=
Sl v L LRSI

Showcasing research from Professor Sotiris K. Hadjikakou's
laboratory of Biological Inorganic Chemistry, Department
of Chemistry, University of loannina, Greece.
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One of the most pressing contemporary issues faced

by any healthcare system is the emergence of microbial
resistance to modern antibiotics. Despite being an older,
well-established antibiotic, tetracycline continues to be
widely utilized across many healthcare systems. Recently, in
our laboratory, we have enhanced the efficacy of tetracycline
by modifying its structure, thereby increasing its potency
against both gram-positive and gram-negative microbes.
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The new water-soluble di-anionic bi-sodium salt of tetracycline (TC), an antibiotic in clinical use, with the
formula {[TCI?>"[Na*(MeOH)(H,0)] [Na*]-(H,0)}, (TCNa) was synthesized. The compound was character-
ized by m.p., attenuated total reflectance-Fourier transform infra-red (ATR-FTIR) spectroscopy, and ultra-
violet (UV) and proton nuclear magnetic resonance (*H NMR) spectroscopy in the solid state and in solu-
tion. The molecular weight (MW) was determined by cryoscopy. The crystal structure of TCNa was also
determined by X-ray crystallography. The antibacterial activity of TCNa was evaluated against the bacterial
species Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli), Staphylococcus epidermidis
(S. epidermidis) and Staphylococcus aureus (S. aureus) by means of minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC) and inhibition zones (IZs). Moreover, the ability of the
compound to eradicate biofilm formation was also evaluated. The results are compared with those
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DOI: 10.1039/d4dt01384k obtained for the commercially available drug TCH,. The in vitro and in vivo toxicities of TCNa were tested

rsc.li/dalton against human corneal epithelial cells (HCECs) and Artemia salina.

overcome its low solubility in water is its hydrochlorination.’
As has already been highlighted, bacteria have acquired resis-
tance to tetracyclines.'® Consequently, it is imperative to

Introduction

Tetracycline is a widely used antibiotic with a broad spectrum

of bactericidal properties against both Gram-positive and
Gram-negative bacteria."? Tetracyclines, initially employed as
topical drops and ointments, represent a group of antibiotics
utilized in the treatment of blepharitis.> In particular, tetra-
cycline ointment continues to be utilized as a treatment for
trachoma (chlamydial infections) due to its status as the sole
topical treatment available for numerous years. The current
applications of tetracycline include both therapy and prophy-
laxis against human infections such as ocular diseases.” In
particular, tetracycline is used in the treatment or inhibition
of corneal ulceration.® Recently, an ophthalmic solution con-
taining tetracycline was patented against eye surface inflam-
mation.” Although tetracycline is usually available as a peroral
drug only, it is characterized by low hydrophilicity and poor
absorption after administration.® One of the methods used to

“Biological Inorganic Chemistry Laboratory, Department of Chemistry, University of
Ioannina, 45110 Ioannina, Greece. E-mail: chanti@uoi.gr, shadjika@uoi.gr;

Tel: +xx30-26510-08374

bLaboratory of Inorganic Chemistry, Department of Chemistry, Aristotle University of
Thessaloniki, Greece

T Electronic supplementary information (ESI) available. CCDC 2330616. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d4dt01384k

12080 | Dalton Trans., 2024, 53,12080-12089

advance the development of novel tetracycline-based anti-
biotics capable of addressing the challenge posed by bacterial
resistance. Tetracycline derivatives exhibit multiple functional
groups (Scheme 1, labeled A-D) that can serve as potential
ligand sites for complex formation leading to novel antibiotics.

Y= H (TC): OH (OTC). X= anion

Scheme 1 The structural motifs of oxy-tetracyclines, OTCs, (Y = OH)
(neutral (i), zwitterionic (ii), cationic (iii) and dianionic (iv)) and the corres-
ponding ones of tetracycline (TC) Y = H (zwitterionic (ii) and cationic (iii)).
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Four main types of oxy-tetracycline (OTC) moieties have
been found and characterized by X-ray analysis to date. These
include the (i) neutral tetracyclines (Scheme 1),""'* (ii) zwitter-
ionic tetracyclines (Scheme 1),""***° (iii) cationic tetracyclines
(Scheme 1)"772° and (iv) di-anionic tetracyclines (Scheme 1)."

However, only zwitterionic and cationic structures of tetra-
cyclines have been reported to date: (ii) zwitterionic tetra-
cyclines (Scheme 1)'%'*™® and (iii) cationic tetracyclines
(Scheme 1).1718>!

