
 

 https://biointerfaceresearch.com/  8884 

Article 

Volume 11, Issue 2, 2021, 8884 - 8894 

https://doi.org/10.33263/BRIAC112.88848894 

 

Radiation-induced PEGylated Ethambutol Has Low 

Antimycobacterial Activity in Vitro 

Maykel González-Torres 1,* , Silvia Guzman-Beltrán 2 , Marco A. Mata-Gómez 3 ,  

Gerardo Leyva-Gómez 4 , Cristina Velasquillo 1 , Joaquín Zúñiga 2, 5 , Susana Vargas-Muñoz 6 , 

Hernán Cortés 7 , Rogelio Rodríguez-Talavera 6  

1 Conacyt-Laboratorio de Biotecnología, Instituto Nacional de Rehabilitación Luís Guillermo Ibarra Ibarra, Ciudad de    

Mexico, 14389, Mexico; mikegcu@gmail.com (M.G.T);  mvelasquillo@ciencias.unam.mx (C.V.); 
2 Instituto Nacional de Enfermedades Respiratorias Ismael Cosío Villegas, Ciudad de México, 14080, Mexico; 

guzman.silvia@gmail.com (S.G.B.); 
3 Tecnológico de Monterrey, Escuela de Ciencias e Ingeniería, Puebla, Mexico; mmatag@tec.mx (M.A.M.G); 
4  Departamento de Farmacia, Facultad de Química, Universidad Nacional Autónoma de México, Ciudad de México, 04510, 

Mexico; gerardoleyva@hotmail.com (G.L.G.); 
5 Tecnologico de Monterrey, Escuela de Medicina y Ciencias de la Salud, Ciudad de México,14380, México 

joaquin.zuniga@iner.gob.mx (J.Z); 
6 Centro de Física Aplicada y Tecnología Avanzada, Universidad Nacional Autónoma de Mexico, Querétaro, 76230, 

Mexico; vmsu@unam.mx (S.V.M);  rogelior@unam.mx (R.R.T.); 
7 Laboratorio de Medicina Genómica, Departamento de Genética, Instituto Nacional de Rehabilitación Luis Guillermo 

Ibarra Ibarra, Ciudad de México, 14389, Mexico; hcortes_c@hotmail.com (H.C.); 

* Correspondence: mailto:mikegcu@gmail.com; 

Scopus Author ID 47360936400 

Received: 11.07.2020; Revised: 16.08.2020; Accepted: 18.08.2020; Published: 21.08.2020 

Abstract: Tuberculosis is an airborne disease caused by Mycobacterium tuberculosis and remains one 

of the leading causes of death worldwide. The rise in multidrug-resistant strains has prompted the search 

for novel strategies to produce tuberculostatic agents. This research is aimed at developing a derivative 

of ethambutol by gamma radiation-induced polymerization with polyethylene glycol (PEG). The 

synthesis was verified by Raman spectroscopy and UV–Vis spectrometry. The results show that PEG 

can be chemically bonded to ethambutol by amine and alcohol groups. In in vitro biological evaluation, 

PEGylated and neat ethambutol showed similar cell viabilities, while the modified drug lowered 

bacterial growth inhibitory activity. A mechanism for the polymerization is proposed. The particle size 

increased for PEGylated drugs concerning the starting polyether. Despite the low antimycobacterial 

activity in vitro, the product seems to be a promising tool for the rapid screening of hydrolase activity.  

Keywords: Antituberculotic; ethambutol; Prodrug; poly(ethylene glycol); Raman and UV–vis; 

PEGylation. 
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1. Introduction 

Tuberculosis (TB), caused by infection with Mycobacterium tuberculosis (MTB), is a 

highly prevalent and pandemic infectious disease that remains in the top 10 causes of death 

globally [1]. Ethambutol (EMB) is one of the first-line anti-tuberculosis agents commonly used 

against MTB [2]. Some of the advantages of this bacteriostatic agent are a) its synergy in 

combination with pyrazinamide, isoniazid, or rifampicin; and b) its ability to inhibit the 

arabinosyl transferase enzyme, which is key to increased permeability in the MTB cell wall to 

hinder its growth [3]. However, this front-line medication presents important drawbacks such 
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as devastating side effects, including EMB-induced optic neuropathy (EON) and retinopathy 

