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Abstract

Antimicrobial potentiation can reduce dosage and cost while also reducing host stress. In general, potentiation is achieved to some

extent through the combination of antimicrobials, but it is not always beneficial, particularly due to concerns about multi-drug re-

sistance and economic issues. To favorably overcome these issues, we developed an approach in which irradiation with non-ionizing

2-6 pm mid-infrared (mid-IR) light increased the potency of antibiotics by severalfold. Different groups of antibiotics were treated

with 2-6 um mid-IR and challenged with different pathogens. We observed that antibiotic potency was enhanced by 5-173%. We

developed a mid-infrared-generating atomizer (MIRGA). Through the agar well-diffusion method, a sensory expert panel test, and a

variety of instrumentations, we deciphered that the mid-IR’s effect on the irradiated antibiotics included changes in chemical bond-

ing, configuration, atomic arrangement, and chemical compounds that are responsible for the enhanced potentiation. This technique

is found to be safe, easily applicable, and economical, with a vast scope for the future potentiation of other pharmacological com-

pounds as well.
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Abbreviations

MIRGA: Mid-Infrared-Generating Atomizer; ZOI: Zone of Inhibi-
tion; MDR: Multi Drug Resistance; GC-MS: Gas Chromatography-
Mass Spectrometry; PXRD: Powder X-ray Diffraction; FTIR: Fouri-
er-Transform Infrared Spectroscopy; TEM: Transmission Electron

Microscopy; 1H-NMR: Proton Nuclear Magnetic Resonance

Introduction

The development of bacterial resistance and the discovery of
new drugs are always dynamic. Pair/triple combination of an-
tibacterial therapy is in common now, but body physiology less
compensates for their action [1-4]. The effects of a combination
of antimicrobial compounds can be broadly classified as additive
(the sum of the effect is equal to the addition of two or more indi-
vidual compounds; i.e., 1+1 = 2), antagonistic (the sum of the effect
is less than the addition of the individual compounds; 1 + 1 = <2),

or synergistic (the sum of the effect is more than the addition of

the individual compounds; 1 + 1 = >2). For each of the above effects,

various researchers use different terminologies [5].

Several antibacterial combinations have been evaluated and
are used for treating both human and animal diseases. However,
reports indicate that combination therapy is favorable only for cer-
tain groups of patients and may lead to multidrug resistance (MDR)
[6,7], in addition to being uneconomical. Therefore, increasing the
potency of any particular antibiotic without changing the dose

would be beneficial in reducing toxicity and MDR-related problems.

Being widely found in various medical applications, electromag-
netic radiation, especially ultraviolet light, is an important avenue.
Light-assisted antibiotics [8,9], although not fully studied, have
been initiated to overcome the issue of bacterial resistance. Nearer
to the UV lies the mid-infrared (mid-IR), which is the fingerprint re-

gion commonly used in biological applications [10]. To study mid-
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IR as a potential laser adjuvant, we designed a mid-IR-generating
atomizer, abbreviated as MIRGA, and applied this to potentiate the
antibiotics that are commonly used against several virulent com-
mon bacterial pathogens. This paper discusses the positive out-
comes of antibiotic potentiation with mid-IR and its mechanism

in detail.

Materials and Methods
Mid-IR generating atomizer (MIRGA)

A 20 ml capacity polypropylene plastic atomizer of dimension
86 x 55 x 11 mm, orifice diameter 0.375 mm, ejection volume
0.062 + 0.005 ml, ejection time 0.2 sec and average pressure 3900
pascal and cone liquid back pressure 2000 N/m? was designed
and named MIRGA (patent no.:401387). It contained an inorganic
water-based solution of molar mass 118.44 gm/mole. The chemi-
cal formulation of the solution is Sodium carbonate monohydrate,
Sodium carbonate anhydrous, Potassium nitrate, Sodium chloride,
and water. During spraying, approximately 1 ug weight of water as
the mist is lost and the non-volatile material in the sprayed liquid
is 153 mg/ml [11-13].

The solution contains an imbalanced ratio of the ions sus-
pended in water in their fundamental state and can move as free
particles (20ml contains approximately two sextillion cations and
three sextillion anions). It has a very little background frequen-
cy of detectable disintegration which is less than that of cosmic
events whereas even humans have more radioactivity (around 10
microns) [14,15]. Every time spraying emits 0.06ml which con-
tains approximately seven quintillion cations and eleven quintil-
lion anions. While spraying the MIRGA, the water-based ionic
solution gets excited/ charged, which in turn leads to oscillation
among the imbalanced ions [16], resulting in the emission of mid-
IR light [17,18]. Though a low electromagnetic field exists between
charged particles of the MIRGA’s ionic solution, during spraying
the induced oscillation between these charged particles produces
mid-IR light [19-22].