During our investigations into the design and creation of
innovative formulations aimed at overcoming bacterial resis-
tance experienced by existing antibiotics,”**° we have success-
fully synthesized and characterized a modified version of the
commercially available drug tetracycline (TCH, = tetracycline)
(Scheme 1). The crystal structure of {{TC]* [Na*(MeOH)(H,O)]
[Na']:(H,0)} (TCNa) was refined from an X-ray diffraction data
set. TCNa was characterized by melting point (m.p.) and
ATR-FTIR, 'H-NMR and UV-vis spectroscopic techniques. The
molecular weight of the compound was determined by cryo-
scopy in solution. The Gram-negative strains Pseudomonas aer-
uginosa (P. aeruginosa) and Escherichia coli (E. coli), as well as
the Gram-positive bacteria, including Staphylococcus epidermi-
dis (S. epidermidis) and Staphylococcus aureus (S. aureus), preva-
lent in microbial keratitis, were subjected to an assessment of
the antibacterial activity of TCNa. In order to accomplish this,
we assessed the minimum inhibitory concentration (MIC),
minimum bactericidal concentration (MBC), and inhibition
zone (IZ). Additionally, we evaluated the impact of TCNa on
the formation of biofilm by both Staphylococcus aureus (S.
aureus) and Pseudomonas aeruginosa (P. aeruginosa). The
in vitro toxicity of TCNa was estimated using normal human
corneal epithelial cells (HCECs). Additionally, the Artemia
salina model was employed to evaluate the in vivo toxicity of
TCNa.

Results and discussion
General aspects

Tetracycline reacts with sodium hydroxide (NaOH) in the pres-
ence of carbon disulfide (CS,) in methanol (MeOH) in a
1:3:3 molar ratio (Scheme 2). The yellow precipitate was crys-
tallized by slow evaporation of MeOH solution. TCNa is stable
when it is stored under ambient conditions in the dark and it
is soluble in H,0, MeOH, MeCN, DMSO and acetone. The
water solubility of TCNa was verified using UV-vis spec-
troscopy. Fig. S1t illustrates the UV-vis spectra of TCNa in
water.

S Na* TC
NaOH/CH30H / ice bath\
CHOH+CS,— > CH;—0—C TCNa

\S -2 CH;OCS,H

Scheme 2 Synthetic route of TCNa.
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Solid state studies

Crystal and molecular structure of TCNa. A molecular
diagram of TCNa along with selected bond lengths and angles
are shown in Fig. 1.

Thus far, only the zwitterionic form of tetracycline (TC) has
been documented. In contrast, oxytetracycline (OTC) has
exhibited a broader range of crystallized forms, including
neutral, zwitterionic, cationic, and di-anionic, all characterized
by X-ray crystallography.'**®*® While the dianionic oxytetracy-
cline (OTC) in the potassium salt form has been previously

(€

Fig. 1 (A) Molecular diagram of TCNa. Selected bond lengths (A) and
angles [°]: Nal-01: 2.444(3), Nal-02: 2.462(3), Na2—-01: 2.256(2), Na2—
02: 2.530(3), Na2—-009: 2.464(3), Na2-010: 2.306(3), 09-C23: 1.428(4),
01-C1: 1.236(3), O2-C7: 1.235(3), O3-C6: 1.401(3), O4-C8: 1.285(3),
05-C12: 1.259(3), O6-C16: 1.340(3), O7-C15: 1.449(3), O1-Nal-O2:
65.03(7), O1-Na2-02: 66.58(7), Na2-09: 93.29(8), O1-Na2-010:
140.71(8), 0O2-Na2-09: 125.98(8), O2-Na2-010: 80.33(7), O9-Na2—
010: 89.35(8); 1D-ribbon supramolecular assembly along the a-axis (B)
and the b-axis (C).
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reported by Jogun et al,'® with the formula {(OTC)* 2(K"")2
(H,0)2(CH;0H)}, the TCNa {[TC]*[Na‘(MeOH)(H,O)]
[Na'](H,0)}, represents the first reported example of a di-
anionic and non-zwitterionic form for tetracycline itself.
Table 1 provides a summary of the reported C-O bond lengths
for both tetracycline (TC) and oxytetracycline (OTC) across
various forms documented thus far. Table 2 presents a compi-
lation of the average bond lengths of C1-O, C3-0, C4-O, and
C13-0 measured so far for both tetracycline (TC) and oxy-tetra-
cycline (OTC) in their reported forms (neutral, zwitterionic,
cationic, and dianionic).

The asymmetric unit of TCNa includes one TC>~ ion, which
interacts with two Na' ions through the oxygen atom of the
amide bond and the corresponding one of the A-ring
(Scheme 1 and Fig. 1A). Two consequent {[TC]* [Na"(MeOH)
(H,0)] [Na"](H,O)} units form a dimer, which are linked to
each other via ten Na-O contacts, involving four sodium
cations and two TC molecules. Finally, a 1D ribbon supramole-
cular assembly of the covalent polymer {[TC]* [Na'(MeOH)
(H,0)] [Na']-(H,0)}, is established although an extended
network is formed, held together by Na-O contacts ranging
from 2.256 to 2.767 A, ensuring that all Na atoms are 6-co-
ordinated (Fig. 1B and C). This extended network of Na-O con-
tacts, however, affects the C-O bond lengths, rendering their
comparison (in Tables 1 and 2) pointless.

