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We describe the formation of a multidrug salt comprising sulbac-
tam (SUL, p-lactamase inhibitor) and amantadine (AMNH, antiviral).
Physicochemical investigation of the SUL-AMNH salt revealed
enhanced thermal stability compared to pristine starting materials.
In vitro studies found that salt formation in SUL-AMNH does not
disrupt antibacterial activity against model organisms Escherichia
coli and Staphylococcus epidermidis. To our knowledge, we show
the first p-lactamase inhibitor-antiviral salt where both com-
ponents have been approved by the U.S. Food and Drug
Administration (FDA), and the first multicomponent solid contain-
ing SUL. We envisage our strategy could inspire the design of mul-
ticomponent solids for antimicrobial combination therapies.

The World Health Organization (WHO) and the U.S. Centers
for Disease Control and Prevention (CDC) warn that without
the rapid development of new antimicrobial formulations,
treatments for bacterial infections will become obsolete due to
antimicrobial resistance (AMR).'™ Bacterial-viral coinfections
are an important contributor to the anticipated medical and
economic burden of AMR.* Gaining widened attention during
the COVID-19 pandemic, bacterial-viral coinfections impacted
nearly 10% of all critically ill COVID-19 patients, such that
patients would receive antibiotic regimens in addition to avail-
able antiviral medications.’ The reduced efficacy of single-drug
therapies and exacerbation of antimicrobial comorbidities
demand immediate dual-pharmaceutical strategies to alleviate
the toll of AMR.®
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An emerging route for pharmaceutical innovation is
pharmaceutical drug-drug cocrystallization (e.g., Entresto,
Seglentis) or salt formation (i.e., multicomponent solids).”® In
the past five years, multicomponent solids with antibiotics have
demonstrated marked improvement in the antibacterial activity
of antimicrobial compounds.'*™® Inspired by these recent
advances, we asked whether forming a multicomponent salt
with sulbactam would retain its antibacterial properties. This
study presents a dual-drug salt comprising antibacterial sulbac-
tam (SUL) and antiviral amantadine (AMNH) (Scheme 1).

The multicomponent solid SUL-AMNH shows sustained
antibacterial activity and improved thermal stabilities com-
pared to pristine SUL. SUL is an antibacterial compound and
irreversible p-lactamase inhibitor (BLI) that prevents
f-lactamase-positive bacteria from hydrolyzing p-lactam anti-
biotics."* Because SUL targets resistance mechanisms rather
than acting with explicit bactericidal effect, in clinical practice,
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Scheme 1 Physicochemical and pharmaceutical properties of antibac-
terial—antiviral salt, SUL-AMNH: (a—c) molecular structures of SUL and
AMNH and their resulting ionized multicomponent solid, SUL-AMNH. (d
and e) Enhanced thermal stability and maintained bacterial inhibition of
SUL-AMNH.
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it is typically administered in a 1:2 with a primary p-lactam
antibiotic, such as Ampicillin. AMNH is an antiviral used for
treating influenza A subtypes that has also demonstrated
in vitro inhibition of SARS-CoV-2."> Given that both SUL and
AMNH are seminal active pharmaceutical ingredients (APIs)
approved by the U.S. Food and Drug Administration (FDA),
this work explores the SUL-AMNH salt as an initial approach
toward developing effective combination therapies against bac-
terial-viral coinfections."®"” As the first dual-drug solid with
SUL and the first BLI-antiviral salt, our work further demon-
strates how solid-state engineering can integrate current FDA-
approved BLIs, creating novel BLI-antiviral multicomponent
solids that retain antimicrobial properties upon salt
formation.

Our design strategy involved the selection of SUL (BLI) as a
hydrogen bond donor and AMNH (antiviral) as a hydrogen
bond acceptor. Similar strategies have been employed to syn-
thesize pharmaceutical salts and cocrystals of norfloxacin-sul-
fathiazole and resveratrol-amantadine hydrochloride.'®"?
Here, powders of SUL (25.0 mg, 0.107 mmol) and AMNH
(16.2 mg, 0.107 mmol) were combined using liquid-assisted
grinding (LAG, 3 drops methanol) in a mechanochemical ball
mill (Retsch 400 MM, 1 stainless steel ball, 7 mm, 10 ml stain-
less steel jar) for 30 minutes. The resulting solid was examined
by powder X-ray diffraction (PXRD), which revealed the for-
mation of a new phase (Fig. S1, ESIf). The ground solids were
dissolved and sonicated in methanol (2 mL), and the solution
was incubated at room temperature. White, needle-like single
crystals formed after five days of slow evaporation. The compo-
sition of SUL-AMNH single crystals was determined to be a
1:1 ratio of the pharmaceutical components by '"H NMR spec-
troscopy (Fig. S2, ESIT).

