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ABSTRACT
Herein this work, a biocompatible polymer synthesis approach has been established for the designing of α-methoxy-ω-amino 
poly(ethylene glycol)-L-glutamate-L-aspartate [MeO-PEG-NH-b-(L-GluA)5-b-(L-AspA)18]/[PEG-b-PBLG-b-PBLA] triblock co-
polymeric nanomicelles by using α-methoxy-ω-amino PEG as a macro initiator via modified ring-opening polymerization. The 
colloidal stability, remarkable protein folding properties, and distinct morphology of the prepared polymer are confirmed. The 
microscopic analysis confirms the formation of nanomicelles with an average diameter of 13 nm to 22 nm for [PEG-b-PBLG-b-
PBLA] and [PEG-b-PBLG], respectively. The copolymers show an effective influence on self-assembly behavior with respect to 
change in temperature and pH. The cellular inhibition properties of the block copolymeric micelles is confirmed through in vitro 
study against the MDA-MB-231 cancer cells. The calculated IC50 values for [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] copoly-
mers are found to be 560.340 ± 34.107 μg/mL and 750.468 ± 47.312 μg/mL, respectively. The minimum inhibitory concentration 
(MIC) for antibacterial activity is calculated to be 0.8 μg /mL against gram (−) Escherichia coli (E. coli) of triblock copolymer. 
Therefore, the attachment of a new amino acid block in the [PEG-b-PBLG-b-PBLA] copolymer enhances the thermal stability, 
protein folding properties, colloidal stability, antibacterial activities, and biocompatibility, on account of which the synthesized 
triblock copolymer nanomicelle could be beneficial for antimicrobial and anticancer activities.

1   |   Introduction

Nano and micro-sized polymeric systems have widely been 
used in medical technology, packaged items, therapeutics, bi-
osensors, and diagnostics platforms [1–3]. At present, polymer 
nanoparticles possess increasing demands in the emerging 
pharmaceutical technology to overcome unsatisfactory chal-
lenges with their stimuli-responsive nature, self-assembled be-
havior, unique morphology and size flexibility, amphiphilicity, 

compatible functional groups, artificial protein synthesis tech-
niques, and for various therapeutic applications [4]. Further, 
the self-assembled smart polymeric nanomaterials are also used 
as potential drug carriers for targeted therapy, as scaffolds for 
tissue engineering, stents, catheters, drug delivery, cell mimics, 
nanoreactors, artificial organelles, etc. [5]. The targeted, con-
trolled and sustained drug release activity is seen to be proactive 
in polymeric amino acids [6]. These polymers are unique in the 
development of therapeutic formulations.
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On the other hand, the hydrophilicity dependant slow degradation 
rates, good biocompatibility, amphiphilicity, and flexible physico-
chemical modifications of polymers, such as poly(amino acid)s 
(PAAs), glutamic acid (L-GluA), and aspartic acids (L-AspA) are 
extensively used in making the chemotherapeutics formulation 
to achieve targeted delivery [7, 8]. The significance of amphiphilic 
polymers has been verified through the presence of hydrophobic 
and hydrophilic core@shell structures, where core hydrophobic 
groups help in the solubilization of hydrophobic drugs through 
electrostatic interactions and hydrogen bonding, whereas the 
external hydrophilic shell improves the biocompatibility and 
other bio-physiochemical stability [9]. These smart polymers ex-
hibit more advantages over low molecular weight polymers and 
interestingly they quickly show responsive behavior toward pH, 
temperature, solvent system, and reaction time. The distinct ac-
tivities of polyglycol especially poly(ethylene glycol) (PEG) such as 
low protein folding and low immunogenicity make it an effective 
medium for polymeric delivery systems [10]. The ring-opening 
polymerization (ROP) between hydrophilic polymer of poly(eth-
ylene glycol) (PEG) and essential amino acids such as (L-GluA), 
(L-AspA), L-lactide, L-phenylalanine (LPPhe) are found to be 
useful for drug delivery applications for the treatment of different 
diseases [11]. It is reported that amphiphilic anionic polymer nano 
vehicle methoxy poly(ethylene glycol)-b-poly (L-glutamic acid-co-
L-phenylalanine) (mPEG-b-P[Glu-co-Phe]), which can bind with 
cationic anticancer drug doxorubicin hydrochloride (DOX.HCl) 
due to the electrostatic interactions and is found to be effective 
for the inhibition of cancer cells. The 140 nm-sized DOXmPEG- 
b-P(Glu-co-Phe) nanoparticles (DOX-NP) show low to moderate 
drug-loading capacity [12]. The presence of functional groups 
such as -COOH, -NH2, -OH, and -SH and the chemical bonding 
play important role in improving the amphiphilicity of polymers. 
Further, the morphological pattern also affects the efficacy of 
self-assembled polymer in in vivo imaging and drug delivery [13]. 
The dual thermoresponsive nature of mPEG-b-poly(O-benzyl-
L-threonine acid) hydrogel and their detailed secondary struc-
ture also possesses an important role in therapy due to the 
self-assembly, stimuli-responsive nature of precursor PEG [14]. 
The chemical and physical properties of the stimuli-responsive 
polymeric vesicles and their effects on the controlled release of 
the drugs are very interesting in controlling the therapeutic doses 
[15]. Further, the thermo-responsive nature of the polymers to the 
size and shape affect the bactericidal to cell repellency [16]. In an-
other study, it was reported that an amphiphilic poly(l-glutamic 
acid)-block-poly(lactic-co-glycolic acid) copolymers designed to 
control the self-assemble activity at different stimuli and used in 
the biological systems together with potential therapeutic efficacy 
[17], which also influence for the new design of the polymers for 
better therapeutic index. To note, there are many reports available 
for the synthesis of self-assembled di-block/tri-block-copolymers 
that possess pH and temperature-responsive nature using two to 
three identical or nonidentical monomers [18, 19]. To the best of 
our knowledge, only a few reports are available with three or more 
distinct monomer units to form synthetic block-copolymers with 
a wide range of biological applications. Therefore, there is a lot of 
scope to explore in the domain.