Vibrational spectroscopy. The v(H-Caromaric) and u(H-
Caliphatic) band vibrations in the FTIR spectrum of TCH, and
TCNa are observed at 3063-3048, 2955, and 2925 cm™" and at
3070, 2936, and 2920 cm ™", respectively*>*!** (Fig. S21). The
vibrational bands at 1639 and 1599 cm™" in the FTIR spectrum
of TCH, are assigned to the amide »(O=C(1)) and v(O=C(7))
bond vibrations, respectively (Scheme 1).>?"3?> These bands
are shifted at 1674 and 1609 cm™, respectively, in the spec-
trum of TCNa. The pronounced change is a result of tetra-
cycline coordinating with Na" via the O(C1) and O(C7) atoms.
The vibration band at 1397 em™" is attributed to 1(O-C(8)),
which is shifted at 1419 ecm™" in the spectrum of TCNa. This is
a consequence of the deprotonation of the hydroxyl group at
the C(8) position, leading to an increase in the bond order of
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Table 2 C1-0O, C3-0, C4-0 and C13-O average bond lengths (A)
found in TCs and OTCs, respectively

Type Cc1-0 (A) Cc3-0 (4) Cc4-0 (A) C13-0 (A)
Neutral 1.272 +0.004 1.231+0.004 1.339 = 0.003 1.305 + 0.002
Zwitterionic 1.255 + 0.009 1.238 + 0.005 1.334 + 0.007 1.245 + 0.011
Cationic 1.333 1.235 1.356 1.264
Di-anionic  1.236 + 0.000 1.248 + 0.025 1.272 +0.026 1.261 * 0.020

the C(8)-O bond. The vibrational band observed at 1302 cm ™"
in the IR spectrum of TCH, is assigned to the 1(O-C(3)) bond,
while in the case of TCNa, a slight shift is observed at
1297 cm ™.

Solution studies

Molecular weight (MW) measurement. The molecular
formula in solution was first determined by measuring its MW
using the cryoscopic method in DMSO/ddw (1 :49 v/v) (ddw =
double distilled water). A solution of 1 pL of TCNa (1 mg per
100 pL of DMSO) was diluted to 49 pL of ddw. The molecular
weight of TCNa was determined to be 573.4 g mol™, consist-
ent with the calculated value obtained from X-ray analysis. The
MW of TCNa was found to be 573.4 g mol™" {(Cy,H,,N,0g)*~
2Na* (MeOH) 2(H,0)} (calc. 556.44 g mol™*). Therefore, it can
be inferred that the formulation of TCNa is retained in the
solution.

UV-vis and "H NMR spectroscopy methods. Methanol and
DMSO were selected as solvents for recording UV-vis and 'H
NMR spectra, instead of water, to facilitate a comparison
between insoluble free TCH, and TCNa.

Stability studies of TCNa. The stability of TCNa was exam-
ined through "H NMR in CD;OD over a 48-hour period
(Fig. S371). The period of 48 h was chosen for stability testing
since the biological experiments require 48 h of incubation
with TCNa. No changes were observed between the initial "H
NMR spectra and the corresponding ones after 48 h, confirm-
ing the retention of TCNa in solution.

Table 1 The C-O bond lengths reported for the TCs and OTCs to date in their different forms

Name CCDC code Type C1-0 (&) C3-0 (A) C4-0 (A) C13-0 (A) Ref.

TCs TCNa Di-anionic 1.236 1.235 1.285 1.251 ¢
TCYURT10 Zwitterionic 1.241 1.231 1.316 1.277 14
TETCYHO1 Zwitterionic 1.254 1.244 1.339 1.245 15
TETCYH10 Zwitterionic 1.262 1.237 1.333 1.237 11
TETCYH11 Zwitterionic 1.248 1.233 1.347 1.247 16
TETCYH12 Zwitterionic 1.255 1.233 1.334 1.241 16

Average 1.252 + 0.007 1.236 = 0.005 1.334 % 0.010 1.249 + 0.014

OTCs OXYTET Neutral 1.274 1.233 1.337 1.304 13
OXYTETO01 Neutral 1.27 1.229 1.34 1.306 12
OXYTETD Zwitterionic 1.248 1.25 1.334 1.233 11
OXTETH10 Zwitterionic 1.277 1.235 1.338 1.236 13
OTETCB Cationic 1.333 1.235 1.356 1.264 19
OXTETK Di-anionic 1.236 1.261 1.258 1.271 13

“This work.
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UV-Vis spectroscopy. The UV-Vis absorption spectra of TCNa
and TCH, were recorded in DMSO solution (Fig. S4t). The
absorption band at 365 nm (loge = 2.8) in the spectrum of
TCH, is shifted to 381 nm in the spectrum of TCNa (loge =
3.7). The band at 265 nm (log ¢ = 2.8) in the spectrum of TCH,
remains unshifted in TCNa (265 nm, log ¢ = 3.7). These bands
are assigned to n* < & transitions.

