
(e.g, hemostatic and antibacterial properties)* that accelerate
wound healing. Chemically modified chitin and chitosan have
been used as hydrogel tissue adhesives,””** which suffer
disadvantages of excess swelling and difficult handling
mentioned above. As nanomaterials, they were used as
reinforcing fillers for polymeric adhesives without directly
exhibiting adhesive properties (Figure S1a).”>** The use of
chitin nanoparticles as adhesives for dry, hard surfaces through
long-range, self-assembled structure has also been reported.”®
However, in this system water evaporation is required to
induce the self-assembly of chitin nanoparticles, and the
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adhesion is completely lost upon rehydration,” thus not
applicable to wet, dynamic surfaces like biological tissue
(Figure S1b).

Herein, we fabricate a glue for soft, wet substrates containing
an aqueous suspension of N-guanidinium chitosan nano-
whiskers (G-CSW), combining the beneficial features of
nanoparticle suspensions, Gua‘-mediated interactions, and
chitosan (Figure 1; Movie S1). The glue greatly adhered to
porcine skin (30 kPa), 2-fold more strongly than fibrin glue,
and up to 3000-fold stronger than inorganic nanoparticles
when normalized by concentration. G-CSW instantly adhered
to fully wet surfaces, resisted hydration-induced dissolution,
and worked at physiological pH. It is easy to spray on
adherends (Movie S2) and does not require stringent storage
conditions. We also elucidated the roles of multifaceted
noncovalent Gua'-mediated interactions in the adhesion
mechanism. The inherent biological benefits of G-CSW
provide additional advantages for tissue regeneration.

The mechanism of gluing soft, wet substrates with nano-
particles is that polymer chains of the substrate are physically
adsorbed onto the surface of nanoparticles, which act as
connectors between polymer chains (Figure Sic).” Adsorption
density and strength depend on the type and number of
interfacial substrate—nanoparticle noncovalent bonds. Gen-
erally, inorganic—organic interfacial interactions are weaker
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Figure 2. Characterization and adhesion of nanoparticles to soft, wet substrates. (a) Dimensions and surface chemistry of bioorganic and TM-50
silica nanoparticles. (b) Classifying nanoparticles based on their adhesion abilities and surface groups (R and R’). (c) Representative photographs
showing the gluing of two pieces of (left) gelatin hydrogel and (right) porcine skin using 30 uL of aqueous G-CSW suspension (2 wt %, pH 7) over
100 mm? substrate surface. (d) A gelatin assembly with 100 mm? adhesion area withstands a 200 g weight (Movie S1). (e) Ashby plot of adhesion
strengths normalized by concentration of bioorganic G-CSW in this study and inorganic nanoparticles from literatures (Table S5). (f) Adhesion
strengths under normal conditions on gelatin hydrogels (23 wt %) and porcine skin glued with various 2 wt % nanoparticle suspensions, measured
after curing the assemblies for 1 h. Only G-CSW showed adhesion at pH 7. The data are expressed as means =+ standard deviations of triplicate.
Student’s ¢ test was used for comparison (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance).

than organic—organic counterparts. Therefore, bioorganic The surface C6-hydroxy groups of chitin and partially
nanoparticles with surface functionality interacting strongly deacetylated chitin were oxidized by TEMPO to give T-
and multivalently with the substrate are desirable. CHW and Z-CHW, respectively, with carboxylate contents of
Chitin, one of the most abundant biopolymers, can be 0.70—0.74 mmol g~'. Z-CHW has an amino content four times
transformed into one-dimensional (1D) nanoparticles.””*" that of T-CHW (1.5 vs 0.38 mmol g~'). CHW has a higher
Moreover, chitin is readily modifiable owing to the amino amino content than T-CHW, which is attributable to partial
group in its repeating unit. The resulting nanoparticles can acidic hydrolysis of acetamide moieties. G-CSW was obtained
combine the surface-modified adhesion property with the by scandium(IIl) triflate-catalyzed guanylation of CSW,”
biological advantages of the biopolymer. They are dispersible (Scheme S1; Figure S4) wherein ~50% of the amino groups
but insoluble in water owing to their highly crystalline were converted into guanidinium groups (0.63 mmol g™').
structures. CNC produced by sulfuric acid (H,SO,)-hydrolysis of pulp™®
In addition to G-CSW, four types of chitin nanoparticle were hff a sullfate—half—ester (OSOS_)_ concentration .Of 0'29. mmol
prepared:*® chitin nanowhiskers (CHW), chitosan nano- & Whllf" TM-50 or?ly contains siloxane (Si—O—Si) and
whiskers (CSW), 2,2,6,6-tetramethylpiperidine-1-oxyl sﬂe}nol (Sl—QH) functionalities with a trace amount of sulfate
(TEMPO)-mediated oxidized CHW (T-CHW), and zwitter- (Figure 2b; Figures SS and $6; Table S2).