From repeated trial and error experiments, we calibrated the
design and average ejection pressure of the atomizer to 3900 pas-
cals to obtain the desired fine mist, and minimize the evapora-
tion rate by altering the pH and density of the solution. Following
these fabrications, MIRGA is assembled to emit energy in the 2-6
pum mid-IR range upon spraying the presser given by the user. This
was estimated using an FTIR (retro-reflector) interferometer in-
strument (Detector type D* [cm HZ1/2 - 1] MCT [2-TE cooled]) at
Lightwind, Petaluma, California.
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MIRGA spraying was externally done from a distance of 0.25 to
0.50 meters over the packaged antibiotic discs. This distance al-
lowed the MIRGA solution to form ion clouds, which oscillated and
generated 2-6pm mid-IR; closer spraying did not generate the mid-
IR. The 2-6pum mid-IR penetrated the intervening packaging mate-
rial and acted on the inside antibiotic discs [23]. A similar study us-
ing ‘Universal Potentiator’ has served as a primeval for the design
of MIRGA.

Method I - Agar well diffusion

Some commonly used antibiotics (discs) and commonly en-
countered virulent bacteria (hospital isolated) were tested in this
study. Nutrient agar/ Mueller-Hinton agar medium was used in the
conducted agar well diffusion method (a modified method of [24]

as below).

In a Petri dish with agar medium, we made 5 wells to accom-
modate antibiotic discs and marked the wells as C (control), 1, 2,
3, and 4. In the C well, an antibiotic-impregnated disc (e.g.,30 ug
oxytetracycline) was placed. To study potentiation, four packets (1,
2,3,and 4) of 30 pg oxytetracycline impregnated discs (each packet
consisting of 50 discs) were sprayed with MIRGA at a distance of
0.25 - 0.50 meter towards the packets numbered 1, 2, 3 and 4 at
a rate of 1, 2, 3 and 4 sprayings respectively. After spraying, one
disc from each packet (1-4) was placed into the corresponding well
(1-4). All the Petri dishes were inoculated with the same bacteria
and incubated at 37° C for 12 hours. The zone of inhibition (ZOI)
within each well was measured and compared between wells C, 1,
2,3, and 4.

Each trial was repeated eight times with control. Many other
such trials including control using different antibiotics against dif-

ferent bacterial isolates were done.

Method II - Sensory tests

Since some antibiotics are common and orally consumable, es-
pecially in veterinary therapy we as an initiative decided to subject
them to sensory tests. The sensory evaluation of the 15 oxytetracy-
cline samples based on the 9-point hedonic scale [25,26]: 1 - Dislike
extremely, 2 - Dislike very much, 3 - Dislike moderately, 4 - Dislike
slightly, 5 - Neither like nor dislike, 6 - Like slightly, 7 - Like moder-
ately, 8 - Like very much, 9 - Like.

Fifteen packets of commercially available oxytetracycline pow-
der were purchased, with each packet containing 100 gms. They

were marked as C (control) and 1-14 numbers (trials). Packet C re-
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ceived no spraying, whereas packets numbered 1-14 received 1-14
sprayings respectively, as in method I (from a distance of 0.25-0.50
meters). After spraying, each packet was subjected to a sensory ex-

pert panel test (n = 6).

Fourteen sprayings were given to oxytetracycline to determine
the effect of an excessive number of MIRGA sprayings on antibiot-
ics, as, in nature, the input of an excessive dose of electromagnetic

waves should denature the receptors.

To assess the molecular level changes caused by mid-IR by
which the potency of antibiotics was expected to be enhanced, the
sprayed and non-sprayed samples e.g., oxytetracycline were tri-

aled and subjected to some instrumentation tests.