'"H NMR spectroscopy. The 'H NMR spectra of TCH, and
TCNa in MeOH-d, were recorded (Fig. S51). In the spectrum of
TCH,, the resonance signals at 7.56-7.52, 7.19-7.17 and
6.96-6.94 ppm are assigned to H[C(18)aromatic]; H[C(19)aromatic)
and H[C(17)aromatic), respectively (Scheme 1).>* These signals
are shifted downfield in the case of the spectrum of TCNa at
7.25-7.21 ppm, 6.92-6.90 ppm and 6.71-6.69 ppm, respect-
ively. The resonance signal at 4.13 ppm is assigned to H{OC
(8)], which is absent in TCNa, due to the deprotonation of the
hydroxylic group. The resonance signal of the 6,H[OC(16)],H
[0C(15)],H[OC(3)] proton remains unchanged at 4.86 ppm.
The resonance signals at 3.06-2.95 ppm in the spectrum of
TCH, are assigned to the protons of H[C(10)] and they are
shifted at 2.74-2.61 ppm in the case of TCNa. The signal at
2.29-2.26 ppm in the spectrum of TCH, is assigned to the
methyl protons of H[H;C(20)] and H[H;C(21)] and it is shifted
downfield at 2.07-2.03 ppm in the case of TCNa. The signal at
2.00-1.91 ppm is assigned to the H[C(11)] proton in the spec-
trum of TCH, and it is shifted at 1.92-1.88 ppm in the spec-
trum of TCNa. The signal at 1.65 ppm in the spectrum of
TCH, is assigned to the methyl protons of H[H;C(22)] and it is
shifted downfield at 1.49 ppm in the case of TCNa. The new
signals at 2.38 and 1.31 ppm in the spectrum of TCNa are
assigned to the coordinated methanol (Fig. S51).

Biological activity

Antibacterial activity. The antimicrobial efficacy of TCNa was
assessed through the minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC), inhibition
zone (IZ) and biofilm elimination concentration (BEC) against
Gram-negative bacterial strains Pseudomonas aeruginosa (P. aer-
uginosa) and Escherichia coli (E. coli) and the Gram-positive
ones Staphylococcus  epidermidis (S. epidermidis) and
Staphylococcus aureus (S. aureus).

Minimum inhibitory concentration (MIC). Since TCH, is rec-
ommended for the treatment of microbial keratitis (MK), the
effectiveness of TCNa was assessed against bacteria abundant
in MK namely E. coli, P. aeruginosa, S. epidermidis and
S. aureus upon their incubation for 20 h.>3?%27:3033735 The
MIC values of TCH, were previously established.*®

TCH, and TCNa were suspended in water for the antibacter-
ial studies. TCNa demonstrated superior antimicrobial activity
compared to TCH,, showing an increase of 3.2-fold against
P aeruginosa, 14.7-fold against E. coli, and 2.4-fold against
S. aureus (Table 3 and Fig. S6f). However, there was a
reduction of 0.4-fold in the MIC value when TCNa was utilized
in place of TCH, against S. epidermidis. The MIC values of
TCNa against Gram-negative bacteria are lower than those
against Gram-positive bacteria. It is very interesting that TCNa

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Table 3 Minimum inhibitory concentrations (MICs), minimum bacteri-
cidal concentrations (MBCs), inhibition zones (IZs), and biofilm elimin-
ation concentration (BEC) of TCNa and TCH,, against P. aeruginosa,
E. coli, S. epidermidis and S. aureus. Their ICso values against human
corneal epithelial cells (HCECs) are indicated

Gram negative Gram positive

Compounds Ref.
P. aeruginosa E. coli S. epidermidis S. aureus

MIC (uM)

TCNa 8.92 +£1.78 0.38+0.10 87.36 +17.40 0.56+0.07 ¢

TCH, 28.60 £4.90 5.60+1.33 37.80+14.06 1.32+0.34 29

MBC (M)

TCNa 80.0 £ 0.0 26.00 +3.7 330.0 +24.0 21.7+£3.3 @

TCH, 92.0 +18.0 150.0 £25.3 171.4 +29.1 10.0 £ 0.0 29

MBC/MIC

TCNa 9.0 68.4 3.8 38.8 “

TCH, 3.2 26.6 4.5 7.6 29

1Z (mm)

TCNa 15.5£0.9 26.0 £ 3.4 12.6 £1.2 35.0+2.4 @

TCH, 15.2+1.4 22.5 £ 0.6 11.8 £ 0.5 343 +1.8 29

BEC (M)

TCNa 704.4+91.2 — — 959.8 +63.5 “

TCH, 427 + 84 — — >2304 29

ICso (LM) HCECs

TCNa >300 ¢

TCH, >300 @

“In this work.

demonstrates nanomolar MIC values against E. coli and
S. aureus (380 and 560 nM, respectively), whereas the corres-
ponding values for TCH, against E. coli and S. aureus are 5600
and 1320 nM, respectively. It is important to note that bacteria
such as E. coli and S. aureus, associated with microbial kerati-
tis, constitute 15% and 5-36% (15%) of bacterial colonies,
respectively.>®

Bacteria with MIC values less than 50 pM are classified as
susceptible to an antimicrobial agent, whereas those with MIC
values exceeding 100 uM are considered resistant.’” Thus,
P. aeruginosa, E. coli and S. aureus exhibit susceptibility to
TCNa, as the free drug TCH, does. However, S. epidermidis is
considered resistant to TCNa (Table 3).