Single crystal X-ray diffraction (SCXRD) confirmed the for-
mation of a multicomponent salt between SUL and AMNH.
Specifically, the components in SUL-AMNH crystallize in the
monoclinic space group P2, to form a two-component drug-
drug ionic assembly (1: 1 ratio) sustained by [N'-H---O7] ionic
interactions (dD---A = 2.743 A) (Fig. 1a).?>*' The pK, rule sup-
ported the favorability of the ionized complexes (see ESIT for
calculation).”” The B-lactam ketone exhibits hydrogen bonding
(dN-H---O = 2.879 A) with the ammonium hydrogen, orienting
AMNH molecules to form a lipophilic aggregate with adaman-
tyl motifs (Fig. 1b).*® Additional evidence for the formation of
the drug-drug salt was provided by Fourier transform infrared
(FT-IR) spectroscopy, which showed the formation of the car-
boxylate anion and ammonium cation (Fig. S3, ESIT). The ada-
mantyl groups in AMNH aggregate in an interlocking pattern,
creating a tightly organized hydrophobic layer in the bc¢-plane
(Fig. 1c). The hydrophilic regions occupied by SUL molecules
are supported by weak hydrogen bonds between sulbactam’s
f-lactam hydrogen and deprotonated carboxylic acid [dC-H---O
=3.233 A]. The simulated PXRD pattern from the crystal struc-
ture of SUL-AMNH matches the experimental pattern from
mechanochemical experiments.

The electronic properties of antibacterial-antiviral salt were
rationalized by density functional theory (DFT) electrostatic
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Fig. 1 X-ray crystal structure and molecular modelling of SUL-AMNH:
(a) molecular units sustained by [N*—H-.-O™] ionic interactions, (b) lipo-
philic assemblies of salt aggregates in the bc-plane, (c) space-fill view of
level sheets along the b-axis, (d—f) density functional theory calculations
for starting materials and resulting drug—drug salt. Scale bar and values
in kJ mol™.
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potential calculations (©B97X-D/cc-pVIZ basis set) based on
molecular coordinates from SCXRD analysis. Analysis of SUL
highlighted the Lewis acidity of the carboxylic acid with a posi-
tive band of 303.9 k] mol™" (Fig. 1d). The AMNH interactive
counterpart, the primary amine, showed high electron-donat-
ing capacity at 192.8 k] mol™" (Fig. 1e). The resulting proton
transfer yields strong polarity in the SUL-AMNH electron
density, with SUL carboxylate at 262.0 k] mol™' and AMNH
ammonium cation at 373.6 k] mol ™" (Fig. 1f).

The solid of SUL-AMNH showed increased thermal stability,
as observed by thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC) analyses, and hot-stage polarized
optical microscopy (POM) (Fig. 2). For SUL-AMNH, TGA
showed a decomposition point onset at ca. 178 °C, which was
associated by the observation of an exotherm followed by an
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Fig. 2 Thermal properties of SUL-AMNH solid. (a) TGA and (b) DSC
traces of SUL-AMNH, SUL, and AMNH. (c) Hot-stage POM of a single
crystal of SUL-AMNH.
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endotherm in the DSC trace. SUL and AMNH showed
decomposition onsets at ca. 137 °C and 61.3 °C, respectively.
Notably, the results demonstrated increased thermal stability
of SUL-AMNH in the solid state compared to the pristine start-
ing materials (SUL and AMNH), suggesting the formation of
stronger intermolecular forces (Fig. 2a and b).>* The increase
in thermal stability observed in SUL-AMNH via salt formation
is comparable to that of commercial salts, amantadine hydro-
chloride and sulbactam sodium (Fig. S4-S13+), though moder-
ately lower. Hot-stage POM showed a SUL-AMNH crystal to
maintain structural integrity up to 160 °C, exhibiting a disinte-
grative fracture after this point. The disintegrated crystal melts
at ca. 200 °C followed by decomposition into a dark solid
(Fig. 2¢).

The favorable intermolecular interactions in SUL-AMNH
were further evidenced with "H NMR spectroscopy studies,
which showed protons in SUL-AMNH to have distinct chemical
shifts compared to pristine components (Fig. S2, ESI{) due to
protonation.”>*® Dynamic light scattering (DLS) confirmed the
formation of larger aggregates (average particle diameter of
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4.86 pm + 0.71 pum) in solution (50 mg in 3 mL of water) com-
pared to individual components, which showed average dia-
meters of 2.81 pm + 0.61 pm, and 2.37 pm + 0.65 um for SUL
and AMNH, respectively. The observations prompted us to
evaluate the applicability of the SUL-AMNH solid aggregate in
biological assays to assess antimicrobial activity.