It can be noted that for the preparation of PEG@Polyaminoacids, 
(PEG@PAAs) polymers has been extensively reported with 
their detailed physio-chemical properties  [9, 14]. However, 
their stimuli-responsive study in an aqueous medium is quite 

challenging. Notably, the integration of a new block copolymer 
has been garnered significant interest in finely adjusting the 
morphological and biological features with improved surface 
stability [10]. Therefore, we aimed to identify a novel strat-
egy that would allow proper analysis of prepared polymer at 
different stimuli, which further can be used as antimicrobial 
agents. To achieve this, we have investigated the responses of 
the synthesized polymers at different pH, temperature, and con-
centration. We have earlier reported a diblock copolymer [PEG-
b-PBLG] with its various characteristic properties [20], however, 
a detailed study on folding, morphology, versatile biological 
applications, and size variation with adverse effects such as pH 
and temperature have never been reported.

Herein this work, we have investigated the stability of the poly-
meric solution in a colloidal medium, protein folding nature, 
morphology, and antimicrobial efficacy resulting in the pre-
pared micelles in a better organized morphology compared to 
similar conventional polymers. Together with the many advan-
tages of micelles, many more challenges to increasing thera-
peutic efficiency have been studied. From our earlier study, it 
is observed that the use of PEG/PAAs as a block of the block 
copolymer made it promising for various biomedical appli-
cations. However, there is no work reported for the design of 
[(MeO-PEG-NH)-b-(L-GluA)-b-(L-AspA)] via modified ring 
opening polymerization (ROP) and its detailed stimuli respon-
sive attribute. The colloidal properties, smart self-assembly 
behavior, temperature and pH-dependent stimuli-responsive 
behavior, formation of minute-sized micellar morphology, and 
thermal stability of the polymers have been studied. Herein, we 
have taken the amino acid chains as the primary backbone of 
the polymer due to its unique nature, colloidal properties, and 
biocompatible nature, which further can be used for various 
pharmaceutical and medical applications [21, 22]. The morpho-
logical features of these types of polymers can further exhibit 
significant physio-chemical behavior [23, 24]. Polymeric mi-
celles of diameter ~10 nm synthesized in this work can be used 
as a drug delivery vehicle for the targeted therapy and other bio-
medical applications including as an antimicrobial agent. The 
present work is extended to find out the protein folding nature 
with change in the pH (from 4 to 10) and with temperature (from 
20°C-50°C). Secondary folding structures have been analyzed 
using Circular dichroism (CD). Then we studied the biocompat-
ibility of the synthesized polymers through MTT assay. Finally, 
the antibacterial activities of the synthesized polymer micelles 
have been investigated using gram (+) S. aureus and gram (−) 
E. coli with varying concentrations of copolymers to calculate 
the MIC. Further, the therapeutic efficiency and the mechanis-
tic approach of inhibition have been elucidated. Finally, in vitro 
anticancer activity of these micelles has been checked against 
triple negative breast cancer cell lines (MDA-MB-231).

2   |   Experimental Section

2.1   |   Materials

Commercially available reagents were used without further purifi-
cation. They are Triphosgene (> 99.9%, Sigma-Aldrich), L-glutamic 
acid-γ- benzyl ester (> 98%, Sigma-Aldrich), L-aspartic acid-β- 
benzyl ester (> 98%, Sigma-Aldrich), α-methoxy-ω-amino-PEG 
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(> 98.5%, Iris Biotech GmbH, Germany, 5000 Da), tetrahydrofu-
ran (THF) (> 99%, FINAR), ethyl acetate (> 99%, FINAR), sodium 
bicarbonate (NaHCO3) (> 98.5%, SRL), petroleum ether (> 98.9%, 
SRL), palladium activated carbon charcoal (10%) (> 99.9%, Sigma-
Aldrich), methanol (> 99%, FINAR), ethanol (> 99%, FINAR), 
phosphotungstic acid (> 93.8%, Sigma-Aldrich), acetone (> 96%, 
Sigma-Aldrich), ethanol (> 97.9%, Merck), Na metal (> 99.9%, 
Sigma-Aldrich, dipped in mineral oil), CDCl3 (> 99.9%, FINAR), 
benzophenone (> 99.9%, Sigma-Aldrich), potassium bromide 
(> 99.9%, Sigma-Aldrich), Rhodamine 6G (Sigma-Aldrich), DDI 
water filter (< 5 nm mesh size).