ionic CHW (Z-CHW) (Scheme S1). Commercial cellulose

nanocrystals (CNC) and silica nanoparticles (TM-50) were We prepared 1., 2-, and 3-wt % aqueous bioorganic

included for comparison. Material information is summarized nanoparticle suspensions at pH 4 and 7 by sonication. Particle
in Figure 2a,b and Table S1. While the spherical silica material aggregation was prevented by adjusting the suspension pH
is 22 nm in diameter, the other 1D bioorganic nanoparticles with a few drops of HCI/NaOH to maintain a low ionic
are approximately 150—240 nm long and 5—40 nm wide strength.”” These suspensions were much less viscous (9.14—
(Figures S2 and S3). The bioorganic nanoparticles have 13.3 cP at 3 wt %) than polymeric gel adhesives (Table S3),
hydroxy groups on their surfaces and are distinguishable by hence sprayable on substrates (Movie S2). The inorganic TM-

their functional groups (cationic R and anionic R’). 50 suspension (50 wt %, pH ~ 9) is stable under alkaline
CHW was prepared by f-(1—4)-glycosidic hydrolysis of the conditions as neutralization results in §elation due to acid-

amorphous region of bulk chitin; it has an amino content of catalyzed reactions of the SIOH groups. !
0.69 mmol g~'; surface deacetylation of CHW afforded CSW The adhesion performance of the nanoparticle suspensions
with a nearly 2-fold higher amino density (1.25 mmol g™"). was evaluated on porcine skin-derived gelatin hydrogels (23 wt
1401 https://doi.org/10.1021/jacsau.1c00193
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%) and porcine skin. General adhesion performance is
discussed in terms of the substrate and the concentration
and pH of the nanoparticle suspension. Both substrates are
chemically similar, thus yielded similar results with the
suspensions. Their amino acid profiles are abundant in
nonpolar (~73 mol %) and hydroxylated (6—6.9 mol %)
residues. Both substrates contain substantial amounts of
negatively and positively charged residues (11.9—12.9 and
8.1—8.7 mol %, respectively). Gua*-bearing arginine accounts
for >50% of positively charged amino acids (Figure S7; Table
S4). While the 1 wt % suspensions did not glue the substrates,
the 2 and 3 wt % suspensions exhibited similar adhesion
performance (Figure 2c—f; Figure S8). We speculate that the
accessible surface area of the substrates is mostly saturated
when >2 wt % bioorganic nanoparticle suspensions are applied.
Among the bioorganic nanoparticles, only G-CSW suspensions
could glue under neutral conditions, which is an advantage for
biomedical applications over mussel-inspired adhesives requir-
ing alkaline conditions for oxidative cross-linking.'

Depending on maximum adhesion strength (after curing the
assemblies for 1 h), the nanoparticles can be classified into four
groups (Figure 2b,f). Group 1 including Gua*-bearing G-CSW
adhered the strongest to the substrates (26—33 kPa), 1.5—2-
times stronger than fibrin (glue,l and overlaps the range of some
mussel-inspired adhesives”** (Figure 1). Group 2 (T-CHW, Z-
CHW, and CNC) adhered with intermediate strengths (19—
25.5 kPa); their surfaces bear negatively charged functional
groups (COO™ or OSO;7). Group 3 contains TM-50, which
bears SiOH but no ionic functional groups; it adhered
significantly more weakly (5—5.5 kPa). Group 4 (CHW and
CSW) did not adhere; they bear varying amounts of NH;* on
their surfaces. Most noticeably, the adhesion strength capacity
normalized by nanoparticle concentration of G-CSW is one to
three orders of magnitude greater than previous studied
inorganic nanoparticles (Figure 2e; Table S5).”~"° This
implies that the use of bioorganic nanoparticles can help
overcome the synthetic challenge of inorganic nanoparticle
manufacturing.

In addition, study on the instant adhesion ability of Group
1-3 nanoparticles revealed that bioorganic nanoparticles
(Group 1 and 2) reached ~50% of their maximum adhesion
strength after only 2 min curing, in contrast to inorganic
nanoparticles (Group 3), which required at least 15 min of
curing to exhibit adhesion. The adhesion strength increased
with time because more nanoparticles absorb and bridge two
substrate surfaces. After 15 min of curing, the adhesion
performance of all nanoparticles was essentially similar to that
after 60 min of curing (Figure S9). These results showcase the
compatibility of organic—organic over inorganic—organic
interfacial interactions.

The different adhesion behavior of these groups is attributed
to aqueous dispersibility, surface functional groups, and
interparticle cohesion. First, a stable nanoparticle dispersion
provides large interfacial area for effective adsorption of
substrate polymers. By contrast, aggregated particles lead to a
macroscopic barrier between the adhered surfaces.”* The pK,
of Gua* is >12.5;") NH;", ~6.5;>> COOH, ~3.6;"* and
0SO;H, 2.5.%° All nanoparticles are well-dispersed at pH 4 due
to cationic repulsion between Gua* (G-CSW) or NH;*
(CHW, CSW, Z-CHW, and T-CHW), and anionic repulsion
between the OSO;~ of CNC. The colloidal stability of the
acidic suspensions was confirmed by their high zeta potential
(absolute) values (Figure S10). Among the positively charged
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nanoparticles, only G-CSW remained well-dispersed over a
prolonged period at pH 7 (Figure S4d); the high pK, of Gua®
leads to a high zeta potential of +27.9 mV. Consequently, only
G-CSW glued gelatin hydrogels and porcine skin at neutral
pH. However, despite being dispersed at pH 7, neither CNC
nor T-CHW adhered well. While the COOH groups of the
substrate acidic residues are partially deprotonated at pH 4,
they are fully deprotonated at pH 7 and are more strongly
repelled by the negatively charged nanoparticles.