Method III - Instrumental analysis
Based on the sensory scores, the control sample, 2 sprayed

(sweetness enhanced), 6 sprayed (bitterness increased), and 12

sprayed (extremely increased bitterness and sweetness) samples

were subjected to the below instruments to demonstrate,

e  Chemical compound transformation: GC-MS: Agilent Technol-
ogies, 7820 GC system, 5977E MSD, Colomn DB-5, Over temp
100-270°C, Detector MS, Flow rate 1.2, Carrier gas Helium

e  Structural changes: PXRD: Rigaku RINT 2500 X-ray diffrac-
tometer (CuKa anode; A = 1.5414). Samples scanned at 40kV
and 30mA from 5° to 35° 26 values and analyzed using PDXL2
software (Rigaku)

e Chemical bond changes: FTIR: IR AFFINITY I - FTIR Spectro-
photometer, FTIR 7600, Shimadzu; and JASCO FT-IR 4200 plus
spectrophotometer with ATR (range 4000-400 cm™* at 298 K)

e  Configuration: TEM: FEI Technai Spirit G2, HT 120KV, Elec-
tron source LaB6, Netherlands

e  Proton resonances: Proton nuclear magnetic resonance (1H-
NMR): 300 MHz AVANCE II spectrometer with 5mm BBO
probe, recorded at 298.15 K using the standard pulse se-
quence library of TopSpin 3.2, data processed by TopSpin 3.2
software, of Bruker Biospin, Switzerland.

e  Contour and signal-to-noise ratio: 3D fluorescence spectros-
copy: 3D Fluorescence spectra were measured on a Hitachi
F-7000 spectrophotometer in the range of 200-700 nm (fluo-
rescence) at 298 K. The spectral patterns were analyzed using
original software (Hitachi).
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Result

Agar well diffusion test
MIRGA enhanced the antibiotics’ potency by 5-173% compared
to control (Figure 1) (Table 1).

& o
C.diptheria Bacillus Bacillus
Vs Vs Vs

Ketoconazole Enrofloxacin Wedelia chinensis

Enterobacter Bacillus
Vs Vs
Amikacin Ceftriaxone

Figure 1: Agar well diffusion method (sample images).

Certain interesting results observed in this study are,

e Antifungal ketoconazole was challenged with C. diphtheria.
ZOI for control and MIRGA Sprayed are 0 mm and 24 mm re-
ceptively.

e  Antifungal Amphotericin B was challenged with E. coli. The
ZOI for control and MIRGA sprayed are 0 mm and 27 mm re-
spectively.

e  Enrofloxacin was challenged with Bacillus sp. The ZOI for con-
trol and MIRGA sprayed are 0 mm and 39 mm respectively.

e Lawsonia inermis was challenged with Enterobacter sp. The
Z0I for control and MIRGA Sprayed are 0 mm and 14 mm re-
spectively.

e Norfloxacin was challenged with mastitis cow’s milk. Treat-
ment of mastitis with norfloxacin is Unusual. The ZOI for con-
trol and MIRGA sprayed are 15 mm and 41 mm respectively.
This is the highest ZOI (173%) in this study.

Citation: Umakanthan,, et al. “Mid-infrared - A Laser Potentiator to Enhance the Potency of Antibiotics In Vitro". Acta Scientific Microbiology 7.2 (2024):

106-117.



Mid-infrared - A Laser Potentiator to Enhance the Potency of Antibiotics In Vitro

109

Zone of inhibition
Sample (ZOI) (in mm) Maximum
p Medium Organism or inoculum |Antibiotic or antiseptic - potentiation
No. No. of sprayings 0
Control (%)
1,234
1 Nutrient Agar Medium Ampicillin-resistant E.coli Cloxacillin (10 pg) 15 1213|1416 6
2 Nutrient Agar Medium Clinical mastitis cow’s milk| Norfloxacin (10 pg) 15 411253031 173
3 Mueller-Hinton Agar Medium Salmonella sp. Amikacin (30 pg) 21 2529|2627 38
4 Mueller-Hinton Agar Medium Citrobacter diversus Ketoconazole (10 pg) 12 24|19 24|20 100
5 Mueller-Hinton Agar Medium Pseudomonas sp. Chlorohexidine gluco- 11 2021|2225 127
nate
(20 pL per disc)
6 Mueller-Hinton Agar Medium Bacillus sp. Enrofloxacin 15 |30(30|36/|40 166
(5 ug)
7 Mueller-Hinton Agar Medium Salmonella sp. Tincture of iodine 10 16 |17|18| 19 90
(20 pL per disc)
8 Mueller-Hinton Agar Medium | Staphylococcus aureus Chloroxylenol 10 2021|2016 110
(20 pL per disc)
9 Mueller-Hinton Agar Medium Enterobacter sp. \Azadirachta indica (30pL| 12 21121|14|24 100
of methanol leaf extract)
10 | Mueller-Hinton Agar Medium Bacillus sp. Wedelia chinensis (30uL | 10 1416|1818 80
of methanol leaf extract)
11 | Mueller-Hinton Agar Medium C. diptheria Ketoconazole (10 ug) | No ZOI | No | 23 | 24 | 23 | Extraordinary
701 potentiation
12 |Mueller-Hinton Agar Medium Bacillus sp. Oxytetracycline-30 pg 15 2032|2625 113
13 | Mueller-Hinton Agar Medium E.coli Amphotericin B (20 pg) | No ZOI | 27 | No |No| 10 | Extraordinary
Z0I1|Z0I potentiation
14 | Mueller-Hinton Agar Medium Salmonella sp. Ceftriaxone 10 15|20|18]| 19 100
(30 pg per disc)
15 | Mueller-Hinton Agar Medium Bacillus sp. Enrofloxacin No ZOI | 11 |39 |39 | 39 | Extraordinary
(5 pg per disc) potentiation
16 | Mueller-Hinton Agar Medium Enterobacter sp Lawsonia inermis (30pL | No ZOI | 11 | 12| 14 | 14 | Extraordinary
of methanol leaf extract) potentiation
17 Nutrient Agar Medium Clinical mastitis cow’s milk| ~ Amikacin (30 pg) 27 2832|3428 26
18 Nutrient Agar Medium E. coli Oxytetracycline (30 ug) 20 2120|2020 5