Efforts to determine whether TCNa exhibits bactericidal or
bacteriostatic properties
minimum bactericidal concentration (MBC). The MBC value
represents the concentration needed to eliminate 99.9% of the
initial bacterial inoculum. The MBC values complement MIC,
as MIC indicates the minimum concentration of an anti-
microbial agent that inhibits growth, while MBC indicates the
minimum concentration of the antimicrobial agent that leads
to microbial death.®

The MBC values for TCNa and TCH, range from 22 to
330 pM and 10 to 171 pM, respectively, against all tested bac-
terial strains (Table 3 and Fig. S7}). TCNa exhibits lower MBC
values against Gram-negative bacteria compared to TCH,.
Conversely, for Gram-positive bacteria, TCH, demonstrates
lower MBC values than TCNa.

To determine whether the formulation can be categorized
as bacteriostatic (MBC/MIC > 4), where the organism is inhib-
ited but not killed, or bactericidal (MBC/MIC < 2), where

involved the utilization of the

Dalton Trans., 2024, 53,12080-12089 | 12083
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99.9% of microorganisms are killed, the MBC/MIC ratios were
calculated.?**%3° For TCNa, the MBC/MIC ratios are >4, indi-
cating that it can be classified as bacteriostatic. This implies
that TCNa inhibits the growth of bacteria without causing
their death, similar to TCH, (Table 3).

The disc diffusion method was additionally employed to
evaluate the antimicrobial activity of TCNa vs. TCH, at a con-
centration of 1 mM against P. aeruginosa, E. coli, S. epidermidis
and S. aureus (Table 3 and Fig. 2). There was a notable increase
in the inhibition zone size compared to the corresponding one
of TCH, against both Gram-negative and positive bacteria
when TCNa was used. This confirms the strongest activity of
TCNa compared to the antibiotic drug, TCH,. The range of the
diameter of the inhibition zones formed by TCNa or TCH, lies
between 12.6 and 35.0 mm and 11.5 and 33.0 mm, respectively
(Table 3).

Based on the inhibition zone diameter, bacteria can be
categorized into three groups: sensitive if they cause an 1Z >
17 mm, intermediate if they cause an IZ between 13 mm and
16 mm, and resistant if the 1Z is <12 mm.?*%3° As a result,
E. coli and S. aureus are characterized as sensitive to both
TCNa and TCH,, while P. aeruginosa and S. epidermidis fall
into the category of intermediate sensitivity.

.

P. aeruginosa

Control

Control

Control

Control

=

N

S. epidermidis S. aureus

Fig. 2 1Zs developed in agar plates of P. aeruginosa, E. coli,

S. epidermidis and S. aureus by TCNa and TCH, at 1 mM.
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Effect of TCNa on biofilm formation. Eliminating biofilms
presents a significant challenge in addressing bacterial infec-
tions like those caused by P. aeruginosa and S. aureus on the
cornea. This is particularly crucial as 80% of clinical infections
are associated with biofilms. In general, biofilms have demon-
strated greater resilience compared to planktonic cell systems,
primarily because of their high impermeability to external
antimicrobial agents.*°

The efficacy of TCNa in inhibiting biofilm formation was
assessed using the biofilm elimination concentration (BEC),
while the formation of bacterial biofilms was tracked using
crystal violet staining®®>®' (Table 3 and Fig. S87). The BEC
value is defined as the concentration required to achieving a
minimum 99.9% reduction in the viability of biofilm-forming
bacteria. The BEC values for TCNa are 704 and 960 pM,
respectively, against P. aeruginosa and S. aureus (Table 1 and
Fig. S81). TCNa demonstrates greater efficiency (up to 2-fold)
than TCH, against S. aureus biofilms, while its efficacy in elim-
inating P. aeruginosa biofilms is lower compared to TCH,.

Assessment of the in vitro toxicity of TCNa on human
corneal epithelial cells (HCECs). The initial stage of assessing
agent biocompatibility involves cytotoxicity investigations
using cell culture-based methods. Cytotoxicity assays provide
both qualitative and quantitative assessments of an agent’s
potential hazard.*' For bacterial keratitis, employing human
corneal epithelial cells (HCECs) appears more suitable, given
that human lens epithelial cells are the preferred model for
studying intraocular infections.*"

The cytotoxicity of TCNa and TCH, was assessed over a
48 hour period, revealing their non-toxic characteristics
against HCECs at a concentration of up to 300 pM. According
to the ISO 10993-5 guidelines, an agent is considered non-cyto-
toxic when the percentage of cell viability exceeds 70%.*> For
HCECs treated with TCNa and TCH,, the percentages of viable
cells are (83.1 + 3.5) % and (69.3 + 4.3)%, respectively, when
they are treated with a concentration of 300 pM. Consequently,
TCNa should be regarded as an in vitro non-toxic agent.

Moreover, the selectivity index (SI) serves as a relative indi-
cator of agent safety. The SI is a ratio between the agent
dosage inducing toxicity and the dosage producing a thera-
peutic effect (Shyyc = ICs, (against HCECs)/MIC). A higher
therapeutic index indicates a greater desired effect compared
to undesired cellular toxicity. Conversely, a narrow therapeutic
index (low ratio) means there is a small margin between
achieving therapeutic success and encountering toxicity.>**%*

The selectivity index (SI) range for TCNa is between 3 and
789, whereas for TCH,, it ranges from 8 to 227. TCNa exhibits
a higher selectivity index and a more desirable effect compared
to TCH,. Despite the narrower therapeutic window of TCNa for
S. epidermidis, the corresponding ones for P. aeruginosa,
E. coli, and S. aureus are 3, 14.7, and 2.4 times higher than
that of TCH,, respectively.

