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Transforming small-molecule antibiotics into carrier-free nanoantibiotics represents an opportunity for devel-
oping new multifunctional therapeutic agents. In this study, we demonstrate that acoustic cavitation produced by
high-frequency ultrasound transforms the antibiotic doxycycline into carrier-free nanobiotics. Upon sonication
for 1 h at 10-15 W cm ™3, doxycycline molecules underwent hydroxylation and dimerization processes to ulti-
mately self-assemble into nanoparticles of ~100-200 nm in size. Micrometer sized particles can be also obtained
by increasing the acoustic power to 20 W cm ™. The nanodrugs exhibited antioxidant properties, along with

antimicrobial activity against both Gram-positive (S. aureus) and Gram-negative (E. coli) bacterial strains. Our
results highlight the feasibility of the ultrasound-based approach for engineering drug molecules into a nanosized
formulation with controlled and multiple bio-functionalities.

1. Introduction

Tetracyclines are a class of broad-spectrum antibiotics isolated from
Streptomyces aureofaciens with tetracene ring structures, which have
been widely studied and used since their discovery [1,2]. Among them,
doxycycline (Doxy) is the most commonly prescribed semi-synthetic
tetracycline which was FDA-approved in 1967 [3,4]. The action mech-
anism of Doxy is based on the inhibition of protein biosynthesis by
preventing aminoacyl-tRNA from binding to the 30S ribosomal acceptor
(A) site [5]. However, the broad use and the improper administration of
Doxy have caused bacteria to develop resistance against it [5]. Besides,
Doxy can also cause side effects such as gastrointestinal irritation and
local inflammation in patients that require high doses to achieve ther-
apeutic efficiency due to antibiotic resistance. The development of
chemical modifications of antibiotic scaffolds or the synthesis of new
high efficacy antibiotics remain key to overcoming the problem of
antibiotic resistance.

To combat the antibiotic resistance, nanodrugs have emerged as a
promising solution by incorporating antibiotic molecules into nanoscale
carriers to control biodistribution and pharmacokinetics [6]. Many
studies have reported that loading doxycycline into nanocarriers (i.e.
chitosan, polymers, lipids, metals) can improve the antimicrobial

activity of doxycycline [7-11]. Although the nanocarriers loaded with
antibiotics can decrease the dose required to reduce the bacterial
resistance, safety issues such as cytotoxicity, biocompatibility, biode-
gradability and immunological activity can be raised by the nanocarrier
chemical components [12]. In addition, the production of organic or
inorganic nanocarriers typically requires the use of toxic organic sol-
vents (N,N-dimethylformamide, chloroform and dimethyl sulfoxide),
initiators (azobis (isobutyronitrile) and potassium persulphate), cross-
linking agents (glutaraldehyde and isocyanates) and surfactants (cetyl-
trimethylammonium bromide).

A better way to design antibiotic nanodrug platforms is to fabricate
nanodrugs solely made of antibiotic molecules using a green approach.
Unlike small drugs that are rapidly metabolized and excreted by the
body, nanodrug particles enable the slow release of the therapeutic
agent. This may prolong the activity of the antibiotics and minimize
their side effects. Compared to the aforementioned systems, nanodrugs
entirely composed of drug molecules carry a higher dose of active in-
gredients. The fabrication of such carrier-free nanodrugs must be also
scalable and economically feasible.

Recently, ultrasound has emerged as a novel and eco-friendly tech-
nique for nanomaterial synthesis in organic, inorganic and biomedical
fields [13-19]. Due to the lack of availability of large-scale ultrasonic
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reactors, progressing ultrasonic techniques into industrial scale pro-
cesses remains a big challenge [20]. Based on laboratory scale reactions,
it has been found that acoustic cavitation derived from sound waves can
promote chemical modification, polymerization and self-assembly of
phenolic molecules into nanoparticles without using external chemical
agents [14,21-23]. Bhangu et al. have reported the synthesis of a carrier-
free nanodrug made from non-selective anthracycline doxorubicin into a
tumour selective drug nanoparticle by using high-frequency ultrasound
[24]. It was demonstrated that the oscillating surface of acoustic cavi-
tation bubbles acts as a catalytic binding site, inducing self-assembly of
modified molecules at transient gas-liquid interfaces as a result of high
local concentration and strong intermolecular interactions upon bubble
implosion. In addition, previous studies also highlighted that the dy-
namic behaviour and lifetime (0.3 ~ 0.1 ms) of bubbles are crucial to
allow sufficient modified molecules to diffuse at gas-liquid interfaces
before bubble implosion and showed that 300-500 kHz is the optimal
ultrasound range to generate high yields of radicals ("OH) [22,25,26].