Table 1: Potentiation of MIRGA sprayed Oxytetracycline against different bacteria as determined by the well diffusion method.

Extraordinary Potentiation means no ZOI in control but extraordinary ZOI in sprayed samples.

More than thousands of such trials were conducted with appropriate control and repeats.
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Sensory scores

Two MIRGA spraying enhanced the sweetness, 6 spraying in-
creased the bitterness and 12 sprayings had extremely increased
bitterness and sweetness when compared to the control. Notably,
these sensory attribute changes were perceived in 1-5 minutes of
spraying. The control samples, 6 sprayed and 12 sprayed samples
were subjected to various instrumentations, and their results fol-

lowed.

Instrumentation results

GC-MS

Control contains many heterocyclic compounds, fatty acid de-
rivatives, and long-chain fatty acids such as palmitoleic acid. The
main component is hydroxymethylfurfural (2-Furancarboxal-
dehyde, 5-(hydroxymethyl)-), which is a degradation product of
sugars. In 2 sprayed samples, the concentration of that molecule
decreases but reaches its maximum upon 6 sprayings. Decreas-

ing again with an excess of spraying i.e., in 12 sprayed samples.
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The augmentation of the bitterness in 6 sprayed samples could be
directly related to the increase of hydroxymethylfurfural because
this molecule is from the degradation of sugars. The lower con-
centration of sugars leads to a reduced sweetness, and bitterness

produced by other substances present in the sample is dominant.

| 2sprayed

Il A |
b FAN\TTY [ 1y
\ Nl \\_\%

| | \J

\ \ '

1 \l o

\ h .l (MY, 12 sprayed
[ W et \

—

Figure 2: GCMS spectra of Oxytetracycline.