2.2   |   Synthesis of a Triblock Copolymer of [PEG-b-
PBLG-b-PBLA]

2.2.1   |   Synthesis of NCA BLG and NCA BLA

In brief, a solution of triphosgene (2.5 g, 0.0043 mol) and dry 
THF (50 mL) was added separately to a milky white solution 
of L-glutamic acid γ-benzyl ester (4 g, 0.0085 mol) and dry THF 
(50 mL) in round bottom 1 (RB1) and L-aspartic acid-β-benzyl 
ester (4.2 g) and dry THF (50 mL) in RB2. The reactions were 
carried out in an inert atmosphere as the reducing agent and sol-
vent medium are very sensitive to moisture. The mixtures were 
continuously stirred for 4 h at 50°C and after the initial step was 
completed, the product formation was collected in the form of 
a clear solution. Purification of NCAs was done by evaporation 
followed by crystallization and recrystallization methods with 
the use of solvent mixture of 1:1 hexane:THF. The yield of NCA 
BLG was 3 g (75%) and for NCA BLA is 3.2 g (80%). (Scheme 1, 
Step 1 (i) and (ii)).

2.2.2   |   Synthesis of Dehydrogenated Diblock Copolymer 
[PEG-b-BLG]

The synthesis method for [PEG-b-PBLG] diblock polymer was 
followed in detail as reported in our earlier work [20]. In short, 
PEG was added to a solution of NCA BLG and performed the 
reaction till it produced a shiny pale-yellow solid in an inert at-
mosphere. (Scheme 1, Step 2).

2.2.3   |   Synthesis of a Triblock Copolymer of [PEG-b-
PBLG-b-PBLA]

This method involves the conversion of acid to anhydride with 
the help of a reducing agent triphosgene which is highly hygro-
scopic. PEG was added to a solution of an NCA BLG and al-
lowed reaction till it produced a shiny pale yellow solid. Then 
we added the dissolved solution of NCA BLA with dry THF to 
the [PEG-b-BLG] solution. The reaction mixture turned into a 
transparent solution after the addition of NCA BLA. The reac-
tion mixture was again allowed to be stirred properly for 72 h 
at 600 RPM and 40°C with an inert atmosphere until the com-
pletion of the reaction (Scheme 1, Step 3). Here the formation 
of benzylated triblock copolymer [PEG-b-BLG-b-BLA] was 
syntheiszed. After the completion of the reaction, the mixture 
was evaporated and purified through the recrystallization 
method (hexane and THF, 1:1). Then hydrogenation was per-
formed using Pd-C, H2/THF to obtain the final block copoly-
mer (Scheme 1, Step 4). The synthesized product was collected 
and allowed for freeze-drying. The detailed synthesis scheme is 
shown in Scheme 1 and filed for Indian patent Ref. Application 
No.: 202011029248, (9th, July 2020).

SCHEME 1    |    Show the mechanistic pathway involved in the synthesis approach of [PEG-b-PBLG-b-PBLA] copolymers through ring-opening 
polymerization. [Color figure can be viewed at wileyonlinelibrary.com]
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2.2.4   |   In Vitro Cell Maintenance for Cytotoxicity 
Assay Test

The methyl thiazolyl tetrazolium (MTT) assay was used for 
the biocompatibility test of the above polymeric micelles using 
MDA-MB-231 cell lines (obtained from the National Centre 
for Cell Science (NCCS), Pune, India). Cells were cultured in 
Dulbecco's Modified Eagle medium (DMEM) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS), 100 units/
mL penicillin, 100 μg/mL streptomycin and cultured at 37°C, 
5% CO2 humidified incubator. Details of the methods have been 
followed as per our previous reports [23, 25].

2.2.5   |   Antibacterial Activities Studies Against 
Different Bacterial Models

In vitro, antibacterial susceptibilities of polymeric micelles were 
investigated by the broth dilution method using two microor-
ganisms, for example, gram-negative ATCC bacterial strains of 
E. coli (ATCC-25922) and gram-positive S. aureus (ATCC-25923). 
The bacterial strains were taken and incubated at 4°C. Briefly, 
5 μL of the bacterial culture in each segment of 96-well plate fol-
lowed by 150 μL of broth containing 50 μL different concentra-
tions (1.25 mg mL−1 with serial dilution up to 0.0048 mg mL−1) of 
samples [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA], and incu-
bated for 24 h at a physiological temperature (37°C) for both the 
bacterial strains. The last segment was the tenth segment con-
sisting of bacterial stains but without any sample medium. We 
have studied the antibacterial activities of polymeric micelles 
with different types of bacteria and have found the effectiveness 
of our materials for further biomedical applications. All the sam-
ples were characterized by suitable methods.