[4]. MTB pathogens are also challenging to treat since antibiotics cannot be introduced into 

infected phagocytes. Hence, the challenge is to design a polymeric carrier for the development 

of a prodrug from ethambutol that can reduce toxicity and ensure adequate delivery of the 

antibiotic into cells. Radiation-induced PEGylation has proven to be an excellent pathway for 

the preparation of conjugates of small-molecular-weight drugs [5]. Polyethylene glycol (PEG) 

is ideal for the formulation of nanocomposites [6-11], hydrogels [12-17], nanogels [18-23], 

PEGylated phospholipid nanocarriers [24], PEGylated carbon nanotubes [25-29], PEGylated 

polybenzofulvene brushes [30] and PEGylated nano-delivery systems [31] due to its non-

toxicity, low-immunogenicity, and good water solubility [32-34]. Recently, radiation-induced 

PEGylated cisplatin [5] and isoniazid [35] were reported. It is believed that the covalent 

bonding of PEG to EMB could produce a prodrug with reduced toxicity. It is mostly unknown 

whether the conjugate would be efficiently endocytosed by phagocytic-infiltrated cells. In the 

present research, we present, for the first time, the synthesis, characterization, and biological 

evaluation of ethambutol PEGylated using the simultaneous irradiation method. The 

mechanism of the direct reaction of PEG with EMB is proposed. Raman spectroscopy and 

ultraviolet-visible spectrophotometry (UV–Vis) were employed for the structural 

characterization of the novel pharmaceutical. The antimycobacterial activity and cell viability 

of the designed derivative are discussed. 

2. Materials and Methods 

 2.1. Materials.  

Ethambutol (2,2′-(1,2-ethanediyldiimino)bis-1-butanol dihydrochloride; EMB) and all 

PEGs were purchased from Sigma-Aldrich (MDL # MFCD21364080, St Louis, MO, USA). 

Solutions of 12 mg/mL PEG (1 g of PEG added to 80 ml of water) of 400, 1000, 3500, and 

4000 Da (Mw; polydispersity index of  0.025;  0.04; 0.034;  and 0.047), namely G1, G2, G3, 

and G4, respectively, were prepared in double-distilled water.  

2.2. Preparation of PEGylated EMB. 

Approximately 1 g EMB and 2 mL of each PEG solution (12 mg/mL) were mixed in 

Pyrex glass tubes and directly subjected to 60Co-γ-radiation in the air (Gamma Beam 651 PT, 

Nordion International) at doses of 5, 10, 15, 20, and 25 kGy at a rate of approximately 1.5 

kGy/h. The dose was measured using a Fricke dosimeter. As mentioned above, the radiation 

experiment was performed by the simultaneous irradiation method that consisted of the direct 

gamma irradiation of the solution composed of ethambutol and polyethylene glycol. 

The EMB/PEG solutions (0.5 g (EMB)/ml(PEG solutions)) were degassed (before 

being irradiated) by freezing in liquid nitrogen for 15 min and subsequent thawing for two 

hours until two freeze-thaw cycles had been performed. The test samples were labeled as 

M3G1D1, M3G1D2, M3G1D3, M3G1D4, M3G1D5, M3G2D5, M3G3D5, and M3G4D5, 

where M3 was assigned to EMB, and D and G represent the variations in dose and the 

molecular weight of PEG, i.e., M3G3D2 stands for PEGylated EMB with PEG of 3500 Da at 

10 kGy. Table 1 shows what the labels mean. 
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Table 1.  Labeling of the samples used for radiation-induced Pegylated EMB. 
samples molecular 

weight of 

PEG (Da) 

Dose 

(kGy) 

 

M3G1D1 400 5  

M3G1D2 400 10  

M3G1D3 400 15  

M3G1D4 400 20  

M3G1D5 400 25  

M3G2D5 1000 25  

M3G3D5 3500 25  

M3G4D5 4000 25  

M3G1D5 400 25 PEG–EMB (mg/ml) 

M3G1D5P1 400 25 18 

M3G1D5P2 400 25 25 

M3G1D5P3 400 25 38 

M3G1D5P4 400 25 50 

M3G1D5P5 400 25 75 

M3G1D5P6 400 25 83 

M3G1D5P7 400 25 111 

M3G1D5P8 400 25 120 

*M3 stands for EMB; for instance, M3G1D1 is equivalent to EMB-G1-D1. The concentration of PEG–

EMB (mg/ml) refers to mg of M3G1D5 in ml of water. The dose is a measure of the rate at which EMB/ 

PEG samples are being exposed to a 60Co-γ-radiation source. 