R.T. (Min) Name of Compound % Area present in each sample
Control |2 sprayed| 6 sprayed |12 sprayed Remarks
5.544 2-Propanone, 1,3-dihydroxy- 0.0 0.0 0.0 7.18 Unique peak in 12 sprayed
sample
7.387 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy- 13.6 0.0 0.0 0.0
6-methyl-
7.406 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy- 0.0 0.0 6.47 0.0
6-methyl-
7.490 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy- 0.0 6.62 0.0 0.0
6-methyl-
7.569 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy- 0.0 0.0 0.0 6.70
6-methyl-
8.222 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 0.0 0.0 51.87 0.0 Most abundant peak in 6
sprayed sample
8.344 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 39.18 0.0 0.0 0.0 Most abundant peak in
control
8.407 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 0.0 0.0 0.0 32.08 Most abundant peak in 12
sprayed sample
8.409 2-Furancarboxaldehyde, 5-(hydroxymethyl)- 0.0 33.42 0.0 0.0 Most abundant peak in 2
sprayed sample
10.840 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 0.0 15.19 0.0
fwdarw.3)-B-D-fructofuranosyl
10.862 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 0.0 0.0 24.03 Unique peak in 12 sprayed
fwdarw.3)-B-D-fructofuranosyl sample
10.916 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 20.17 0.0 0.0
fwdarw.3)-B-D-fructofuranosyl
11.872 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 0.0 8.47 0.0 Unique peak in 6 sprayed
fwdarw.3)-B-D-fructofuranosyl sample
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12.040 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 0.0 7.19 Unique peak in 12 sprayed
fwdarw.3)-B-D-fructofuranosyl sample
0.0
12.721 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 0.0 3.24
fwdarw.3)-B-D-fructofuranosyl
0.0
13.347 | Propan-1-one, 2-methylthio-1-phenyl-, oxime 0.0 0.0 3.10 0.0 Unique peak in 6 sprayed
sample
13.374 |a-D-Glucopyranoside, O-a-D-glucopyranosyl-(1. 0.0 0.0 0.0 1.33
fwdarw.3)-B-D-fructofuranosyl
13.990 Tridecanoic acid, 3-hydroxy-, ethyl ester 0.0 3.84 0.0 0.0
13.994 Tridecanoic acid, 3-hydroxy-, ethyl ester 0.0 0.0 0.0 1.18
14.477 Tridecanoic acid, 3-hydroxy-, ethyl ester 0.0 2.99 0.0 0.0
14.478 | [1,1’-Bicyclopropyl]-2-octanoic acid, 2’-hexyl-, 9.16 0.0 0.0 0.0
methyl ester
14.481 Tridecanoic acid, 3-hydroxy-, ethyl ester 0.0 0.0 1.09 0.0
14.586 Tridecanoic acid, 3-hydroxy-, ethyl ester 0.0 0.0 0.0 1.76
15.153 Tridecanoic acid, 3-hydroxy-, ethyl ester 0.0 0.0 0.0 2.75
15.314 1b,4a-Epoxy-2H-cyclopenta[3,4]cyclopro- 0.0 0.0 0.0 5.21
pa[8,9]cycloundec[1,2-b]oxiren-5(6H)-one,
7-(acetyloxy)decahydro-2,9,10
15.314 | 9,12,15-Octadecatrienoic acid, 2-[(trimethyl- 0.0 3.20 0.0 0.0
silyl)oxy]-1-[[(trimethylsilyl)oxy]methyl]ethyl
ester, (2,Z,Z)-
15.317 a-D-Glucopyranoside, methyl 0.0 0.0 0.61 0.0
2-(acetylamino)-2-deoxy-3-0-
(trimethylsilyl)-, cyclic methylboronate
16.088 | 9,12,15-Octadecatrienoic acid, 2-[(trimethyl- 0.0 1.11 0.00 0.0
silyl)oxy]-1-[[(trimethylsilyl)oxy]methyl]ethyl
ester, (2,Z2,Z)-
16.090 1b,4a-Epoxy-2H-cyclopenta[3,4]cyclopro- 5.30 0.0 0.0 0.0
pa[8,9]cycloundec[1,2-b]oxiren-5(6H)-one,
7-(acetyloxy)decahydro-2,9,10-trihydroxy
16.097 a-D-Glucopyranoside, methyl 0.0 0.0 0.63 0.0
2-(acetylamino)-2-deoxy-3-0-
(trimethylsilyl)-, cyclic methylboronate
16.813 14-Octadecenal 7.66 0.0 0.0 0.0
16.814 9-Octadecenamide 0.0 4.93 0.0 0.0
17.838 9-Octadecenamide 16.07 0.0 0.0 0.0 Unique peak in control
17.851 9-Hexadecenoic acid 0.0 23.72 0.0 0.0 Unique peakin 12
sprayed sample
17.889 9-Octadecenamide 0.0 0.0 12.57 0.0 Unique peak in 6 sprayed
sample
17.927 cis-11-Eicosenamide 0.0 0.0 0.0 12.42 Unique peak in 12
sprayed sample
18.967 y-Sitosterol 3.83 0.0 0.0 0.0

Table 2: GC-MS spectra analysis.
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Powder XRD
Patterns showed that the samples were highly polycrystalline.
From Table 3, sprayed samples have diffraction patterns similar to

the control sample; however different 20 angles are observed for
maximum intensity peaks. The maximum intensity for each pat-
tern is observed at 26: 18.80 (control), 24.75 (2 sprayed), 19.62 (6
sprayed), and 24.75 (12 sprayed). These intensity variations are
evidence of an atomic rearrangement in the diffraction planes due

to isostructural polymorphs induced by MIRGA-generated mid-IR.

12 sprayed

6 sprayed

Intensity

2 sprayed

Control

0 20 0 40 50 @ 70

Figure 3: PXRD spectra of Oxytetracycline.