2.3   |   Characterization Techniques

The solid-state crystal structure of synthesized polymers was 
studied through XRD in the range of 2θ = 10-60o by a Bruker 
AXS Model D8 Advanced X-Ray Diffractometer. The thermal 
stabilities were studied through TGA (Thermo ONIXSGaslab 
300). Morphology, size, and elemental composition of the poly-
mer were performed by FESEM (Model: ZEISS Ultra) and the 
SAED patterns by using TEM (Model FEI Technai G2 200 S–
Twin). Surface chemical structure and functional groups were 
investigated with an FT-IR (Nicolet model impact-410) by mak-
ing KBr pellets. Chemical structures were confirmed through 
a 1HNMR model no Bruker DPX 1HNMR (400 MHz) (Ultra 
Shield). DLS and ZETA analysis was performed through the 
Malvern 922,008 instrument to give size distribution intensity 
along with potential raised on the interface of the particles. The 
physical structure and protein folding of the synthesized poly-
mers were studied through a CD (JASCO Corp., J-810). UV–Vis 
absorption of the samples was studied through a UV–Vis–NIR 
spectrometer (LAMDA 750 spectrometer, PerkinElmer). The 
molecular weight (Mw) of the synthesized polymers was con-
firmed through MALDI-TOF (model MALDI TOF/TOF-
Autoflex III smart beam, Bruker Daltonics). Laser imaging of 
micelles was performed using the confocal microscope Zeiss 
LSM 700. MTT assay and antibacterial study were performed 
by using a Multimode reader (iMark Microplate Absorbance 

Reader, Bio-Red) and using Infinite 200 PRO NanoQuant, and 
TECAN spectrometer, respectively.

3   |   Results and Discussion

3.1   |   Physical and Chemical Characterization

The identification of chemical functional groups of the designed 
polymer was studied through FTIR spectroscopy. Figure  1 
shows important bands at 1651 cm−1 (for amide I, -CONH2), 
1545 cm−1 (for amide II, -CONH-), and 1738 cm−1 (for benzyl 
ester, C=O) for [PEG-b-BLG-b-BLA]. This spectra also shows 
the characteristic bands at 3484 cm−1 (O-H str of terminal acid), 
3331 cm−1 (N-H str), 2873 cm−1 (C-H str of –CH2 units), 1718 cm−1 
(-COOH group), 1654 (amide, C=O), 1560 cm−1 (2° amide), 
1466 cm−1 (C-H bending) in methylene group and 841 cm−1 (-
CH2 rocking) for [PEG-b-PBLG-b-PBLA] polymer. The band ap-
peared at 1718 cm−1 is attributed to -COOH of amino acid-based 
aspartic acid and glutamic acid in the [PEG-b-PBLG-b-PBLA] 
copolymer [22]. This is a strong evidence for the formation of 
benzylated free [PEG-b-PBLG-b-PBLA] triblock copolymer with 
the disappearance of benzylated ester band in [PEG-b-BLG-b-
BLA] polymer at 1738 cm−1 after catalytic hydrogenation [26]. 
The presence of an absorption band at 1651 cm−1 is due to the 
α-helical structure which further has been confirmed through 
a CD spectroscopy study [20]. For the newly synthesized tri-
block copolymer [PEG-b-PBLG-b-PBLA], after catalytic hydro-
genation it exhibits a more intense band in FTIR spectra than 
[PEG-b-BLG-b-BLA] polymer, introducing an additional num-
ber of functional groups. Further, the FTIR spectra confirmed 
the presence of pure triblock copolymer with targeted functional 
groups like amide, carboxylic, hydroxyl, and C-N groups for tar-
geted delivery.

The 1HNMR study provides a strong interpretation of the po-
sitioning of hydrogens in the polymer. Different types of pro-
tons situated in the designed polymer are studied by 1H NMR 
(500 MHz, CDCl3). Figure 2a represents the 1HNMR analysis for 

FIGURE 1    |    FTIR spectra of [PEG-b-BLG-b-BLA] and [PEG-b-PBLG-
b-PBLA] copolymers. [Color figure can be viewed at wileyonlinelibrary.
com]
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[PEG-b-BLG5] copolymer before catalytic hydrogenation, con-
firming the presence of n = 5 number of glutamic CH2– units in 
the linear backbone of (MeO-PEG-NH2). The presence of 5 -CH2 
units was also verified and confirmed through the MALDI-TOF 
[17, 25, 26]. The 1HNMR δ values for [PEG-b-BLG5] copoly-
mer are as follows: δ = 7.32 (5H, an aromatic proton of (BLG)5), 
δ = 7.26 (CDCl3), δ = 5.08 (Ar-CH2-), δ = 3.66 (452H, CH2 group 
of MEO-PEG-NH2), δ = 3.4, (-OCH3), δ = 3.1, (CH2 alpha to C-N 
bond), δ = 2.26 (11H, CH2 group (BLG)5), and δ = 1.9 (3H, -CH3). 
The addition of the third block, that is, NCA BLA to [PEG-b-
BLG], causes the increment of m = 18 number of –CH2 units, 
making a total number of 46 –CH2 units showing a significant 
band at δ = 2.3 (see in Figure 2b). This also provides informa-
tion about the additional 10 -CH2 units in the amide backbone 
of diblock and the other proton active bands present at δ = 7.33 
(12H, an aromatic proton of glutamic acid and aspartic acid with 
CDCl3), δ = 5.603 (3H, a benzylic proton), δ = 3.7 (452H, -CH2 
group of MEO-PEG-NH2), and δ = 2.261 (46H, -CH2 group of 
glutamic acid, and aspartic acid). The synthesized benzylated 
triblock copolymer [PEG-b-BLG5-b-BLA18] is showing a shift of 
-CH2 from δ = 2.279 to 2.209 due to the shielding effect caused 
by the greater number of proton signals toward TMS. Figure S1 
represents the near-view cross-sectional NMR data of nonben-
zylated [PEG-b-PBLG] and [PEG-PBLG-PBLA] after catalytic 
hydrogenation. This graph seems to possess similar NMR bands 
to [PEG-b-BLG], however, this indicates the absence of benzyl 