We reasoned that doxycycline is a phenolic molecule, composed of
four aromatic rings, which is likely responsive to the high concentration
of radicals generated by high frequency ultrasound. In this study, we
investigated the transformation of Doxy into doxycycline nanoparticles
(DoxyNPs) using 490 kHz ultrasound and elucidated the mechanism of
sono-assembling. We show that the size and morphology can be finely
controlled by tuning ultrasound power. The obtained nanodrug main-
tains antimicrobial functionality and exhibits excellent antioxidant ac-
tivity. This study paves the way to a possible future application of
chemical modified Doxy and DoxyNPs as nanobiotics to overcome
antibacterial resistance [27].

2. Experimental details
2.1. Materials

Doxycycline monohydrate, dimethyl sulfoxide (DMSO > 99.9%) and
hydrochloric acid (HCI) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). HPLC grade methanol, acetonitrile and trifluoroacetic acid
(TFA) were procured from MERCK chemicals (Darmstadt, Germany).
2,2-Diphenyl-1-picrylhydrazyl (free radical, 95%) was purchased from
Alfa Aesar (UK). Potassium iodide (KI), sodium hydroxide (NaOH),
ammonium molybdate tetrahydrate ((NH4)¢Mo7024-4H20) and potas-
sium hydrogen phthalate (CgHsKO4) were purchased from Sigma. The
strains of S. aureus ATCC 25923 and E. coli ATCC 35150 were provided
by the Microbial Culture Collection Center of Guangdong Institute of
Microbiology (Guangzhou, China) and stored at —80 °C in tryptic soy
broth (TSB) containing 25% (v/v) of glycerol. Fluorescence probe NHS
ester Alexa Fluro 633 was obtained from Invitrogen™. All solutions
were prepared in high purity water with a resistivity of 18.2 MQ-cm at
25 °C from an inline Millipore RiOs/Origin system.

2.2. Sonochemical synthesis of DoxyNPs

An ELAC Nautik generator paired up with an ultrasonic transducer
(T&C Power Conversion,Inc) operating at 490 kHz was used to fabricate
doxycycline nanoparticles (DoxyNPs). A solution of doxycycline (1 mg/
mL) was obtained by pre-heating the suspension at 55 °C under stirring
(600 rpm) for 15 min until doxycycline powder was completely dis-
solved. A sealed glass vial containing doxycycline solution (5 mL) was
placed in a custom-made glass cell with a water jacket connected with a
water bath to maintain a constant temperature (37 °C + 2¢°C). The
sono-assembly reaction was initiated by applying ultrasound at 9.6, 14.4
and 20 W cm 3 measured by calorimetry, respectively. Doxycycline
standard solutions were sonicated and studied as a function of sonicat-
ion time for up to 90 min. The purified nanoparticles were obtained by
washing with Milli-Q water for 3 times (centrifuge at 7000 rpm for 10
min).
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2.3. Characterization of sonicated doxycycline