Surface functional groups comprise the second factor.
Adhesion is the result of the net energy associated with
substrate—nanoparticle interfacial noncovalent interactions.
Attractive interactions, including hydrogen bonding, salt
bridging, m-associated, and van der Waals interactions,
counteract repulsive forces between similar charges. Attractive
interactions can be screened by ion hydration. For example,
compared with the NH;*/COO™ pair, the interaction energy
of the Gua™/COO™ pair is weaker in gas but stronger in water
because Gua* is less hydrated than NH;*,'"** as reflected in
the extreme adhesion difference exhibited by Groups 1 and 4.
Furthermore, linear correlation analyses revealed that the
adhesion of chitin nanoparticles to gelatin hydrogels was
stronger with increasing Gua® concentration (Pearson’s
correlation coefficient, R > 0.9) but unaffected by NH,"
concentration (R = —0.565) (Figure S11). Group-2 adhesion
is attributable to COO™- or OSO; -mediated adsorptions of
nanoparticles onto Gua*-bearing Arg residues in the proteina-
ceous substrate. Because of the lower Arg abundance
compared with the negatively charged residues of the substrate,
Group 2 adhered more weakly than Group 1. TM-50 (Group
3) contains no charged groups; hence, only van der Waals
interactions on nanospheres can bridge substrate polymer
chains."” These observations prompt us to investigate the
Gua*-mediated adhesion mechanism.

The effect of dispersibility and surface functional group on
the adhesion of nanoparticles can be confirmed by lowering
the suspension pH to 2. Under this condition, anionic Group 2
nanoparticles (except Z-CHW) aggregated with a zeta
potential (absolute value) of <20 mV (Figures S10 and S12)
due to the protonation of anionic groups. Thus, CNC and T-
CHW lost their adhesion ability. Z-CHW was well dispersible
because of its abundant surface NH;* groups, but the
nanoparticle could not glue gelatin and porcine skin because
NH;" groups are extensively hydrated, which is similar to
Group 4 nanoparticles. G-CSW was well dispersible and
exhibited an elevated adhesion strength of >30 kPa on
proteinaceous substrates due to a greater protonation degree
and the chaotropicity of Gua® moieties (Figure 2f).

The third factor is a high cohesion energy of organic
nanoparticles resulting from collective intermolecular hydro-
gen bonding, which leads to a 6-fold improvement in adhesion
strength when transitioning from inorganic to organic
nanoparticles.”** Indeed, once lyophilized, the redispersion
of bioorganic nanoparticles in water requires high-energy
sonication to break interparticle hydrogen bonds.

We studied the adhesion mechanism of the bioorganic
nanoparticles at the macroscopic level by dividing the
constituent side chains of the proteinaceous substrates into
neutral, polar, anionic, and cationic components. To that end,
we prepared hydrogels different in the functional group and
electrical charge on their side chains, including neutral, polar
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Figure 3. Adhesion mechanics of bioorganic nanoparticles at the macroscopic and molecular levels. (a—d) Bulk adhesion tests: (top) major
interactions responsible for adhesion between functional groups of the nanoparticle and the substrate, and (bottom) adhesion strength of 2 wt %
bioorganic nanoparticle suspensions on various hydrogels. (a) PVA, (b) PAA, (c) PAH, and (d) PMAGH-b-PAAm. X’s indicate no adhesion. The
adhesion strength data are expressed as means =+ standard deviation of triplicates. (e—g) SFA data. (e) Schematic representation of measuring the
surface adhesion showing salt bridge interactions between mica surfaces coated with poly(glutamic acid) (PGA) and N-guanidinium chitosan
oligosaccharide. (f) Representative force—distance profiles and (g) corresponding interaction energies between two differently coated mica surfaces
in 10 mM sodium acetate buffer at pH 4. Chitosan and PGA were used as control layers. The SFA data are expressed as means =+ standard

deviations of quadruplicates.

poly(vinyl alcohol) (PVA), anionic polyacrylate (PAA),
cationic poly(allylamine hydrochloride) (PAH), and cationic
poly(methacryl guanidine hydrochloride)-block-polyacrylamide
(PMAGH-b-PAAm) (Scheme S2; Figures S13 and S14). The
relationships between individual substrate—nanoparticle func-
tional-group interactions and adhesive strength were inde-
pendently determined by examining the abilities of 2 wt %
suspensions of Group 1 and 2 nanoparticles to adhere to the
four hydrogels (Figure 3a—d; Figure S15).