protons in it. This study also suggests the loss of the -CH2-CH2- 
group of MeO-PEG-NH2 block in [PEG-b-BLG] diblock copoly-
mer, whereas no such loss is noticed in case of [PEG-PBLG-PBLA] 
triblock copolymer. This retention of -CH2-CH2- groups of PEG 
block in the triblock copolymer can be attributed to the intra-
molecular hydrogen bonding between -COOH groups of BLG 
and BLA blocks. This phenomenon causes the unavailability of 
acidic proton for the degradation of the -CH2-CH2 part of PEG 
in [PEG-PBLG-PBLA] copolymer. Thus, the 1HNMR study con-
firms that the amino acid-based NCA BLA groups are attached 
to the backbone of [PEG-b-BLG] polymer successfully. This re-
sult is promising in controlling the folding behavior of the syn-
thesized copolymers that have been explained in the subsequent 
section through the CD study.

MALDI-TOF gives information about the Mw of the prepared 
polymer. Figure 3 illustrates the Mw of [PEG-b-BLG5-b-BLA18] 
copolymer. Figures  S2a and S2b represent the Mw results ob-
tained from MALDI-TOF for NCA BLG and [PEG-b-BLG] di-
block copolymer before catalytic hydrogenation. In this work, 
the macro initiator used is α-methoxy-ω-amino-PEG with Mw of 
5000 Da. The Mw of [PEG-b-BLG-b-BLA] triblock polymer after 
polymerization is found to be 10,331 Da. The theoretical mass of 
the second repeat unit NCA-BLG (γ-benzyl L-glutamate) is 263 g/
mol. From Figure S2a, the Mw of the second block is found to be 
1503 g/mol. After the polymerization of [PEG-b-BLG] diblock 

FIGURE 2    |    (a) and (b) 1H NMR results obtained for [PEG-b-BLG] and [PEG-b-BLG-b-BLA] copolymers, respectively using CDCl3 as solvent. 
Where, p = no. of CH2 units of PEG, n = no. of CH2 units of glutamate and m = no. of CH2 units of aspartate (NMR 500 MHz, CDCl3). [Color figure 
can be viewed at wileyonlinelibrary.com]
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copolymer, Mw is found to be 5812 g/mol. This study suggests 
that 5 units of glutamate have been attached as di-block to α-
methoxy-ω-amino-PEG. This study also gives an idea that, after 
diblock polymerization, the Mw of α-methoxy-ω-amino-PEG be-
came 4301 g/mol. The degradation of -CH2-CH2- in PEG occurs 
due to the absence of intra-molecular H-bonding that analyzed 
from 1HNMR spectra. Figure 3 further shows the stepwise ad-
dition of monomers and the increment of the Mw concerning the 
band intensity of the starting material. In the previous reports, 
it was explained that with the addition of new blocks, the Mw 
of the new polymer can be increased through various methods 
such as ROP, addition, condensation, and step growth polymer-
ization techniques [27]. In short, the Mw of [PEG-PBLG-PBLA] 
copolymer is found to be 10,331 g/mol and the nearest step peak 
is 6508 g/mol. From, these two peaks, we have calculated the 
number of aspartic acid groups attached to it. Given that the Mw 
of NCA Asp is 223 g/mol, the study provides that new 18 units 
of aspartate are attached as a third block of polymer to the final 
polymer. The band at 10331 g/mol is observed which confirms 
the successful synthesis of [PEG-b-PBLG5-b-PBLA18] nanomi-
celles with an additional attachment of 18 -CH2- units (see NMR 
data for the correlation, Figure 2). This study is promising for 
the Mw elucidation of prepared [PEG-PBLG-PBLA] copolymer.

The dynamic light scattering (DLS) technique is an intensity-
based cumulative analysis performed to know the hydrodynamic 
radius of the polymer in an aqueous medium that includes the 
core plus any molecule attached or adsorbed on the surface. This 
study also provides strong evidence about the micelle formation 
of the prepared polymer. Unlike HRTEM is a number-based ex-
periment, DLS being an intensity-weighted or volume-based ex-
periment, provides a strong proof for the formation of micelles 
of [PEG-b-PBLG-b-PBLA]. As our main objective is to use this 
polymer for biomedical applications, therefore DLS is more ap-
propriate. Figure S3 represents the hydrodynamic radius ranges 
from 70 to 400 nm (Figure S3a) and 20–250 nm (Figure S3b), re-
spectively for [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA]. The 
newly formed [PEG-b-PBLG-b-PBLA] polymer particles lead to 
the self-assembly activity in the solvent medium at all ranges of 
pH from 4 to 10 and room temperature (RT). From this study, 
it is evident that the [PEG-b-PBLG-b-PBLA] polymer solution 

in an aqueous medium is showing a bigger size as compared to 
TEM in its dried state due to hydrodynamic radii and coagula-
tion of micelles [5]. This study also represents that there is more 
aggregation in [PEG-b-PBLG] compared to [PEG-b-PBLG-b-
PBLA] as we can clearly distinguish that diblock polymer is big-
ger than triblock copolymer. The reduction of micellar size and 
enhanced self-assembly activity in [PEG-b-PBLG-b-PBLA] poly-
mer is mainly occurred due to the intermolecular H-bonding 
caused by the -COOH of aspartic acid and glutamic acid in the 
polymer. This helps the polymer to be in the micellar size range, 
that is, < 100 nm. This helps us to understand the formation of 
polymer in the aqueous medium coining as nanomicelles. The 
shrinkage of size in [PEG-PBLG-PBLA] copolymer also proves 
its self-assembly nature better than the [PEG-PBLG] copolymer. 
The self-assembly improvement in a polymer micelle could be an 
efficient parameter for pharmaceutical usage of the material [17].