2.3.1. Morphology and size distribution

The size and morphologies of DoxyNPs were observed using a
scanning electron microscope (FEI Teneo Volume Scope) at an acceler-
ation voltage of 10 keV. The purified DoxyNPs were dropped on a
carbon-film copper grid (ProSciTech) until air-dried. Then samples were
sputter-coated with a thin gold film for imaging acquisition. For sto-
chastic optical reconstruction microscopy (STORM) imaging DoxyNPs
were labelled using NHS ester Alexa Fluro 633 and purified by centri-
fugation (7000 rpm, 15 min) to remove any excess dye. STORM images
were acquired using the N-STORM (Nikon) system equipped with a
100x 1.4NA oil immersion objective (Nikon). By adjusting the focus and
the total internal reflection fluorescence imaging angle, a high signal to
noise ratio was achieved. 5,000-10,000 frames were acquired sequen-
tially. STORM images were processed from 5000 frames of blinking
images, and analysis of the population of nano objects was performed
with the STORM module of the NIS Elements Nikon software. The
average size of particles was obtained by measuring more than 150
particles from SEM and STORM images. The size distribution and zeta
potential were also analyzed by Dynamic Light Scattering (DLS) with a
Zetasizer Nano ZS from Malvern Instruments Ltd.

2.3.2. UV-vis and fluorescence spectrum

UV-vis absorption measurements of sonicated samples were carried
out with a Carry 50 Bio UV-visible spectrophotometer using a 1.0 cm
quartz cuvette. To monitor the reaction, a sonicated solution was taken
at different sonication times and diluted accordingly for measurements.
Fluorescence spectra were obtained using a Shimadzu RF-5301PC
fluorescence spectrophotometer (Shimadzu) equipped with a xenon
lamp and 1.0 cm optical length quartz cell. To determine the spectral
properties of the final products, the Doxy standards and modified dis-
solved DoxyNPs were excited at different wavelengths from 340 to 500
nm using a slit width of 5 nm for excitation and 5 nm for emission
spectra. Raman peak (water) was subtracted for processing and pre-
senting emission spectrum.

2.3.3. High performance liquid chromatography (HPLC) and mass
spectroscopy

Shimadzu SCL-10AVP high-performance liquid chromatography
(HPLC) equipped with a LC-10 AT pump, liquid chromatography with a
RESTEK column model Ultra AQ C18 5 um (150 x 4.6 mm) was used to
perform HPLC analysis. All chromatograms were generated by LabSo-
lution software (Shimadzu) and all samples were injected 20 pL by SCL-
10 AVP injector. The sonicated doxycycline solution was diluted by
methanol (1:2) in order to completely dissolve the formed particles.
HPLC was carried out at 347 nm (UV detector) using a solvent of 30%
acetonitrile and 0.1% TFA with the flow rate set at 1 mL/min.

Perkin Elmer AXION® 2 ToF quadrupole mass spectrometer (Perkin
Elmer, Waltham, MA, USA) was used for carrying out mass analysis of
the sonicated doxycycline samples. The mixture of 30% acetonitrile and
0.1% TFA was used as eluent.

2.4. Measurement of radical yields and antioxidant activity

The hydrogen peroxide (H203) and correlated OH radical yield were
determined following Weissler method [28]. 0.4 M reagent A (KI +
NaOH+((NH4)gMo07024-4H0)) and 0.1 M reagent B (CgHsKO4) were
pre-prepared as reductants. The sonicated water (1 mL) was collected at
different sonication times and diluted accordingly, then add to the
mixture of reagent A (1 mL) and B (1 mL) and incubate for 1 min before
reading the absorbance (Carry on 50 UV-vis) of the solution-Hy0»
concentration can be represented as OH yields during sonication of
water. The concentration of HyO, can be calculated by using the
following equation:
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¢ = (A/el) x 3(M) ¢))

where A: Absorbance value at 351 nm, ¢: the molar extinction coeffi-
cient: 26400 M~ ! cm™!, ¢ concentration of HyOo, 1: path length of
cuvette 1 cm, Dilution factor: 3.

The antioxidant activity of sonicated doxycycline was monitored
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [29]. 250 pM DPPH
solution was prepared in ethanol and water (1:1). Standard doxycycline
solution (0.1 mL) and sonicated samples were added to 3 mL DPPH
solution, for incubation. The absorbance was measured by UV-VIS at
520 nm at different incubation times. The percentage of radicals scav-
enged can be determined using the following equation:

% Radical scavenging activity = [(ApppH — Asample)/ApppH] x 100 (2)

where Apppy and Agample are the absorption values for blank DPPH so-
lution (3 mL DPPH + 0.1 mL water) and after the addition of the stan-
dard/sonicated sample.