(I/Imax)%

20 Control | 2 sprayed | 6 sprayed | 12 sprayed
18.80 100 66 47 61
24.75 85 100 52 100
19.62 65 66 100 60
13.17 53 34 32 58
11.69 49 69 45 69
25.18 49 30 36 32

Table 3: PXRD peaks analysis of Oxytetracycline.

FTIR

e Instrument: IR AFFINITY I - FTIR Spectrophotometer, FTIR
7600, Shimadzu (Figure 4a). Oxytetracycline concentration
was found to be higher in 6 sprayed samples.

e Instrument: JASCO FT-IR 4200 plus spectrophotometer with
ATR (range 4000-400 cm™ at 298 K) (Figure 4b).
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(b} FTIR spectra

() FTIR spectsa using IR AFFINITY [ - FTIR Spectrophatonsster, FTIR 7600, Shimadzi Pl
with ATR (range 4000400 cor ' at 298 K

Figure 4: FTIR spectra of Oxytetracycline.

Control Sample: The relatively sharp peak at 2935 cm as well
as the broad signal in the range of 3200-3600 cm™ seen amongst
others in the functional group region are respectively associated
with the stretching vibrations of C-H and of O-H in oxytetracycline
powder. Furthermore, the very weak signal at 2360 cm™ is associ-
ated with-N=C=N,-C=N,-N=C,-N=C=0 bonds.

2 sprayed sample: No significant change in the fingerprint re-
gion compared to the control sample. In the functional group re-
gion, however, in addition to a shift in the background signal the
C-H stretching vibration?* at 2935 cm™ dropped by around 3%
compared to the control sample. Furthermore, the O-H stretching
vibration at 3200-3600 cm™ dropped by around 20%. Conversely,
the very weak -N=C=N,-C=N, -N =, -N = C = O signal at 2360
cm? raised by around 5%.

6 sprayed sample: Following the same trend in the 2 sprayed
samples, in the fingerprint region the C-H stretching vibration [27]
at 2935 cm™ dropped by around 3% compared to the control sam-
ple. Furthermore, the O-H stretching vibration at 3200-3600 cm!
dropped by a further 10%. Conversely, the very weak -N = C = N,
-C=N,-N=C,-N=C=0signal at 2360 cm™raised by further 5%.

12 sprayed samples: No significant change in the fingerprint
region compared to the control and 2 sprayed samples. In the
functional group region, however, in addition to a shift in the back-
ground signal, the C-H stretching vibration [27] at 2935 cm in-
creased again such that it was around 4% higher than the control
sample. Furthermore, the O-H stretching vibration at 3200-3600
cm? increased again such that it was around 10% higher than
the control sample and dropped by about 20% in the 6 sprayed
samples compared to the control. The signal raised again in the 12
sprayed samples such that it was around 10% higher than the con-

trol sample. Conversely, the very weak signal at 2360 cm™ shifts
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from absorption behavior to transmission behavior indicating a
complex response of the-N=C=N,-C=N,-N=C,-N=C=0 bonds
in oxytetracycline powder due to MIRGA emitted mid-IR.

The average transmission signal peaked as the spraying in-
creased from 2 to 6 but dropped at 12 sprayings. Also observed
were C-H and O-H stretching vibrations, as well as the switching
of the absorption to the transmissionin-N=C=N,-C=N,-N=(,
-N = C = O bonds. Therefore, the overall absorption by the sprayed
samples in the mid-IR spectrum is a mix and complex behavior de-
pending on the number of sprayings. Also, comparatively oxytetra-
cycline concentration was found more in the sample exposed to 6
sprayings. This suggests that for clinical use, samples exposed to 2
and 6 sprays are favorable than the control and an exposure of 12

sprayings is unfavorable.

HR-TEM

Control

2 sprayed sample

6 sprayed sample

12 sprayed sample

Figure 5: TEM images of Oxytetracycline.

Control: Nanoparticle clusters show differences concerning
size, shape, and spatial arrangement. Three main arrangements of
nanoparticles are observed, that determine the cluster shape: hole
type, ball/tangle type, and elongated type. Clusters are sized, on
average: 2 - 10 um (perimeter) and 0.5 - 2 um (main diameter),
and include a variable number of holes (2 - 10, roughly, depending
on the overall cluster size) having diameters in the range 50 - 100
nm. Each cluster is formed by a very large number of nanoparticles
(order of thousands), strongly overlapping each other. Nanopar-
ticle sizes show narrow variability, that is 5 - 10 nm and preva-

lent prolate ellipsoidal shape; size becomes homogeneous either
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within the same cluster or among different clusters. Nanoparticles

do not show crystalline structure.