The HRTEM micrographs provide very interesting morphologi-
cal information about the designed polymer. Figure 4a–c provides 
information about the spherical dot-like morphology for [PEG-
b-PBLG] copolymer with different magnifications. The dots are 
seen to be evenly assembled and distributed by the amphiphilic 
groups in the solvent medium [28, 29]. Figure  4d–f shows the 
morphological evidence of [PEG-b-PBLG-b-PBLA] nanomicelles. 
The micrograph study suggests that all these triblock nanomi-
celles are less spherical with a very narrow size distribution. The 
shapes of [PEG-b-PBLG-b-PBLA] nanomicelles are more dis-
torted than [PEG-b-PBLG] copolymer and are mainly attributed 
to more number of blocks present in the micelles. This mainly 
causes the improvement of hydrophobic-hydrophilic interaction 
and self-assembled attitude in the [PEG-b-PBLG-b-PBLA] nano-
micelles. The average sizes of [PEG-b-PBLG] and [PEG-b-PBLG-
b-PBLA] copolymers are found to be 22 nm and 13 nm in diameter, 
respectively (see Figure 4g,h). The reduction of micellar size and 
enhanced self-assembly properties in [PEG-b-PBLG-b-PBLA] co-
polymer is observed mainly due to the intermolecular H-bonding 
caused by the -COOH of aspartic acid and glutamic acid in the 
polymer chains. Another reason for lesser-sized radii of triblock 
copolymer micelles is due to hydrophobic part   O   ether groups 
being removed with hydrogenolysis. The variation of morphol-
ogy for [PEG-b-PBLG-b-PBLA] copolymer is observed due to the 
change in the sample preparation method and parameters using 
deionized H2O under ultra-sonication for a few minutes. There 
may be chances of electrostatic forces of attractions caused by the 
solvent on the surface of the polymer attracting positive and neg-
ative charged ions like -COO− and -NH3

+ groups leading to the 
formation of a fibril structure [21, 30, 31]. The prepared small-
sized nanomicelles could be a very good agent for controlled drug 
delivery depending upon their interesting morphology.

Earlier it has been reported that block-co-polymers are mostly 
semicrystalline in nature [25]. The primary focus of the study 
is to determine the crystalline behavior of the synthesized tri-
block polymer. From XRD (Figure  5a), it shows that [PEG-b-
PBLG] and [PEG-b-PBLG-b-PBLA] copolymers synthesized in 
this work are semicrystalline. From XRD, the diffraction peaks 
appear at 2θ = 19.3°, 23.4°, 26.7°, 27.9°, 31.6°, 36.7°, 39.9°, 43.2°, 
45.4°, 48.7°, and 53.5°, respectively for the presence of smaller 
domain of the crystalline region of the tri-block copolymer ma-
trix. However, the pattern has been shifted towards a low angle 
due to the formation of a new crystal plane with the chances 

FIGURE 3    |    MALDI-TOF spectrum for [PEG-b-BLG-b-BLA] triblock 
copolymer. [Color figure can be viewed at wileyonlinelibrary.com]
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of a newly formed d-spacing values [11]. The d-spacing values 
are observed to be 0.10, 0.13, 0.16, 0.18, 0.24, 0.26, 0.28, 0.30, 
0.32, and 0.36 nm with the crystallite size ranges from 4.95 to 
16.12 nm. The intensity of the XRD peaks for di-block copoly-
mer [PEG-b-PBLG] is more compared to the triblock copolymer 
[PEG-b-PBLG-b-PBLA]. The reason for the less crystalline do-
main of synthesized triblock copolymer is due to a large number 
bulky side groups present in the backbone that hindering the 
triblock chain movement and folding. Other important factors 
such as H-bonding interaction and the orderly arrangement also 
can cause decrement in the crystallinity of triblock copolymer. 
Another evidence of crystallinity decrement can be due to the 
presence of intramolecular H-bonding in [PEG-PBLG-PBLA] 
copolymer. 1HNMR study suggests that the loss of -CH2-CH2- 
groups of MeO-PEG-NH2 block of [PEG-b-PBLG] diblock 

copolymer, whereas no such loss was observed in case of [PEG-
PBLG-PBLA] triblock copolymer. This retention of -CH2-CH2- 
groups of PEG block in the [PEG-PBLG-PBLA] copolymer can 
be attributed to the intra-molecular hydrogen bondings be-
tween -COOH group of BLG and BLA block. This phenomenon 
causes the unavailability of acidic proton for the degradation of 
PEG-based CH2-CH2 group in [PEG-PBLG-PBLA] copolymer. 
Therefore, the addition of the NCA-BLA block to the di-block 
copolymer results in a decrease in the crystallinity by minimiz-
ing the loss of -CH2−CH2- groups in [PEG-PBLG-PBLA] copoly-
mer. Less crystalline triblock copolymer [PEG-b-PBLG-b-PBLA] 
is more useful in biomedical applications as it can be degraded 
easily compared to di-block copolymers [32]. For more detail in-
formation about the crystalline nature and d-spacing values of 
polymers are shown in Table S1.