2.5. Antimicrobial study

The strains of S. aureus ATCC 25923 and E. coli ATCC 35150 were
activated by incubating the suspension in a flask containing 50 mL of
sterile tryptic soy broth (TSB) at 37 °C for 24 h with gentle shaking (100
rpm). The two bacterial suspensions (S. aureus and E. coli) were then
diluted to 10° cfu and aliquoted 3 mL in each sterile test tube. Doxy and
DoxyNps were dissolved in DMSO and added into two bacterial sus-
pensions to the final concentration (0-80 pg/mL), respectively. After 24
h incubation at 37 °C, the turbidity of the samples was observed, and the
optical density of bacteria was measured by UV-Vis at 600 nm [30]. The
minimum inhibitory concentration is determined by the value of
absorbance (OD 600), where the OD600 is close to zero and the trend
reaches a plateau.
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The minimal inhibitory concentration (MIC) was determined by the
incubation of early stationary phase S. aureus and E. coli cells in 0.1%
peptone water (w/v) containing dissolved doxycycline and doxycycline
nanoparticles (0-80 pg/mL). Then the samples were measured at 600
nm by UV-vis. The absorbance (OD600) was used to determine the
turbidity, which is correlated to living bacteria.

3. Results and discussion
3.1. Synthesis and characterization

Doxycycline nanoparticles (DoxyNPs) were first obtained by soni-
cating 1 mg/mL doxycycline (Doxy) solution for 1 h using a 490 kHz
ultrasound setup at 9.6 W cm 3 (yield ~64%). The color of sonicated
solution turned from pale yellow to dark brown during the sonication
process (Fig. S1A). The obtained DoxyNPs were purified by repeated
washing and centrifugation steps (Fig. 1A). Control experiments were
performed to ensure that the radicals generated by ultrasound and
cavitation bubbles were involved in DoxyNPs formation (Fig. S1). The
sono-synthesized DoxyNps were labelled with AF 633 dye and visualized
with nanoresolution by stochastic optical reconstruction microscopy
(STORM) (Fig. 1B). The average size of DoxyNps in the hydrated state
was around 223 + 45 nm (Fig. S2) with a negative charge —31 + 5 mV
as measured by dynamic light scattering and electrophoretic mobility
measurements.

To investigate the chemical modification of doxycycline upon soni-
cation, UV-vis absorbance of samples as a function of sonication time
was first measured. The acquired absorption spectra of sonicated solu-
tions (Fig. 1C) showed the characteristic absorption peak of untreated
doxycycline at 345 nm and a new absorbance band at 390-680 nm. The
absorbance intensity at 345 nm decreased while the intensity of the
absorption band at the 90-680 nm range increased in line with
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Fig. 1. A) Schematic diagrams show the procedure of sonochemical synthesis of doxycycline nanoparticles using a 490 kHz setup, symbol “-)” representing ul-

trasound; B) Representative STORM imaging of DoxyNps labelled with AF 633 dye; inset showed a magnified view of a single Doxy nanoparticle; C) UV absorbance
spectra of sonicated doxycycline solution at different sonication times; D) Emission spectra of Doxy standards and DoxyNPs excited at 360 nm (blue region); E)
Dependence of fluorescence emission spectra of the doxycycline nanoparticles (dissolved in PBS 7.4) on the excitation wavelength. The fluorescence emission
spectrum was determined by using a slit width of 5 nm for excitation and 5 nm for emission spectra.
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sonication time. It is noted that there is an isosbestic point at 390 nm
(Fig. 1C), which indicates the presence of two species at equilibrium in
the sonicated solutions (i.e., conversion of doxycycline molecules to
doxycycline derivatives). This result suggested that the decreasing ab-
sorption peak could represent doxycycline conversion while the
increasing absorption band could be ascribed to the formation of
modified doxycycline species. It has also been noted that the emission
peak of modified DoxyNps in the blue region showed much higher in-
tensity than doxycycline solution (Fig. 1D) when samples were excited
at 360 nm. This could be attributed to the molecules from modified
DoxyNps containing more —OH groups (radical generation from ultra-
sound) than that of doxycycline standards [21]. To gain further insight
into the optical properties, the fluorescence intensity of the modified
DoxyNps was measured upon excitation in the 340-430 nm range. It was
found that the emission peak was red-shifted from 428 nm to 512 nm,
which indicates that multiple species are responsible for the overall
fluorescence spectrum (Fig. 1E).