In vivo toxicity evaluation by brine shrimp Artemia salina.
Artemia salina, a zooplanktonic crustacean, is regarded as a
model organism for in vivo toxicological tests by the United
States Environmental Protection Agency (US-EPA).***°

This journal is © The Royal Society of Chemistry 2024
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Furthermore, this acute model assay demonstrates a strong
correlation with toxicity data obtained from rodents and
humans.** The survival rates (%) of Artemia salina larvae
exposed to TCNa are assessed at concentrations corresponding
to the minimum inhibitory concentration (MIC,;, = 0.5 pM),
observed against the strains tested here, as well as the
maximum concentration (MICp,.x = 150 pM), and twice the
maximum concentration (2 X MICy, = 300 pM), over a
24 hour period.

The survival rates are 100.0 + 0.0, 94.4 + 6.9 and 71.8 = 7.0
% for 0.5, 150 and 300 pM concentrations, respectively.
Furthermore, the antibiotic TCH, has been evaluated at con-
centrations up to 100 pM, with no observed impact on the sur-
vival of A. salina.®" The in vivo toxicity results align with those
of the in vitro studies (see above), as no toxic effects of the sub-
stance were observed on human corneal epithelial cells
(HCECs) up to a concentration of 300 pM. Similarly, the survi-
val rate of A salina exceeds 70% when incubated at 300 pM.
This suggests that TCNa does not exhibit in vivo toxic behavior.

Conclusion

At present, fifty percent of the drug approvals issued by the
United States Food and Drug Administration (US FDA) involve
pharmaceutical ingredients formulated as salts, and the same
percentage of the top 200 prescription drugs consists of
pharmaceutical salts.’® In particular, sodium is among the
most commonly preferred cations utilized in oral or parenteral
formulations, as well as in topical products.’® Moreover, 95%
of the existing medications for ophthalmic infections are com-
prised of eye drops and hydrophilic drugs. Water-soluble
hydrophilic drugs offer notably higher bioavailability and are
more easily administered to the eye in drop form.
Consequently, the development of a water-soluble hydrophilic
tetracycline formulation is a matter of significant research and
technological and financial importance.

Furthermore, the corneal epithelium, conversely, allows
only hydrophilic compounds with molecular weights below
500 g mol™" to penetrate due to its paracellular pore diameter
of 2.0 £ 0.2 nm."’

The chemical characteristics of tetracycline were altered
within the compound {[TC]*"[Na‘(MeOH)(H,0O)] [Na'](H,O)}
(TCNa) to enhance its water solubility and biocompatibility for
use in eye drops. In addition, its molecular weight is 556.44 ¢
mol ™, which falls within the range of molecular weights that can
permeate the corneal epithelium through paracellular pores.

As a result, TCNa was evaluated for the treatment of
ophthalmic infections, particularly microbial keratitis. TCNa
exhibited enhanced antimicrobial efficacy compared to TCH,,
as evidenced by MIC values, showing a 3.2-fold increase
against P. aeruginosa, a 14.7-fold increase against E. coli, and a
2.4-fold increase against S. aureus.

The aforementioned bacteria are susceptible to TCNa.
Moreover, TCNa can be categorized as bacteriostatic, indicat-
ing that it inhibits the growth of bacteria without causing their

This journal is © The Royal Society of Chemistry 2024
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death, similarly to TCH,. The range of the diameter of the
inhibition zones of TCNa is higher than that of TCH,. Based
on the length of the IZ diameter, E. coli and S. aureus are
characterized as sensitive to both TCNa and TCH,, while
P. aeruginosa and S. epidermidis fall into the category of inter-
mediate sensitivity. TCNa demonstrates greater elimination
efficiency (up to 2-fold) than TCH, against S. aureus biofilms.

The biocompatibility of the new formulation was first
assessed using an in vitro cytotoxicity assay, followed by an
in vivo cytotoxicity assay using the Artemia salina test. The find-
ings confirmed that both TCNa and TCH, exhibited non-tox-
icity against HCECs when tested at concentrations of up to
300 pM. This conclusion was drawn from the cell viability per-
centage exceeding 70%, in accordance with the ISO 10993-
5 guidelines. Additionally, the findings from the in vivo tests
were consistent with those from the in vitro studies. Overall,
TCNa demonstrates a wider therapeutic window, exhibiting a
more favorable balance between desirable effects and toxicity
compared to TCH,.

In conclusion, TCNa represents a water-soluble, non-toxic
bacteriostatic formulation effective against the bacteria associ-
ated with microbial keratitis, which have shown susceptibility
to TCNa. This positions TCNa as a potential candidate for the
development of new pharmaceutical ingredients for eye drops
aimed at treating microbial keratitis.