2.3. Characterization of PEGylated EMB. 

2.3.1. Spectroscopic characterization. 

Increasing concentrations of PEGylated EMB  were screened by spectroscopy and 

spectrophotometry. The M3G1D5 samples stated to be 18 mg/mL (P1), 25 mg/mL (P2), 38 

mg/mL (P3), 50 mg/mL (P4), 75 mg/mL (P5), 83 mg/mL (P6), 111 mg/mL (P7), and 120 

mg/mL (P8) PEGylated EMB were labeled as M3G1D5P1, M3G1D5P2, M3G1D5P3, 

M3G1D5P4, M3G1D5P5, M3G1D5P6, M3G1D5P7, and M3G1D5P8, respectively (see Table 

1). The experiments were conducted in triplicate to ensure reproducibility and accuracy. 

Raman spectroscopy of all samples was accomplished at ambient temperature in a 

micro-Raman spectrometer (Bruker Senterra, model 910, MA, USA) equipped with a 785-nm 

laser light source.  A drop of each sample was placed on a clean and flat brass plate to avoid 

interference. The UV–Vis spectra of the samples were measured using a microplate 

spectrophotometer (Multiskan GO, Thermo Fisher Scientific Inc., Waltham, MA, USA). A 

multimode wavelength scan at room temperature with linear shaking was used. For this 

experiment, solutions of roughly 6 mg/ml of EMB and PEG–EMB were used. 

2.3.2. Biological assessments. 

American Type Culture Collection (ATCC 25177, Rockville, MD, USA) 

Mycobacterium tuberculosis H37Ra was grown at 37°C in 7H9 broth (Difco, Detroit, MI, 

USA) supplemented with ADC (Beckton Dickinson, BD, San Jose, CA, USA) 0.2% (v/v) 

glycerol, and 0.05% (v/v) Tween® 80, or on solid Middlebrook 7H10 medium (Difco) 

supplemented with OADC (BD), 0.5% (v/v) glycerol, and 0.05% Tween® 80 (Sigma-Aldrich, 

St. Louis, MO, USA).  

The antimycobacterial activity was assayed in 96-well microplate. 100 μL PEGylated 

and neat EMB solution were added at final concentrations ranging from 0.1 to 5 μg/mL, and 

each well was inoculated with 100 μL of logarithmic bacterial suspension containing 105 

colony forming units (CFUs)/mL. The perimeter walls were filled with sterile, distilled water 
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to prevent evaporation. The plates were incubated for seven days at 37°C. Subsequently, the 

CFUs were counted. All bacteria suspension for each well were transferred into the first tube 

of  1.8 ml of diluent (7H9 medium supplemented) and vortex. The dilution series was continued 

by using a 0.1 mL sample from the first tube to the second tube with 0.9 mL of diluent, and 

these dilutions were repeated six times more. Then 100 μL of each dilution was plated in 7H10 

medium supplemented for triplicate. The plates were incubated at 37oC for seven days.  

After incubation, count plates from each series that contained 30 to 300 CFUs. We 

determined the mean CFU/mL or CFU per each dilution and tested sample. Finally, the 

minimal inhibitory concentration (MIC) was calculated for each compound. The Minimum 

inhibitory concentrations (MICs) were defined as the lowest concentration of an antimicrobial 

that inhibits the visible growth of a microorganism after incubation time [36].  

Cytotoxic testing was performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (MTT, Sigma-Aldrich) reduction assay to determine the number 

of viable THP1 cells in culture [37]. The human acute monocytic leukemia cell line, THP1, 

was acquired from the ATCC (TIB202). THP1 cells were grown in RPMI-1640 medium 

supplemented with 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate (Lonza, CA, 

USA), 10% heat-inactivated fetal bovine serum (Hyclone™, Logan, USA), and 50 μM 2-

mercaptoethanol (Bio-Rad Laboratories, Berkeley, CA, USA).  