To unveil the chemical composition of DoxyNps and the mechanism
of ultrasonic assisted self-assembly, HPLC, 'H NMR and mass spec-
trometry analysis were performed. The HPLC data (Fig. 2A) indicates a
progressive decrease in the intensity of the doxycycline peak (10.2 min
retention time) as sonication time increases. In addition, new elution
peaks in the range of retention times 1.8-4.2 min, progressively
increased as a function of sonication time. These multiple elution peaks
present in an earlier retention time indicate that the modified doxycy-
cline is composed of more hydrophilic species. 'H NMR was carried out
to further characterize the composition of DoxyNPs (Fig. S3). The peak
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attributed to the aromatic H8, H9 significantly decreased while the peak
at 10.2 ppm attributed to the OH significantly increased. This suggests
that the HO* produced by sonication abstract hydrogen from C7, C8, C9,
resulting in formation of hydroxylated species. Interestingly, it was
found that the peaks of 14('C-NHj), (4'CN(CHj3);), disappeared indi-
cating the cleavage of those groups during sonication to form new
derivatives.

Mass spectrometry analysis provided further structural information
on the pathway of modified doxycycline fragmentation patterns in the
lower and higher m/z region were observed (Fig. S4). Possible chemical
structures are presented in Fig. 2B and Fig. S4. FITR spectrum and size
exclusion chromatogram also confirmed the hydroxylation and higher
molecular compounds formation respectively during sonication
(Fig. S5). Our data suggests that the mechanism of forming DoxyNps
upon sonication undergoes two steps of chemical modification (Fig. 2B).
During the oscillation of cavitation bubbles, doxycycline molecules tend
to accumulate at the gas-liquid interface. When the bubbles grow to the
maximum bubble diameter and start to implode, the generated OH
radicals can rapidly attack the surrounding molecules. The radical-
mediated oxidation of doxycycline results in: (i) the cleavage of
amine/amide moieties to form a new hydroxylated derivative, Monomer
(m/z 359); (ii) the dimerization reaction to form Dimer (m/z 772) by
C-C coupling to ultimately self-assemble into DoxyNps (Fig. 2B, Fig. 54).

3.2. Morphological control of particles

Next, we investigated the effect of acoustic power on the morphology
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Fig. 2. A) HPLC data of sonicated doxycycline solution as a function of sonication time; B) Proposed chemical structure changes of doxycycline upon sonicat-

ion (Fig. 54).
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of DoxyNPs. It has been reported that the activity level of acoustic
cavitation depends on both frequency and applied ultrasound power
[31]. In this system, we fixed the ultrasound frequency (490 kHz), while
tuning the applied power to study the effect of acoustic power on Dox-
yNps morphology.

The SEM images (Fig. 3A, B and C) showed the morphologies of
DoxyNps after 1 h sonication using 490 kHz ultrasound at different
applied power: 9.6 W cm 3 (low), 144 W c¢m 2 (medium) and 20 W
em~3 (high) sonication. The average sizes of obtained particles
measured from SEM images is 177 4+ 45 nm, 115 + 20 nm and 1298 +
500 nm after low, medium and high power sonication, respectively.
Interestingly, the hydrodynamic diameters of DoxyNps obtained at the
three applied power values measured by DLS (Fig. 3D) are approxi-
mately 223 + 15 nm, 178 + 16 nm and 5 + 2 pm, respectively. These
values are much larger than that of those measured from SEM images.
This indicates that the DoxyNps are highly hydrated and the self-
assembly of the modified doxycycline results in the formation of a hy-
drated physical network stabilized by hydrogen bonds and n-= interac-
tion between the chemically modified Doxy molecules.