All nanoparticles adhered with similar strengths to PVA
(11.1—16.8 kPa) but less strongly to gelatin and porcine skin.
In this system, hydrogen bonding between hydroxy groups
governs the polymer chain adhesion to the nanoparticle surface
(Figure 3a). Adhesion of nanoparticles to PAA is considerably
different; the negatively charged nanoparticles are repelled by
the COO™ of PAA, resulting in inefficient adhesion. In
contrast, G-CSW adhered more strongly (~33 kPa) because
Gua' forms a multivalent salt bridge with COO~ (Figure
3b)."® Opposite trends were observed for the cationic
hydrogels; G-CSW did not adhere due to strong repulsion
between nanoparticle Gua® groups and substrate cationic
groups. However, negatively charged nanoparticles efficiently
glued the substrates. Adhesion to the Gua®-based hydrogel was
stronger (up to 32.3 kPa) than the primary amino-based
hydrogel (26.9 kPa) due to the chaotropic nature of Gua®
(Figure 3c,d).
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The nanomechanics of Gua® and NH;* moieties were
compared at the molecular level at pH 4 using a surface forces
apparatus (SFA). Chitosan and N-guanidinium chitosan (N-
Gua-chitosan) oligosaccharides were used to effectively coat
mica surfaces and avoid roughness caused by nanoparticles.
The opposite mica surface was coated with gelatin or
poly(glutamic acid) (PGA; pK, of side chain COOH, 2.16).
The adhesion forces were recorded as a function of the mica—
mica distance (D). The surfaces were brought into contact at
the steric wall distance (D,,), where the distance between the
two surfaces does not significantly change with increasing
compressive force (Figure 3e). An adhesion force (F,4/R) of
14 mN m™, corresponding to an adhesion energy (W,4) of 3.0
mJ m~2, was recorded for the N-Gua-chitosan/ gelatin surfaces
after 10 min contact; these values are 2.3-times higher than
those of the chitosan/gelatin surfaces (6 mN m™' and 1.3 mJ
m™2). W, values for the NH;*/COO™ and Gua*/COO~ salt
bridges were determined to be 0.35 and 2.5 m] m7%
respectively, from interactions between the corresponding
oligosaccharides and PGA (Figure 3fg). Using association
constants of 0.31 and 0.37 M™" (ref 18), binding energies of
2.903 and 2.464 kJ mol™ were calculated for the NH;*/COO~
and Gua'/COO~ salt bridges, respectively (Figure S16).
Calculation of salt bridge interaction efficiency underwater
revealed one salt bridge per 13.8 nm” for NH;*/COO™ and per
1.64 nm” for Gua'/COO™ (Supporting Information). Thus,
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Gua® is 8.4-times more effective than NH;" in forming Next, we compared the adhesion energy of the Gua®™/COO~
interactions in the aqueous solution. salt bridge in this study with literature data for noncovalent

Because negatively charged residues constitute 12 mol % of interactions in aqueous environments. SFA-measured inter-
gelatin and the two bare gelatin surfaces do not adhere to each action energies are detailed in Table S6 and plotted in Figure
other, other types of interaction are involved in adhering G- 4. The Gua*-mediated salt bridge (2.5-5.6 m] m™)* is
CSW to gelatin. The Gua" moiety can form cation—zx among the strongest noncovalent bond, outperforming general
interactions with Phe, His, or Tyr residues, and chaotropicity salt bridges (0.15—0.35 mJ] m_z),37 7—n stacking (0.2 m]
can lead to hydrophobic interactions between nonpolar m~2),* hydrogen bonding (0.05—2.99 mJ m~2),>*~*° anion—x

) 18,19

residues of the two gelatin surfaces (Figure 1 interactions (1.54 mJ m~2),"” and naturally occurring cation—7x
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Figure 6. Biological properties of nanoparticle adhesives. (a—c) Hemostatic dynamics using dog blood. (a) Thromboelastogram (TEG)
demonstrating the development of blood clots and clot strength over time and corresponding parameters: (b) R is the time from the start of testing
to clot formation, K is the time taken for the blood clot to reach a certain strength, and TMA is the time for the blood clot to reach maximum
strength; (c) « angle is the rate of fibrin accumulation, and MA is the maximum strength of the blood clot. Materials were used as 2 wt %
suspensions, and Dulbecco’s phosphate buffered saline (DPBS) was used as a negative control. (d) Antibacterial activities against Gram-negative
Escherichia coli and Gram-positive Staphylococcus aureus obtained by monitoring bacterial growth curves in lysogeny broth at 37 °C containing
various materials. Nanoparticles were used at 0.2 wt %, lysogeny broth was regarded as the negative control, and 0.1 M CuSO, solution was used as
the positive control. (e,f) In vivo biocompatibility testing of G-CSW in a mouse model of asthma induced by ovalbumin (OVA). (e) Total and
OVA-specific IgE levels in serums. (f) Eosinophil and neutrophil counts in bronchoalveolar lavage fluids. Controls are PBS, blank; acetic acid,
negative; and alum (aluminum hydroxide) adjuvant, positive. (g—i) In vitro degradation of G-CSW using lysozyme at 37 °C. (g) Weight change
after one-week incubation, PBS (0.1 M, pH 7.4) without lysozyme was used as a negative control. (h) XRD patterns G-CSW before (0 days) and
after (7 days) treatment with the enzyme. Major crystallographic planes of a-chitin are shown (Figure S24). (i) SEM image showing the preserved
needle-like morphology and dimension (average of 100 nanowhiskers) of G-CSW after 1 week of incubation in the enzyme. Data are expressed as
means + standard deviations of triplicates. Student’s ¢ test was used for comparison (*p < 0.05; **p < 0.01; **¥p < 0.001; ns, no significance).

interactions (up to 3.6 mJ m~2).*"** Energies of 10 mJ m™> for with strong entropically driven hydrophobic interactions.***
NH,;*-mediated cation—7 interactions have only been reported
3 Y 38,413),48_50 These results elucidate the substrate—nanoparticle interfacial

under artificially designed dehydrated conditions.
Moreover, Gua*-mediated cation—7 interactions are expected interactions and highlight the potential of incorporating Gua*-
to be stronger than those involving NH;*. The formation of
the Gua® salt bridge is driven both enthalpically and
entropically by chaotropicity and thus share the energy range adhesion.

mediated noncovalent interactions for improving underwater
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To demonstrate the applicability of nanoparticle adhesives
under aqueous conditions in the human body, we examined
their adhesion on fully wetted porcine skin. The skin was
wetted by immersing in deionized water to which nanoparticle
suspensions were directly applied without surface drying.
Adhesion strengths on the wetted assembly were measured at 1
h after nanoparticle application. All bioorganic nanoparticles
showed decreased adhesion strengths (G-CSW by 17-25%;
anionic nanoparticles by >30%) (Figure Sa) because water
creates a barrier that dilutes the suspensions and prevents
effective adsorption of nanoparticles to the substrate. To
simultaneously investigate instant and wet adhesion, we
measured the adhesion strengths to wetted porcine skin at 2
min after nanoparticle application. Only G-CSW could
instantly absorb and effectively glue the wetted substrate at
~10 kPa owing to the chaotropicity of Gua* moieties (Figure
S17).