FIGURE 4    |    (a–c) HRTEM micrographs of [PEG-b-PBLG] copolymer from lower to higher magnification. (d–f) Distorted spherical shape of 
[PEG-b-PBLG-b-PBLA] copolymer. (g) and (h) Histogram for the particle size distribution of [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] copolymers, 
respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Thermal stabilities of the different block copolymers were 
studied through TGA (Figure  5b) and found that the [PEG-b-
PBLG-b-PBLA] triblock copolymer is more stable compared to 
the di-block copolymer [PEG-b-PBLG]. Being a less crystalline 
matter compared to diblock copolymer, [PEG-b-PBLG-b-PBLA] 
shows less stable before 400°C due to the higher disorders in the 
arrangement leading to the relaxation of chain movement in the 
polymer. Slow degradation of [PEG-b-PBLG-b-PBLA] polymer 
occurs only at a higher temperature (after 400°C) compared to 
the di-block copolymers. For [PEG-b-PBLG-b-PBLA] copolymer, 
a continuous weight loss is observed before 200°C. However, for 
[PEG-b-PBLG-b-PBLA] polymer, the weight loss before 400°C is 
occurred mostly due to the degradation of weight of volatile low 
molecular weight polymer chains and may be due to the degrada-
tion of a few side groups present along with more organic groups 
attached to the backbone of polymer. However, after 400°C the 
[PEG-b-PBLG-b-PBLA] shows comparatively less weight loss till 
800°C due to the covalent bonding associated with the polymer 
chains. There are a very few biocompatible polymers reported 
with the degradation of polymers after 400°C. Thus, the synthe-
sized tri-block copolymer [PEG-b-PBLG-b-PBLA] is thermally 
more stable compared to the di-block copolymer [PEG-b-PBLG] 
after 400°C–800°C [33]. However, thermal stability is very much 
crucial for [PEG-b-PBLG-b-PBLA] copolymer for its use in vari-
ous biomedical applications [3, 4].

The presence of labile electrons and the functional groups pres-
ent in the polymer structure were characterized through UV–
Vis spectroscopy. The broad absorption band that appeared in 
UV–Vis spectra indicates the presence of chromophoric groups 
such as -(C=O)-NH2 and (-C=O) (at 220 nm and 206 nm, respec-
tively) (See Figure 6). These bands appeared due to the free elec-
tron transfer from nonbonding orbitals to π antibonding orbital 
causing n → π* and π → π* transitions for carbonyl and amide 
bonding. We have scanned the UV–Vis absorption of [PEG-b-
PBLG-b-PBLA] nanomicelles at RT by varying pH from 4 to 10. 
From Figure 6, it is obvious that with decrease in pH, the inten-
sity of absorption bands decreases as the number of active acid 
chromophores in the solution medium increases and leads to the 
broadening of the absorption bands. However, the number of ac-
tive amine chromophores increases at pH 10 resulting in a sharp 
and intense absorption band. A very small absorption band at 
489 nm appeared indicating the presence of protein (-NH2) 
and   OH group [34]. Figure S4 also shows absorption due to the 
occurrence of a similar mechanism of the copolymer of [PEG-
b-PBLG] with a wavelength of maximum at 195 nm caused by 
–COOH groups associated with them.

A laser scanning confocal experiment is performed to give 
concrete evidence about the formation of amino-acid-based 
triblock copolymeric micelles. The polymers were loaded with 

FIGURE 5    |    (a) and (b) Represent XRD patterns and TGA thermograms of [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] copolymers, respectively. 
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6    |    (a) and (b) represent the UV–Vis spectra for [PEG-b-PBLG-b-PBLA] nanomicelles at the range of 190–300 nm and 450–550 nm, 
respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Rhodamine 6G molecules along with several times washing. 
Figure 7a,b show the confocal microscopic images of the [PEG-
b-PBLG]. Figure 7c,d show the confocal microscopic images for 
the [PEG-b-PBLG-b-PBLA]. For both the polymers, it is evident 
that the micelles are spherical in nature and are capable of load-
ing small biomolecules. Rhodamine 6G molecules are loaded in-
side the micelles and on excitation with laser light, they emit red 
fluorescent light. Both the confocal microscopy and HRTEM 
micrographs revealed that [PEG-b-PBLG] and [PEG-b-PBLG-b-
PBLA] micelles are spherical in nature. Hydrophilicity behavior 
and the amphiphilic nature of the polymers led to the formation 
of micelles with the reluctance of solvation property of hydro-
phobic groups, which caused the particle size to decrease sharply 
[25, 35–38]. The self-association property along with intermolec-
ular hydrogen bonding between cationic and anionic groups of 
[PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] in a suitable solvent 
medium lead to the formation of micelles [39, 40].