It should be noted that the particle size decreased with increasing
sonication power from 9.6 to 14.4 W cm ™2, while the size of particle
significantly increases at 20 W cm 2. The effect of ultrasound power on
the size of nanoparticles and nanocrystals probably could be explained
by the “nuclei-growth” theory (Fig. 4) [32,33]. The nuclei sites are
affected by the amount of active acoustic cavitation [33]. It is known
that acoustic cavitation is observed in water when negative pressure in
the rarefaction phase of an acoustic wave reaches a certain threshold
value. With increasing power, the acoustic cavitation activity is known
to be enhanced because bubbles are exposed to greater pressures [34]. It
has been reported that a higher amplitude (higher power) might in-
crease the number of active cavitation bubbles and consequently the rate
of nucleation for nanoparticles [33,34]. The more nuclei sites formed at
an early stage of reaction the less molecules could be distributed sur-
rounding a single nuclei site. Therefore, a higher nucleation rate would
lead to a reduction in the size of nanoparticles as the rate of nucleation
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and radius are inversely related to each other.

Based on this assumption, a reduction in the size of DoxyNPs is ex-
pected by increasing the power from 9.6 to 14.4 W cm-3 (Fig. 3 A and B).
However, an opposite effect was observed at 20 W cm-3. The formation
of micro-size particles indicates that less nuclei sites were formed.
Though the number of cavitation bubbles could be high upon 20 W em >
sonication, some bubbles can collide and merge to form larger radius
bubbles (Fig. 4). The buoyancy of such larger size bubbles caused less
active acoustic cavitation in water (Fig. S6), resulting in less nuclei sites
and more heterogeneous and polydisperse samples (Fig. 3C). Overall,
these results indicate that the morphology of sono-assembled doxycy-
cline particles can be affected by the number of active cavitation bub-
bles, which can be controlled by tuning the applied ultrasonic power.

3.3. Bio-functionalities of DoxyNPs

Doxycycline has been widely used as a broad-spectrum antibiotic to
treat or prevent bacterial infection. The chemical modification, hy-
droxylation and dimerization of Doxy during sonication could likely
modify its bioactivity. It has been reported that the hydroxylation pro-
cess upon ultrasonic treatment can enhance the antioxidant properties of
the sonicated molecules [21,35]. Therefore, we sought to assess both the
antioxidant and antimicrobial properties of sono-assembled DoxyNPs.

A DPPH radical scavenging assay was used to determine antioxidant
activity by measuring the decrease of UV absorbance at 520 nm. Fig. 5
shows that the modified DoxyNPs (9.6 and 14.4 W cm ™) exhibit more
than 50% and 70% radical scavenging or antioxidant activity compared
with the doxycycline standard after 2 min and 15 min incubation,
respectively. Though 20 W cm ™3 samples showed the least activity
among three sonicated samples, it still showed more than 40% radical
scavenging activity than non-sonicated doxycycline after 15 min incu-
bation. The trend of DPPH radical scavenging activity (medium > low >
high power) indicates that the smaller nanoparticles are more active
likely because more hydroxyl groups are exposed on the surface of
DoxyNPs to scavenge DPPH radicals. This result also confirmed that the

——DoxyNPs 9.6 W cm-

0 1 —DoxyNPs 14.4 W cm*
——DoxyNPs 20 W cm-

5 -

0 4

5 -

0 T T

10 100 1000 10000
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Fig. 3. Controlling of DoxyNPs morphology by tuning ultrasonic power. A, B, C) SEM images of obtained DoxyNPs upon 1 h sonication using 490 kHz ultrasound at
9.6, 14.4 and 20 W cm ™ applied power, respectively (inset optical images in C); D) Size distribution of synthesised particles measured by dynamic light scattering
instrument (polydisperse size of 20 W cm ™3 particles: 198 + 13 nm and 5 + 2 ym).
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doxycycline hydroxylation occurring during the sonication process
confers radical scavenging activity to the DoxyNPs. Compared with
typical radical scavengers (e.g. ascorbic acid), the obtained DoxyNPs
show a similar antioxidant activity (Fig S7).