We then examined the underwater resistance of the
adhesion. Two beef ribbons glued with the G-CSW suspension
(2 wt %, pH 7) withstood a high shear rate underwater prior to
failure (Movie S3). The underwater resistance of nanoparticle-
mediated adhesion was further quantified as follows. Porcine
skin assemblies glued with nanoparticles were immersed in
phosphate buffered saline (PBS) at pH 7.4, and adhesion
strengths were measured daily for 7 days (Figure Sb). The
underwater adhesion of all bioorganic nanoparticles decreased
with immersion time because water swells and detaches
substrate polymer chains from the nanoparticle surface. In
addition, increased hydration of surface functional groups
weakens substrate—nanoparticle interactions. All chitin nano-
particles exhibited adhesion strengths >S5 kPa after 1 week. G-
CSW exhibited the greatest underwater adhesion strength (up
to 10 kPa) because of the chaotropic nature of Gua'. By
contrast, the TM-50-mediated assembly did not endure 1 week
underwater.

Strong underwater nanoparticle adsorption was further
supported by adsorption test on gelatin hydrogels. Scanning
electron microscopy (SEM) revealed that the gelatin hydrogel
surface is densely covered by a matrix of adsorbed nano-
particles gelatin that was not removed by vigorous rinsing with
water (Figure S18).

In addition to their adhesion properties, the nanoparticles
should promote wound healing. Hence, we investigated their
hemostatic and antibacterial abilities to prevent blood loss and
protect wounds against bacterial infection.

During hemostasis, a platelet plug forms at the injured site,
and coagulation factors transform fibrinogen into fibrin, which
recruits blood cells to strengthen the plug (Figure 6a). T-
CHW, Z-CHW, and G-CSW coagulated defibrinated blood
within 10 min, suggesting that they mimic fibrin and form
blood clots through noncovalent interactions enabled by their
acetamide (—~NHCO-) groups’' (Figures S19 and $20).
CNC, T-CHW, and G-CSW presented positive hemostatic
properties with fibrinated blood. G-CSW was the most
effective hemostatic agent, considering its shortest time for
the clot to form (R), and reach a fixed (K), and maximum
strength (TMA) and greatest fibrin accumulation rate (a) and
clot strength (MA) (Figure 6b,c). This can be linked with the
strong binding of chaotropic Gua® to fibrin and other
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negatively charged hemostatic factors. Because CNC only
coagulated fibrinated blood, we propose that its OSO;~ group
adheres to fibrin but does not interact with other negatively
charged components.>”

The antibacterial properties of the bioorganic nanoparticles
were examined using Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus. The growth of both bacteria
gradually decreased and was inhibited after exposure to G-
CSW, suggesting a bactericidal effect. However, their growth
was reduced but not inhibited when exposed to CSW (the
nonadhesive precursor of G-CSW), indicative of a bacterio-
static mechanism (Figure 6d). The predominant antibacterial
effect of G-CSW over CSW is attributed to the stronger
binding of Gua™ over NH;" to negatively charged sites on the
cytoplasmic membrane or cell wall of bacteria, which disrupts
its permeability and induces intracellular-content leakage and
cell lysis.” Furthermore, we observed that S. aureus was more
sensitive to both G-CSW and CSW activities than E. coli
(Figure S21) probably because the outer membrane of Gram-
negative bacteria provides an additional protection against the
nanoparticles.54 CNC, T-CHW, and Z-CHW did not exhibit
antibacterial properties (Figures S21 and S22) because the
negatively charged groups on their surfaces can prevent
nanoparticles from binding to bacteria.””

Possible inflammatory responses represent one of the biggest
challenges associated with the use of crustacean-based
materials.>® To ensure biocompatibility, we examined whether
G-CSW elicits an allergic immune response in mice
administered with the ovalbumin (OVA) allergen, which is
characterized by immunoglobulin E (IgE) reactions and
immune cell infiltration in airways. While total and OVA-
specific IgE levels in OVA/G-CSW mice were comparable to
those in the PBS-treated group (blank control), they were
higher in the OVA/alum-treated group (positive control)
(Figure 6e). In addition, the levels of two types of immune cell,
eosinophils and neutrophils, in G-CSW/OVA mice did not
greatly increase compared with that of PBS mice and were 9-
and 6-fold lower those of OVA/alum mice, respectively
(Figure 6f). The total immune cell count in bronchoalveolar
lavage fluid (BALF) of OVA/G-CSW mice was also
comparable to that of regular mice (Figure S23). These results
indicate that G-CSW is biocompatible in vivo.