The SUL-AMNH dual-drug salt showed antibacterial effect
of SUL in standard clinical 2:1 combination with p-lactam
antibiotic ampicillin (AMP) (Table 1). The synergistic effect of
combined SUL-AMP treatment is well established, with the
bactericidal activity of AMP bolstered by the innate antibacter-
ial and f-lactamase inhibition activity of SUL. Zone of inhi-
bition analysis performed through disk diffusion evaluated the
bacterial inhibition of SUL-AMNH, pristine SUL, and PM
against Escherichia coli and Staphylococcus epidermidis at five
Clinical & Laboratory Standards Institute (CLSI) and European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
recommended concentration breakpoints (Table 1).*” Fresh
and actively dividing E. coli and S. epidermidis microbial cul-
tures (1.5 x 108 CFU mL™") were plated on Mueller Hinton agar

Table 1 Diameter values of bacterial zones of inhibition for AMP-SUL-AMNH, AMP-SUL, and AMP-PM (mm, Mean + SD, n = 3)

Diameter (mm)

E. coli S. epidermidis
Physical Physical
SUL® Mixture”
[C] (ug mL ™) SuL* Mixture® SUL-AMNH* SUL-AMNH"
2:1 0 0 0 10.45 £ 3.1 153 +1.3 15.8+1.3
8:4 0 0 0 23.0+3.3 229+3.1 22.7+3.2
32:16 9.0 £0.9 11.4 + 0.9 10.1 £ 0.6 29.4+2.0 29.8+3.1 29.2+2.1
128:64 17.7 £ 0.7 19.6 + 0.2 18.7 £ 0.4 41.7 £ 3.2 42.5 £ 4.6 41.6 £ 4.5
512:256 246 +4 25.0+0.7 24.4+0.2 48.6 £ 1.2 49.8 £ 0.4 50.6 +2.4

% SUL, physical mixture, and SUL-AMNH treatments were each tested in 1:
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Fig. 3 Bacterial zones of inhibition at five concentrations of AMP-SUL-AMNH, AMP-SUL, AMP-PM, and Milli-Q water-sodium phosphate buffer

(blank) against S. epidermidis (a) and E. coli (b).
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via a non-toxic sterile swab. Sterile paper disks (7 mm) were
impregnated with the antibacterial components, placed on the
plates, and incubated for 24 h at 37 °C. Correlated CLSI inhi-
bition standards and ANOVA analysis found that E. coli showed
statistically equivalent resistance against AMP-SUL, AMP-PM,
and AMP-SUL-AMNH at lower tested concentrations (2:1 pg
mL~" and 8:4 pg mL™").*® At higher tested concentrations
(32:16 pg mL™', 128:64 pg mL™', 512:256 pg mL™Y),
increased zones of inhibition presented marked antibacterial
sensitivity (Fig. 3). This trend is in agreement with established
susceptibility concentrations of BSL-1 E. coli for ampicillin-sul-
bactam treatment.>® Susceptibility of S. epidermidis found
similar statistical equivalence in AMP-SUL, AMP-PM, and
AMP-SUL-AMNH antibacterial activity. As predicted by CLSI
values, S. epidermidis showed resistance at 2:1 pg mL™" and
intermediate susceptibility 8:4 pg mL™" concentrations.”® At
the mid-concentration breakpoint of 32:16 pg mL™", increas-
ing zones of bacterial inhibition corresponded to increased
sensitivity that became high sensitivity for the remaining
tested concentrations (128:64 pg mL™' and 512:256 ug
mL™"). These findings were corroborated with additional
investigations of growth analysis by broth microdilution (5 x
10° CFU mL™"), which found enhanced and immediate inhi-
bition at even the lowest concentrations over a 14 h period of
monitored growth (Fig. S17, ESI{).>”*° The retention of anti-
bacterial susceptibility among SUL, PM, and SUL-AMNH along-
side AMP demonstrates that the addition of API AMNH does
not disrupt the antibacterial activity in SUL-AMNH and per-
forms as effectively as pristine SUL.

Conclusions

In summary, we successfully synthesized the multicomponent
solid SUL-AMNH comprising BLI and antiviral APIs. To our
knowledge, SUL-AMNH is the first BLI-antiviral salt, and multi-
component solid to feature SUL, where both APIs are FDA-
approved. SUL-AMNH showed improved thermal stability com-
pared to pristine SUL and AMNH, and showed antibacterial
properties against Escherichia coli and Staphylococcus epidermi-
dis. The addition of AMNH did not compromise the antibacter-
ial activity despite the strong interaction observed in 'H NMR
and DFT calculations. We envisage the design strategy invol-
ving multidrug solids (e.g., antibacterial-antiviral) could accel-
erate the approval of effective pharmaceutical formulations for
co-infections (e.g., viral, bacteria) and combination therapies.
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