For assessment of antimicrobial property, cultured Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) as gram-positive and
negative bacterial strains were incubated with DoxyNPs, at increasing
concentrations to determine the minimal inhibitory concentration (MIC)
(Fig. 6 A). It is observed that the turbidity of the sample solution of

applied power, respectively. A single bubble collapses (within 1 ps) can repeat over many acoustic cycles. The diagram presents the process of nuclei formation

S. aureus and E. coli treated with DoxyNPs both (Fig. S7 a2 and b2)
decreased and showed a trend to be transparent. The turbidity also refers
to the absorbance of optical density at 600 nm (OD 600), which reflects
bacterial density. The native Doxy show a strong bactericidal activity
against both S. aureus and E. coli at MIC of 5 pg/mL (Fig. S8). When
DoxyNPs concentration increased up to 80 pg/mL, the OD 600 value of
S. aureus had significantly dropped down to nearly zero, while that of the
E. coli sample was only reduced by about 50% (Fig. 6B). Of note, the
antimicrobial activity of DoxyNPs was evaluated after dissolution of the
nanoparticles in the media. Our results suggest that the modified Doxy
molecules still possess antimicrobial properties and that they are more
effective against S. aureus than E. coli. (Fig. 6B). However, the activity
DoxyNPs is 20 times less than that of the original drug. The different
antimicrobial effects of DoxyNPs against S. aureus (G+) other than E. coli
(G-). can be ascribed to the differences in cell structure between Gram-
positive and Gram-negative bacteria. Compared with gram-positive
bacteria, gram-negative bacteria have an additional protective outer
layer (Fig. 6C), which could prevent antibiotics from being absorbed in
the peptidoglycan layer. Therefore, gram-positive bacteria, those species
with thick peptidoglycan layers can easily absorb more antibiotics and
consequently be destroyed.

Although the chemical modification of DoxyNPs did not show an
improved efficacy in antimicrobial properties, our data suggest that the
hydroxylated monomer and dimer structures maintain a significant af-
finity for the 30S subunit of the ribosome. It is well known that doxy-
cycline acts by binding to the 30S subunit of the ribosome at the A-site,
so tRNA with amino acid cannot attach to the blocked A-site, causing the
inhibition of protein biosynthesis. Pumping of doxycycline out of the cell
before it reaches its binding site (efflux) could cause the decrease of drug
binding with A-site, resulting in antibiotic resistance [36]. It has been
recently demonstrated that the design of another tetracycline member,
sarecycline with long C7 moiety (Fig. S9) is able to overcome the anti-
biotic resistance. Such extended long C7 moiety could protrude more
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Fig. 6. A) Schematic diagram of antimicrobial test of Doxy standards and DoxyNPs; B) Optical density measurements of bacteria at a wavelength of 600 nm (OD 600)
for S. aureus and E. coli as a function of DoxyNPs concentration; C) Possible mechanism of action of modified DoxyNPs against Gram (+) and Gram (—) bacteria.

antibiotics toward the mRNA binding channel [27]. We reasoned that
the modified hydroxylated DoxyNPs molecules may also directly
interact with the ribose unit of mRNA, further preventing mRNA
sequence from being decoding in to a new protein. (Fig. 6C). A deeper
mechanistic insight into the function of DoxyNPs in bacteria will be
provided in future studies.

4. Conclusion

A sonochemical strategy for fabricating carrier-free nanodrugs using
an existing antibiotic is reported. We showed that a commercial anti-
biotic, doxycycline undergoes hydroxylation and dimerization processes
upon sonication in an aqueous solution to ultimately self-assemble into
nanoparticles. The morphology of obtained particles could be finely
controlled by tuning the applied ultrasonic powers. The sono-assembled
nanodrugs exhibit excellent antioxidant properties, along with antimi-
crobial activity against both Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria. Our results provided insight into the feasi-
bility of ultrasonic approaches to engineering drug molecules into bio-
functional nanoparticles for improving therapeutic efficacy of com-
mercial drugs.
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