A proper degradation rate of the bioorganic nanoparticle is
crucial to maintain the adhesion during the wound healing
period. Therefore, we investigated the in vitro degradation of
G-CSW in PBS containing lysozyme, a ubiquitous enzyme in
the human body that is capable of degrading chitin.”**” The
weight of G-CSW gradually decreased with time, and ~91 wt
% remained after 1 week of incubation. As a control, CHW
showed a faster degradation rate than G-CSW with 87 wt %
remaining after 1 week (Figure 6g). The phenomenon can be
attributed to the specificity of lysozyme, which can only
recognize N-acetylglucosamine residues’’ but not guanidinium
glucosamine residues present only in G-CSW. Another
explanation can be the partial denaturation of lysozyme that
resulted from the chaotropic effect of guanidinium cations.”” In
addition, the X-ray diffraction (XRD) pattern of G-CSW
remained almost unchanged after enzymatic degradation
(Figure 6h). The crystallinity index of G-CSW slightly
increased from 93.15% (day 0) to 94.02% at (day 7) (Figure
S24). These results suggest the preservation of the crystal
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structure (therefore cohesion strength) of the nanoparticle
because lysozyme mainly hydrolyzes the more accessible
amorphous region. Finally, the SEM image indicates that G-
CSW maintained its needle-like morphology with unchanged
dimensions after incubation in lysozyme (Figure 6i). Taken
together, G-CSW is likely to show a proper biodegradation
characteristic that can retain its underwater adhesion (at least 1
week) without causing significant allergic immune response in

the body.

We showed that appropriately surface-modified chitin nano-
particles strongly bind together soft, wet hydrogels and
biological tissue. Five types of chitin nanoparticles with various
surface-charge densities were prepared as colloidally stable
suspensions. Negatively charged, COO™-bearing particles
glued gelatin hydrogels and porcine skin, whereas positively
charged particles only exhibited adhesion when their surface
NH;" were converted into Gua®. G-CSW were up to 3000-fold
more adhesive than inorganic nanoparticles at the same
concentration applied and maintained a ~10 kPa strength
underwater for 1 week. Compared with intensively studied
mussel-inspired wet adhesives, G-CSW can glue at physio-
logical pH without cytotoxic mediators. The glue does not
require stringent storage conditions and is easy to spray on the
substrate owing to is oxidation resistance and low viscosity.

Investigating the adhesion mechanism led to some principles
for future applications and design of next-generation tissue
adhesives. First, adhesion depends on the substrate surface,
and the strength can be tuned by varying surface functional
group contents of the nanoparticles, suggesting that the
application can be tailored to a specific type of tissue. Second,
adhesion involves strong cohesion strength inherent in highly
crystalline chitin nanoparticles and particle—substrate inter-
facial multifaceted noncovalent interactions. The SFA study
revealed that Gua® interacts 8.4-times more efficiently than
primary NH;* underwater. This feature relies on the
chaotropic nature of Gua®.

The biological benefits of chitin nanoparticles include rapid
hemostasis, antimicrobial activity, in vivo biocompatibility, and
a desired in vitro degradation characteristic which allows the
maintenance of its crystal and adhesive features. Such
multifunctional, high-performance materials combined with
the simple yet robust nanobridging technique provide
opportunities for multiple biomedical applications.

Reagent information, nanoparticle synthesis and characterization,
hydrogel preparation and characterization, and amino acid analyses of
gelatin and porcine skin are detailed in the Supporting Information.

Hydrogels were cut into rectangular specimens (S0 mm X 10 mm X
2.0 mm) with a thin-bladed scalpel. The thickness of the gel was fixed
during preparation by adjusting the volume of the hydrogel precursor
liquid according to the mold configuration. Porcine skin specimens
with an average thickness of 1.524 mm were prepared similarly. No
drying was performed on sample surfaces prior to testing. Bioorganic
nanoparticle suspensions were tested at concentrations of 1, 2, and 3
wt % and pH 4 and 7. The aqueous TM-S0 suspension was used as
received (S0 wt %, average pH 9).

A 30 uL aliquot of the nanoparticle suspension was evenly spread
on one side of the substrate (the epidermis layer of the porcine skin)
over 100 mm” area, that is, the overlapped region was 10 mm X 10
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mm. The other substrate was then brought into contact and the whole
assembly was pressed together for 1 min with a 1 kg calibration
weight. The adhesion ability of the nanoparticle suspension was
preliminarily confirmed by picking up and gently shaking the glued
assembly. Suspension exhibiting adhesion abilities rendered the
assembly intact. The glued assembly was equilibrated at 25 °C, 50%
relative humidity (RH) for 2, S, 15, 30, or 60 min (including 1 min
pressing) prior to lap-shear test by tensile loading using a universal
testing machine (Model 5943, Instron, U.K.) equipped with a S0 N
load cell at a 10 mm min™' speed at 25 °C according to the ASTM
F2255-05 standard. The lap-shear rate and grip holding strength were
maintained at constant values for all samples, and all experiments were
conducted on the same day to minimize hydrogel aging. The adhesion
strength was calculated using the equation 7,4 = F/A, where 7,4 is the
shear adhesion strength, F is the maximum force holding the glued
assembly (failure force), and A is the glued area.

Porcine skin tissue was used as the substrate to avoid excess swelling-
induced hydrogel fracture. To test the adhesion ability of nano-
particles to fully wetted surface, porcine skin was first immersed in
deionized water for 15 min, and aqueous nanoparticle suspensions
were then directly applied to the wetted skin without surface drying.
Adhesion strength was measured after equilibrating the adhered wet
assemblies for 2 or 60 min.