2 sprayed sample: Nanoparticles are the only particulate com-
ponent. 2 sprayed sample is significantly similar to the control
with respect to the size and shape of clusters, holes in clusters, and
nanoparticles including the degree of their reciprocal overlapping
in the cluster. Concerning cluster shape, however, in the 2 sprayed
samples the hole type is not observed, while the other two types
(ball/tangle and elongated) are documented. Clusters have perim-
eters ranging from 5 - 10 pm, as for images where clusters are en-
tirely visible, and diameters ranging from 1 - 2 um. Holes are in
comparable number, by each cluster, to the control sample, and are
sized 0.05 - 0.2 pm diameter. Nanoparticles range from 10 - 20 nm,
as also documented by the bottom left image and ellipsoidal shape.
However, a small number of larger nanoparticles, sized 20 - 40 nm,

is observed in 2 sprayed sample that is almost absent in the control.

6 sprayed sample: Clusters of nanoparticles are the only partic-
ulate component. Similarities mainly concern the size and shape of
clusters, holes in clusters, and nanoparticles including the degree
of reciprocal particle overlapping in the clusters. Concerning clus-
ters, the hole type is not observed, while the other two types (ball/
tangle and elongated) are documented; in addition, a fragmented
arrangement is observed. In the fragmented arrangement, the size
of fragments is lower than previously observed, although the size
of the overall arrangement is comparable (1.5 - 2 um). Neverthe-
less, the clusters observed are generally smaller than in 2 sprayed
samples. For example, the perimeters of clusters in the top central
(ball/tangle type) and right (elongated type) images, are roughly
1.5 and 2.5 pum, while diameters are 0.5 and 1 um, respectively. Sim-
ilarly, holes are smaller as well, with diameters ranging from 0.05 -
0.1 um and they also are in smaller numbers by cluster. Concerning
nanoparticles, their size and shape are comparable to those of pre-
vious samples, that is 10 - 20 nm size and ellipsoidal shape. Larger
nanoparticles are also observed ranging from 30 - 60 nm Nanopar-

ticles do not show crystalline structure.

12 sprayed sample: Clusters of nanoparticles are the only par-
ticulate type observed. Nanoparticles are strongly overlapped each
other and are in the order of thousands by cluster. Their size ranges
10 - 20 nm and shapes range from spherical to ellipsoidal. Concern-
ing clusters, two ball/tangle and elongated types are observed. Siz-
es are however more variable than previously observed. Holes are
observed in clusters, of similar sizes than in previous samples, al-
though their number by cluster seems lower. Larger nanoparticles

ranging from 20 - 40 nm are observed.
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More evident differences are observed in the cluster shapes,
particularly concerning the 6 sprayed samples when compared to

other samples.

Proton NMR

Control | 2 sprayed sample | L.

|” Lo

6 sprayed sample 12 sprayed sample |

Figure 6: Proton NMR spectra of Oxytetracycline.

Proton resonances are detected. A study has reported that oxy-
tetracycline has a bitter taste [28,29]. In 2 sprayed samples, it is
possible that resonances in the region where sugar-like molecules
were detected had given the sweetness, for example, H-1 NMR
spectroscopy chemical shifts of glucose are in the range of ~3.2 to
~5.2 ppm, the H-1 shifts for sucrose are from ~3.5 to ~4.5 ppm,
and those of fructose are in the range of ~3.6 ppm to ~4.1 ppm.
NMR resonances recorded were C = C-H, Phenol, Aromatic-NH (5.2
doublet, 4.8 broad peak, 4.5 broad peak), HCO, OH, NH (3.9 dou-
blet, 3.8 triplet, ~3.6 mult.), OH, NH (3.2 quartet) and HCN (2.5
singlet).

3D fluorescence spectroscopy

Four plots are characterized by island contours centered at (Ex
=547 nm, Em = 700 nm) and (453 nm, 551 nm), while a plateau is
observable at regions (Ex = 314 nm - 419 nm, Em = 353 nm - 517
nm). When the excitation is in the 200 nm - 260 nm UV region,
there is a strong fluorescence signal encompassing almost all the
visible range (250 nm - 750 nm). The fluorescence fingerprint of
the control, 2, 6, and 12 sprayed samples (with the increased num-
ber of sprayings) showed more variation in the contour indicating

a change in the signal-to-noise ratio.
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Figure 7: 3D fluorescence spectra of Oxytetracycline.