0.3 × 106 cells for each well were seeded in 48-well plates and differentiated into 

macrophages by exposure to 50 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) 

solution for three days, as previously described [38]. 

The PEG–EMB (339–5420 μg/mL) was added to the cells, and the plates were 

incubated at 37°C under a 5% CO2 atmosphere for 24 h, followed by quantitation of cell 

viability. Subsequently, the plates were centrifuged to eliminate the treatment, fresh phenol 

red-free RPMI medium, and 30 μL MTT (5 mg/mL) were immediately added, and the plates 

were incubated for a further 2 h. Absorbance at 570 nm was measured using an HT Multimode 

microplate reader (Biotek, WA, USA).  

The laser particle sizer ANALYSETTE 22 produced by Fritsch GmbH was an 

apparatus used in the preliminary determination of the particle size distribution of EMB and 

EMB-PEG (M3D1G1). 

3. Results and Discussion 

The Raman spectrum of neat ethambutol shows the typical bands at 3316 cm-1 (O–H 

stretching), 3100–2400 cm-1 (a combination of intramolecular H-bonded hydroxyl), 3316 cm-1 

(amine stretching vibrations), and 1500–500 cm-1 (molecular fingerprint region) (Figure 1a). 

Similarly, the Raman spectrum for PEG displays the characteristic bands at 2873 cm-1 

(stretching vibrations of the CH2 groups) and 1500–450 cm-1 (associated fingerprint region) 

(Figure 1b). All PEG signals disappeared from the PEGylated drug spectrum, except for the 

band around 1460 cm-1 (asymmetrical bending mode of the CH2–CH2 groups), suggesting a 

complete reaction of the polyether with EMB. The Raman spectrum of PEGylated ethambutol 

subjected to increasing doses is shown in Figure 1c. The most striking features observed in 

Figure 1 is the appearance of two new bands at 1897 cm-1 and 1627 cm-1, assigned to the 

possible formation of amide (R1CONR2) and carbonyl (C=O) groups, respectively. This result 

is evidence of the formation of products 6 and 7 (hereafter), which are isomers.  Comparison 

of the spectra of the novel conjugate and EMB also indicates slight variations in the PEG–EMB 

fingerprint, but a sharp modification by amine and hydroxyl groups. The prodrug obtained at 
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increasing doses hinted at concentration dependency, while the increase in PEG molecular 

weights caused contrasting results between M3G1D5 and the rest of the samples (Figure 1d). 

However, there are no apparent differences between the Raman spectra of M3G2D5, M3G3D5, 

and M3G4D5 [39]. 

 
Figure 1. (a) Raman spectrum of ethambutol. (b) Raman spectrum of aqueous polyethylene glycol. (c) Raman 

spectrum of PEGylated ethambutol. (d) Effect of different doses on the synthesis of the PEG–EMB. 

 
Figure 2. (a) UV–Vis absorption spectra of ethambutol and PEGylated ethambutol. (b) UV–Vis study of the 

effect of different doses on the PEG–EMB synthesis. (c) UV–Vis analysis of the effect of the use of increasing 

molecular weights of polyethylene glycol on the synthesis of PEG-g-EMB). (d) UV–Vis survey of the effect of 

the use of increasing concentrations of PEGylated EMB (M3G1D5). 
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The UV–Vis absorption spectra of EMB and PEGylated ethambutol are shown in 

Figure 2a. EMB cannot be directly detected by calorimetry; thus, specific complexes such as 

copper or nickel or the addition of ninhydrin are used to detect the EMB chelate or 

primary/secondary amines. The presence of broadband in the range of 300–200 nm is 

consistent with a previous report using multivariate calibration for spectrophotometric analysis 

of ethambutol [40]. Noteworthy is the appearance of a new band at 346 nm, which indicates 

the presence of a chromophore group, associated with the existence of carbonyl and amide 

groups. The experiment aimed to demonstrate the synthesis of the PEGylated drug [41]. It was 

also observed that the increase in concentration resulted in a bathochromic shift of the spectral 

band position from 346 to 358 nm (Figure 2b). The non-dependence of absorption on the 

molecular weight of PEG is exhibited in Figure 2c. The concentration dependence trend is 

displayed in Figure 2d; a higher concentration led to greater absorption bands. 