In another experiment, we tested the underwater resistance of
nanoparticle adhesion to porcine skin. Skin tissue in its natural state
was first glued with nanoparticle suspensions and equilibrated for 60
min. The glued skin-assembly junction was immersed in a 0.1 M PBS
solution (pH 7.4) in a Petri dish, while the unglued part was rested on
the dish edge. Adhesion strength was determined every 24 h for 1
week with the assembly removed and blotted dried with tissue prior to
lap-shear testing.

Underwater nanoparticle adsorption onto gelatin was visualized by
SEM. Porcine skin was not used to avoid destruction by the vacuum
introduced during freeze-drying and SEM. Nanoparticle suspensions
at 2 wt % were first evenly spread onto the gelatin surface at 0.3 uL
mm ™2 The hydrogel was left under ambient conditions for 2 h for
nanoparticle adsorption and then vigorously rinsed with deionized
water to remove any nonadsorbed materials before lyophilization at
<—40 °C. Each freeze-dried gelatin surface was coated with a Pt layer
using a Q150 T Plus turbomolecular pumped coater (Quorum
Technologies Ltd,, U.K.) operating at 15 mA for 90 s. The coated
samples were observed using a field-emission SEM (MIRA 3, Tescan,
Czech Republic) equipped with a 15 kV electron gun and a secondary
detector.

Atomically smooth mica surfaces were first cleaved from ruby
muscovite (Grade 1, S&J Trading Inc,, U.S.A.) into 1 cm X 1 cm
pieces in a dust-free laminar-flow hood. Each cut piece was then
coated with a S0 nm thick silver layer using an E-beam evaporator
(KVE-C300160, Korea Vacuum Tech). The coated mica sheets were
glued (silvered face down) onto cylindrical silica disks (radius of
curvature R = 2 cm) using epoxy resin glue (EPON 1004F, Exxon
Chemicals, U.S.A.), and the disks were then mounted in the SFA
following the configuration shown in Figure 3e.*®

N-Gua-chitosan, chitosan, and PGA were separately dissolved in 10
mM sodium acetate buffered solution (pH 4) at 1 mg mL™". Each
solution was filtered through a poly(vinylidene fluoride) (PVDF)
syringe filter (pore size: 0.4S yum; Millipore, U.S.A.). To prepare the
PGA surface, the mica surface was first amine-functionalized with (3-
aminopropyl)triethoxysilane (APTES) solution (0.1 wt %).°* The
solution was dropped onto the mica surface and left to stand for 10
min, and unreacted APTES was thoroughly removed by washing with
excess deionized water. The filtered solution was dropped onto the
mica surface (or the amine-functionalized surface for PGA) glued
onto the SFA disk and left at room temperature for 1 h. Unreacted
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chemicals were thoroughly removed by washing with a sodium acetate
buffer solution.

Intermolecular force—distance functions, F(D), between two
surfaces (i.e., chitosan vs gelatin, N-Gua-chitosan vs gelatin, chitosan
vs PGA, and N-Gua-chitosan vs PGA) in 10 mM sodium acetate
solution (pH 4) were determined using an SFA 2000 (Surforce LLC,
U.S.A.). The surface-separation distance was monitored using
interference fringes of equal chromatic order (FECO) generated
from the silvered mirror layer by multiple beam interferometry
(MBI). The mica—mica contact distance in air was used as the
reference distance, that is, D = 0. The two coated mica surfaces were
brought into molecular contact at the steric wall, Dy, (Figure 3e).
After 10 min equilibrium, the surfaces were progressively separated
until they abruptly separated. The distance at which the two surfaces
suddenly separated was used to calculate the adhesion force (F,q)
using Hook’s law. The Derjaguin approximation was used to relate the
force between two spheres of equal radius R, normalized by the radius
(F/R), separated at a small distance (D < R) in terms of energy per
unit area (W) of two flat surfaces at the same D. Johnson—Kendall—
Roberts (JKR) theory was used to calculate the adhesion energy per
unit area (W,y = F,;/1.57R) for soft and elastic surfaces.’**" SFA
experiments were performed at four different positions (n = 4).

The hemostatic properties of the nanoparticles were investigated
based on their ability to coagulate physically defibrinated sheep blood
(Carolina Biological Supply Company, U.S.A.). The blood coagu-
lation process was monitored using an MCR 302 modular compact
rheometer (Anton Paar, Austria) at 25 °C. The blood was mixed with
the nanoparticle suspension (2 wt %, pH 4) or double-deionized
water (reference) in a 9:1 volume ratio in an ice bath. The blood
mixture (200 L) was then injected between parallel metal plates
separated by 0.5 cm. A time sweep of 20 min at a 5% strain and a §
rad s™! frequency was conducted to identify the time required for
blood clotting, after which a frequency sweep from 0.05 to 500 rad s™*
at a 5% strain was conducted to evaluate the stability of the blood clot.
Rheological parameters, including the storage moduli G’ and loss
moduli G” of sheep blood treated with different nanoparticles were
recorded and plotted against time.

The in situ hemostatic dynamics of the nanomaterials were
investigated through thromboelastographic measurement using a
TEG Hemostasis Analyzer System S000 (Hemonetics, U.S.A.). The 2
wt % suspension of each nanomaterial in DPBS was added to 320 uL
of dog blood, which was provided in citrate-phosphate-dextrose
solution with adenine (CPDA; anticoagulant and preservative
solution, Korea Animal Blood Bank). Then, 20 uL of 200 mM
aqueous CaCl, solution was added to the blood before loading into a
disposable loading cup (REF 07-052, Hemonetics). Thromboelasto-
graphic parameters were collected under swirling of the torsional wire
and pin which were immersed in blood samples.