Experimental
Materials and instruments

All solvents utilized were of reagent grade. The tryptone trypto-
phan medium, beef extract powder, bacteriological peptone,
and soy peptone were procured from Biolife. Agar and yeast
extract were acquired from Fluka Analytical. Sodium chloride,
p(+)-glucose, dipotassium hydrogen phosphate trihydrate, tri-
chloroacetic acid, and acetic acid were sourced from Merck.
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum, glutamine, and trypsin were obtained from Gibco,
Glasgow, UK. Sulforhodamine B was purchased from Alfa
Aesar. Phosphate buffer saline (PBS) was acquired from Sigma-
Aldrich. Dimethyl sulfoxide was sourced from Riedel-de Haén.
Melting points were determined in open tubes using a Stuart
Scientific apparatus and remained uncorrected. IR spectra
spanning the region of 4000-370 cm™" were recorded using a
Cary 670 FTIR spectrometer, Agilent Technologies. The
'"H-NMR spectra were captured on a Bruker AC 400 MHz
FT-NMR instrument in DMSO-d solution. Electronic absorp-
tion spectra were obtained using a UV-1600 PC series spectro-
photometer from VWR.

Synthesis of TCNa

0.240 g (0.5 mmol) of tetracycline hydrochloride was dissolved in
10 mL of distilled water (ddH,0), followed by the addition of
0.5 mL of 1 N KOH (0.5 mmol) solution, resulting in the formation
of a yellow precipitate. The precipitate was filtered, dried, and
transferred to a flask containing 1.5 mmol NaOH and 1.5 mmol
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CS, in 20 mL of methanol (MeOH). The mixture was stirred at
0 °C for 3 hours and then filtered. Crystals were observed after two
days, dried at room temperature, and stored in a freezer.

TCNa: yield 30%; melting point: >250 °C; elemental ana-
lysis found: C: 51.28; H: 5.55; N: 5.64%; calculated for
(Ca3H25N,Na,04¢),: C: 51.31; H: 5.24; N: 5.20%. IR (cm™):
3412br, 2935 m, 1610 m, 1578vs, 1465 m, 1420vs, 1361s,
1320 m, 1298 m, 1259 m, 1160 m, 1131 m, 1113 m, 1067 m,
1035 m, 1003s, 971s, 936 m, 877s, 852s, 756s, 697s, 616 m,
596 m, 568 m, 485 m, 462s, 425s; "H NMR (ppm) in MeOH-d:
7.25-7.21 (t, H[C(18)aromatic), J = 8-56, 7.58), 6.92-6.90 (d, H[C
(19)aromatic), J = 7-34), 6.71-6.69 (d, H[C(17)aromatic), J = 7-09),
4.89 (s, 6,H[OC(16)],H[OC(15)], H[OC(3)]), 2.74-2.61 (m, H[C
(10)]), 2.38 (s, coordinated methanol), 2.07-2.03 (m, H[H;C
(20)] and H[H;C(21)]), 1.92-1.88 (m, H[C(11)]), 1.49 (s, H[H;C
(22)]), 1.31(s, coordinated methanol); UV-vis (DMSO): Aoy =
271 (log e = 3.8), 369 (log € = 3.8)

X-ray structure determination

Single crystals of TCNa suitable for crystal structure analysis
were obtained through slow evaporation of their mother
liquids at room temperature. They were then mounted at room
temperature on a Bruker Kappa APEX2 diffractometer
equipped with a triumph monochromator using MoKo radi-
ation. Unit cell dimensions were determined and refined by
utilizing the angular settings of at least 200 high-intensity
reflections (>10 o(I)) within the range of 2.9 < 20 < 27.2°.
Intensity data were recorded using ¢ and w scans. All crystals
exhibited no decay during the data collection process. The
frames collected for each crystal were integrated using the
Bruker SAINT software package*® using a narrow-frame algor-
ithm. Data were corrected for absorption using the numerical
method (SADABS) based on crystal dimensions.*® The struc-
ture was solved using the SUPERFLIP package®® incorporated
into Crystals. Data refinement (full-matrix least-squares
methods on F?) and all subsequent calculations were carried
out using the Crystals version 14.40b program package. All
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were located by difference maps at their expected posi-
tions and refined using soft constraints. By the end of the
refinement, they were positioned geometrically using riding
constraints to bonded atoms.

TCNa: C,3H,gN,Na,0,9, H,0, MW = 556.48, monoclinic,
space group P2, a = 13.701 (7), b = 6.178 (3), ¢ = 14.782 (8) A, §
=111.527 (12)°, V = 1163.9(10) A*, Z = 2, T = 295 K, p(calc.) =
1.588 g cm >, u = 0.157 mm™ ", F(000) = 584. 14 569 reflections
measured, 4372 unique (R, = 0.020). The final R, = 0.0379
(for 3532 reflections with I > 2 s(I)) and wR(F2) = 0.0562 (all
data) S = 1.00 (CCDC 2330616).1

Biological tests

Bacterial strains. For the antibacterial experiments, the
strains Staphylococcus epidermidis (ATCC® 14990™), S. aureus
subsp. aureus (ATCC® 25923™), P. aeruginosa and Escherichia
coli were wused. The Gram-negative bacterial strains
P. aeruginosa and Escherichia coli were kindly donated by the
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Laboratory of Biochemistry at the University of Ioannina,
Greece.