 
Figure 3. Effect of PEGylated ethambutol on bacterial growth. Bacteria were cultured in 7H9 Middlebrook 

medium supplemented with EMB or PEG–EMB for 7 days. Following incubation, CFUs were quantitated by 

counting the number of surviving bacteria for each compound concentration. Deviation and the statistical 

analyses were conducted using one-way analysis of variance (ANOVA). Data represent the mean ± SE (n = 4). 

*p < 0.05 as compared with culture in the presence of EMB alone. PEG–EMB concentration in μg/mL refers to 

EMB equivalents. 

 
Figure 4. Effect of PEG–EMB on THP1 cell viability. The EMB or PEGylated EMB (0–5420 μg/mL) was 

added for 24 h. PEG–EMB concentration in μg/mL refers to EMB equivalents. Following exposure, fresh 

medium containing MTT was added for 2 h. The number of viable cells is expressed as a percentage of MTT 

reduction concerning cells without treatment. 
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The effect of PEGylated ethambutol on MTB H37Ra growth was evaluated (Figure 3). 

It exhibited a significantly lowered activity towards MTB as compared with EMB. Previous 

results are due to the activity of EMB is based on the inhibition of mycobacterial 

arabinofuranosyl transferases, which depends on the presence of the alcohol group [42]. The 

antimycobacterial activity in vitro lowered due to the modification of –OH functionality to an 

ester group (R1COO-OR2); however, the novel prodrug can be used for the evaluation of 

mycobacterial hydrolase activity because the ester group is susceptible to activation by serine 

hydrolase [43]. All synthesized conjugates displayed the same trend.  

 
Figure 5.  Proposed mechanism of gamma radiation-induced PEGylated ethambutol. 

The effect of PEG–EMB on THP1 cell viability is shown in Figure 4. Similar behavior 

was seen for both samples concerning in vitro cytotoxicity. The PEGylated derivative scarcely 

contributed to cell viability. The main difference between the drugs is the mechanism of action 

of the ester-conjugate and its ability to achieve cell internalization following hydrolase 

activation. 

Figure 5 shows the proposal for the synthesis mechanism of PEGylated ethambutol. In 

the first step (irradiation), primary radicals are formed. This step involves obtaining a PEG 

carbonyl radical (such as compound 1), four variants of EMB radicals (compounds 2−5), and 

the radiolysis of water. The absence of a monomer suggests the exclusion of the initiation and 

propagation steps. 

Consequently, a termination reaction between the EMB radical and the PEG carbonyl 

radicals is more likely to occur (compounds 6−9). It is also possible to obtain EMB−PEG 

combined with compound 1 via a radical coupling reaction with the four EMB radical sites 
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simultaneously. As a result, a complex mixture of PEG radicals of different molecular weight 

linked to several EMB radicals is obtained (including the ethambutol radical of carbon chains 

not shown in the mechanism proposal). 

Figure 6 shows the particle size distribution of a) EMB and b)  gamma radiation-

induced PEGylated ethambutol. The results show that the diameter arithmetic means of EMB 

and EMB-PEG (M3G1D1) are  5.1 ± 1.24 µm and 20.7 ± 0.49   µm, respectively. The particle 

size distribution of the samples also showed a normal distribution of PEGylated drugs, which 

supports the stability of the product. The increase in size is due to the PEGylation of the drug. 

 

Figure 6.  Particle size distribution of (a) EMB and (b)  gamma radiation-induced PEGylated ethambutol. 

4. Conclusions 

 A radiation-induced PEGylated ethambutol by direct linkage of PEG onto EMB was 

successfully prepared and structurally characterized by Raman and UV−Vis spectroscopy. 

Upon biological evaluation, EMB−PEG showed similar viability and a significantly lowered 

activity towards MTB as compared with EMB. The present research suggests that the 

advantages of preparing the ethambutol conjugate are an improvement in bioavailability, a 

decrease in toxicity, and an esterified EMB that could be useful for exploring the specificity of 

hydrolases as an activation mechanism towards understanding possible in vivo applications. 
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