The antibacterial properties of the nanoparticles were examined
according to the ATSM-E2149 standard. Gram-negative, chemically
competent DHSa Escherichia coli (enzynomics, South Korea) and
Gram-positive Staphylococcus aureus sp. aureus (Microbiologics
CCARM 0078, Thermo Fisher Scientific, U.S.A.) cells were streaked
on lysogeny agar (10 g L' peptone, 5 g L™" yeast extract, 10 g L™
NaCl, 20 g L agar, pH 7.4; Becton Dickinson, U.S.A.) and allowed
to grow at 37 °C. A single bacterial colony was then inoculated into
lysogeny broth (without agar), and the culture was grown in a shaking
incubator (BioFree, South Korea) programmed at 37 °C, 180 rpm
until the optical density at 600 nm (OD 600) was >1. In the well-
diffusion assay, 100 uL of the bacterial suspension diluted to an OD
600 of 0.1 with double-deionized water (~8 X 10’7 CFU mL™") was
spread on lysogeny agar plates using a Drigalski spatula until
completely dry. A sterile cork borer was then used to make wells (~6
mm diameter) on the agar plate, and 30 uL of the as-prepared
nanoparticle suspension (0.2 wt %) was pipetted into each well. No
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pH adjustment was done to the nanoparticle suspension to eliminate
the effect of pH on bacterial growth. Double-deionized water was
used as a negative control, while 0.1 M CuSO, solution was used as a
positive control. The plates were incubated at 37 °C for 24 h and
examined for inhibition zones around the wells.

The growth kinetics of E. coli and S. aureus suspensions in lysogeny
broth supplemented with different nanoparticles were monitored.
Bacterial suspensions were grown in a shaking incubator at a starting
OD 600 of ~0.1, and aliquots were withdrawn every 2 h for 1 day for
OD 600 reading. Nanoparticles were supplemented at 0.2 wt % (with
respect to volume of culture medium) after incubation for 4 h as the
bacteria entered the log phase, followed by vortexing and continued
incubation. OD 600 values were measured using an UV-—vis
spectrometer (UV-2600, Shimadzu Corp., Kyoto, Japan).

The time-killing kinetics of antibacterial bioorganic nanoparticles
were investigated using the plate count method. E. coli and S. aureus
suspensions at OD600 of ~0.1 in lysogeny broth were incubated with
the tested nanoparticles (0.2 wt %) in a shaking incubator. Aliquots of
the bacterial cultures were withdrawn every hour for 12 h,
appropriately diluted with double-deionized water, and evenly spread
on lysogeny agar plates. The plates were then incubated at 37 °C to
enumerate living cells after 24 h, expressed as CFU mL™".

Mice were intraperitoneally sensitized with 75 ug of OVA plus 100
mg of acetic acid, 2 mg of alum (Alhydrogel adjuvant 2%, vac-alu-250,
InvivoGen), or 100 mg of G-CSW on day 0, and 7.50 ug of OVA was
intranasally instilled to induce OVA-specific immune responses in the
airway on days 14, 15, and 16. Mice intraperitoneally sensitized with
PBS on day 0 (without further OVA challenge) were used as blank
controls. The mice were euthanized 4 h after the last challenge. BALF
and serum samples were collected for further analysis. BALF cells
were manually counted using a hemocytometer and further analyzed
by flow cytometry. Eosinophils and neutrophils were characterized by
CD11b™ sigle cF* and CD11b*Gr-1" cells, respectively. Serum and
OVA-specific IgE levels were measured using a mouse IgE ELISA
quantification set (Bethyl Laboratories, U.S.A.). All in vivo procedures
were approved by the Pohang University of Science and Technology
Institutional Animal Care and Use Committee prior to animal
experimentation (IRB number: POSTECH-2019—0014).

PBS (0.1 M, pH 7.4) was first sterilized by filtering through a 0.22
um-pore filter membrane. Chitin-based nanoparticles (250 mg) were
dried in a vacuum oven at 60 °C to remove absorbed moisture until a
constant weight was obtained (m,). The dried nanoparticles were
immediately dispersed into the PBS filtrate (10 mL) in a conical tube
to which lysozyme extracted from chicken egg white (Sigma-Aldrich,
U.S.A.) was added (0.5 mg mL™"), and the mixture was vortexed
thoroughly. Although nanoparticles were not colloidally stable in the
high-ionic-strength buffer, it was assumed that particle aggregation did
not significantly affect the enzyme activity or the degradation behavior
of the nanoparticles. The mixture was then incubated in a shaking
incubator (37 °C, 180 rpm). At investigation time points, the tubes
were taken out and centrifuged at 8000 rpm for 10 min. The
nanoparticle pellets were recovered, rinsed with deionized water to
remove the enzyme and dissolved reducing sugar hydrolysates, and
centrifuged again using the same setting. The pellets were then
vacuum-dried at 60 °C until a constant weight (m,). To prevent
erroneous weight loss, the pellets were weighed together with the
conical tubes, the weight of which was predetermined before the
experiment. The nanoparticle mass remained after enzymatic
hydrolysis was determined by taking the ratio of m; to m, and
expressed in percentage. In addition, the crystal structure and
morphology of nanoparticles after 7 day enzymatic degradation were
studied using XRD and SEM, respectively (detailed configurations in
the Supporting Information).
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00193.
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