Effect of TCNa on the growth of microbial strains. This
study was performed as previously described.””° In short,
bacterial strains were streaked onto trypticase soy agar plates
and then incubated at 37 °C for 18-24 h. Following incubation,
three to five isolated colonies showing similar morphological
characteristics were selected from fresh agar plates using a
sterile loop and transferred into tubes containing 2 mL of
sterile saline solution. The optical density at 620 nm was
adjusted to 0.1, corresponding to 10® colony-forming units per
milliliter (cfu mL™"). The final inoculum size for broth dilution
was set at 5 x 10° cfu mL™". Each culture solution, including
both the TCNa-treated and positive/negative controls, had a
total volume of 2 mL. TCNa concentrations ranged from 0.05
to 150 uM. After incubation for 20 hours, growth was assessed.
The minimal inhibitory concentration (MIC) was determined
as the concentration of the compound that inhibits visible bac-
terial growth. The MIC value was obtained by plotting the
optical density of the solution at 620 nm against different
concentrations.”**°

Minimum bactericidal concentration testing. This study was
performed as previously described.?**° The bacteria were first
cultured with TCNa in broth for 20 h. MBC values were deter-
mined in duplicate by subculturing 4 pL of the broth onto agar
plates. Colony growth indicated non-bactericidal activity of the
compound. Therefore, the minimum bactericidal concen-
tration was defined as the lowest concentration at which the
tested compound completely inhibited microbial growth.>>3°

Determination of the inhibition zone (I1Z) through the agar
disk-diffusion method. This study was performed according to
the standard procedure as previously described.**™°
Subsequently, agar plates were inoculated with a standardized
inoculum (at 10® cfu ml™") of the tested microorganism. Filter
paper disks (9 mm in diameter), previously soaked with TCNa
and TCH, (at 1 mM concentration), were positioned on the
agar surface. The Petri dishes were then incubated for 20 h,
after which the diameters of the inhibition zones were
measured.”*°

Effect of TCNa on biofilm formation. Bacteria at a density of
1.3 x 10° cfu mL™" were introduced into LB agar broth
medium for P. aeruginosa or tryptic soy broth for S. aureus
(total volume = 1500 pL) in test tubes and incubated for
20 hours at 37 °C. Subsequently, the contents of each test tube
were carefully removed, and the tubes were rinsed with 1 mL
of 0.9% saline solution followed by the addition of 2 mL of
broth. The negative control consisted solely of broth. Next, the
bacteria were exposed to TCNa at concentrations ranging from
20 to 900 uM for 20 h at 37 °C. The contents of each tube were
then poured out and washed three times with 1 mL of metha-
nol and 2 mL of 0.9% saline solution before being left to dry.
The tubes were stained with a 0.1% w/v crystal violet solution
for 15 minutes. Excess stain was removed by rinsing with 1 mL
of methanol and 2 mL of 0.9% saline solution, followed by
3 mL of 0.9% saline solution. The tubes were left to dry for
24 hours, and the bound crystal violet stain was released by

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4DT01384K

Open Access Article. Published on 03 June 2024. Downloaded on 11/12/2025 7:22:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

adding 30% glacial acetic acid. The optical density of the
resulting solution was then measured at 550 nm to determine
the biofilm biomass.”>*°

Sulforhodamine B assay. These studies were performed in
accordance with the previously reported method.”*° Briefly,
HCECs were seeded in a 96-well plate at a density of 10 000
cells per well and after 24 h of cell incubation, the compounds
were added in the concentration range of 50-300 pM for TCNa
and TCH,. HCECs were exposed to compounds for a period of
48 h.

Evaluation of toxicity with the brine shrimp assay. The brine
shrimp assay was performed as previously described.”>™° For
the toxicity experiments, brine shrimp eggs (Artemia salina)
were purchased from Ocean Nutrition. Initially, 1 g of cysts
was hydrated in freshwater for one hour in a separating funnel
or cone-shaped container. Seawater was prepared by dissolving
17 g of sea salt in 500 ml of distilled water. The cone was pro-
vided with adequate aeration for 48 hours at room temperature
and under continuous illumination. After hatching, nauplii
released from the eggshells were gathered at the illuminated
side of the cone (near the light source) using a micropipette.
The larvae were separated from the eggs by transferring them
into small beakers containing 0.9% NaCl solution. An aliquot
(0.1 mL) containing approximately 5 to 15 nauplii was dis-
pensed into each well of a 24-well plate, and micelles were
added to each well at concentrations corresponding to the
minimum inhibitory concentration (MICn;, = 0.5 pM),
observed against the strains tested here, as well as the
maximum concentration (MIC;,,x = 150 pM), and twice the
maximum concentration (2 X MICp. = 300 pM), over a
24-hour period. The brine shrimps were observed after
24 hours using a stereoscope. Larvae were considered deceased
if they showed no internal or external movement within 10
seconds of observation. Each experiment was repeated three
times.
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