Discussion
Antibiotic potentiation and potentiators

Potentiation is the process of intensifying the effect of one
chemical by another chemical [30]. An antibiotic potentiator is a
substance that need not have antimicrobial activity itself but that
yields a synergistic effect to classical antimicrobials when used in
combination. In other words, a potentiator will act as an antimicro-

bial adjuvant.

Presently available antibiotic potentiators are co-administered
with antibiotics to enhance the antimicrobial action. These types of
enhancing compounds possess many advantages but act selectively
on specific antibiotics and against certain bacteria [31]. Other limi-
tations often include drug-to-drug interaction risk and inappropri-
ate co-dosing [32-34]. The prediction of drug combinations is of
great clinical significance [35]. The demand for discovering a safe,
broad-spectrum adjuvant to potentiate a wide range of antibiotics
is a vital and urgent need. One such alternative has been identified
in this study with the use of mid-IR. It was shown that 2-6 um mid-
IR generated from the MIRGA has potentiated the commonly used
antibiotics. Thereby making chances to reduce the clinical dose
used against viz., E. coli, Salmonella, Citrobacter, Pseudomonas, Ba-

cillus, Staphylococcus, and Enterobacter.

The invention background, definition, technique of mid-IR gen-
eration from MIRGA, toxicological study on MIRGA, the safety of the
MIRGA sprayed usable and primeval, and future scope of MIRGA
have been described by [11-13] (Detailed discussion in the supple-
mentary file: Text T1).

The inorganic compounds used in the generation of MIR are a
perspective for biomedical applications [36,37]. It is also a new
synthesis method for the preparation of functional material (2-6
um mid-IR) [38,39]. It is well known that the combination of differ-
ent compounds, which have excellent electronic properties, leads
to new composite materials, which have earned great technological

interest in recent years [40,41].
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Action of 2-6 pym mid-IR on Oxytetracycline

2-6 um mid-IR is non-ionizing, non-carcinogenic [42], safe even
to the eyes [43], and can penetrate obscurants [22,44]. Thus, the
mid-IR generated from MIRGA penetrates the package and falls on
the inside oxytetracycline. The oxytetracycline molecules absorb
the mid-IR and elicit vibrational oscillations, which lead to the
stretching and bending of chemical bonds in the molecules [45].
The altered chemical bonds lead to a change in the molecular con-
figuration, thereby the physicochemical nature, i.e. the potency of
the oxytetracycline is augmented [46-48]. Instrumentation results
of the oxytetracycline have witnessed these molecular changes,
thereby illustrating the action of mid-IR in potentiating the effi-
cacy of antibiotics.

Though MIRGA spraying altered the antibiotic’s chemical struc-
ture, it still acts on the bacteria. This action can be compared and
similar to e.g., quinolones and cephalosporins. In cephalosporins,
7-ACA side chain modification leads to potentiated multiple an-
tibiotics. Various substitutions on the basic quinolone structure
yielded potentiated multiple antibiotics. In penicillin, tetracy-
clines, sulphanamides, macrolides, aminoglycosides, and potenti-
ated multiple derivatives are developed by altering the chemical
structure [49].

Future perspectives with MIRGA-potentiated antibiotics

e  With the enhanced antibiotics’ potency, the therapeutic dose,
economy, and host stress can be reduced, and resource-saving.

e  Reduced drug dose would reduce excretion and hence reduce
environmental pollution.

e  Side effects from the antibiotics can be reduced due to lower
doses.

e Arevival of the potency of antibiotics that have lost or are los-
ing (e.g., penicillin) can be achieved.

e  One-time spraying for a strip of antibiotic tablets or a bottle of
syrup is sufficient and need not be sprayed for every time use.

e  Currently hundreds of antibiotics have been developed over
time to overcome the consistently developing microbial resis-
tance, and each has its side effects and cost ineffectiveness. In
the future, a few classes of MIRGA-sprayed antibiotics might
be enough to treat living beings for a longer period (A prob-
able future scope of using MIRGA in antibiotic resistance is

presented in the supplementary file: Text T2).

Conclusion
We have tested the applicability of 2-6 pm mid-IR emitted from
a specially designed, pocket-sized mid-IR generating atomizer
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(MIRGA) to potentiate antibiotics. It was shown that the potency
of the antibiotics was enhanced over a range of 5 to 173%. This
technology is more effective than the existing methods to overcome
antimicrobial resistance and minimize the dose, economy, and host
stress. This research may help to enhance the potency of other

pharmaceuticals, especially the costliest.
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