The solubility of the [PEG-b-PBLG-b-PBLA] is checked in a var-
ious solvent medium, for example, in THF, acetone, ethanol, 
1, 2-dioxane, DMSO, cyclohexane, chloroform, DMF, toluene, 
water, and ether. In this work, we have chosen DDI water as our 
solvent due to the suitability of water for biological applicabil-
ity. For the sample for zeta potential (ζ) measurement, we have 
prepared dispersion at 0.5 mg/mL conc. at 25°C. Figure 8a,b rep-
resented the stability of colloidal dispersion of [PEG-b-PBLG-b-
PBLA] and [PEG-b-PBLG] copolymers, respectively at different 

pH ranges. Results show that [PEG-b-PBLG-b-PBLA] nanomi-
celles have more ζ values than [PEG-b-PBLG] due to the pres-
ence of more functional groups [41, 42]. It is evident that with 
change in pH from 4 to 10, both the polymers are coagulated 
and responsive toward the colloidal particle formation. The ζ of 
[PEG-b-PBLG-b-PBLA] micelles are seen to have a maximum 
value of −44.6 mV at pH 10, whereas for [PEG-b-PBLG] micelles 
possess to be ζ = −34 mV at pH 8. The minimum ζ value found for 
[PEG-b-PBLG-b-PBLA] micelles is approximately 1 mV at pH 4. 
Furthermore, [PEG-b-PBLG-b-PBLA] micelles exhibit two dis-
tinct peaks as shown in Figure  8a. These peaks are appeared 
mainly due to the presence of two different pKa values (pKa1 
(acidic COOH)) and pKa2 (basic NH2) caused by available disso-
ciated ions in the medium and due to the distribution of particles 
size. The inter-ionic, as well as H-bonding interactions on the 
micelle's surface of [PEG-b-PBLG-b-PBLA], lead to the increase 
in the ζ value. This value seems to be higher in the basic me-
dium (up to ζ = −45 mV) compared to the values obtained in the 
acidic medium (maximum obtained ζ = −9 mV). In addition to 
the solvent effects, OH− groups also influence the surface ac-
tivation (properties) providing H-interactions among the poly-
meric micellar solution. The reversal of the positive charge on 
the carboxylic group tends to the electronic delocalization and 
leads to the formation of a neutral (charge) environment. The 
surface charge of [PEG-b-PBLG-b-PBLA] has consisted of sev-
eral –COOH groups. Upon the addition of NH4OH solution to 
the medium, it was immediately converted into -COO− which 

FIGURE 7    |    Laser Confocal microscopy images of [PEG-b-PBLG] (a, b) and for [PEG-b-PBLG-b-PBLA] nanomicelles for laser and bright-field 
images (c, d), respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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repels the adjacent -COO− groups of [PEG-b-PBLG-b-PBLA] 
copolymer micelles resulting in higher ζ values. However, the 
addition of acid (H+) to the polymer solution, hinders the forma-
tion of cations at the surface of the micelles of block copolymers. 
The reason for the increase in ζ value is due to the reversibility 
nature of –COOH groups and the act of -COO- as counter ions 
in salvation [37, 43, 44]. The highest ζ value for [PEG-b-PBLG] 
micelles is obtained to be −30 mV at pH 8 which showed the 
highest stability. Whereas, the ζ value of the [PEG-b-PBLG-b-
PBLA] solution is stable at all the pH values (6–10) at 25°C (see 
Table S2). The detailed ζ values for [PEG-b-PBLG] and [PEG-b-
PBLG-b-PBLA] solutions are shown in Table S2.

3.2   |   CD Analysis for Amino-Acid-Based Polymeric 
Proteins With Varying pH and Temperature

The nature of the secondary structure of the synthesized block 
copolymers was studied through the CD analysis (Figure 9). It 
is observed that the secondary structure of the block copolymer 
(concentration 0.5 mg/mL) changes with the change in pH and 
temperature. It can be noted that the self-assembly behavior of 
the block copolymers is influenced by pH, temperature, and con-
centration of the medium. The synthesized block copolymers 
are consist of the mixture of both helical and random coil con-
figurations [45–48].

From Figure  9, it is calculated that the triblock copolymer of 
[PEG-b-PBLG-b-PBLA] consists of 6.0% α-helix, 49.0% antipar-
allel β-sheets, 3.7% parallel β-sheets, 16.6% β-Turns, and 29.2% 
random coils at 35°C and pH 8. Table  S3 provides the detailed 
percentage of protein folding structure in [PEG-b-PBLG-b-PBLA] 
block copolymer at 35°C with pH 4–10. The antiparallel β-sheets 
are calculated to be up to 50% for tri-block copolymers synthe-
sized in this work and they are exhibiting protein-like structure 
in pH 4 to 10. From the graph, it is evident that, the structural 
conformation of the [PEG-b-PBLG-b-PBLA] copolymer also has 
been changed with pH and temperature. The higher percentage 
of the anti-parallel β-sheet structure is observed due to the pres-
ence of more peptide bonds (-C=O-NH-) associated with each 
other through H-bonding in the solvent medium. The variation 
seems to be distinctly increased from 20°C to 50°C. Although 

the difference in the percentage of α-helix, β-sheets, and random 
coils are obtained at numerous temperatures and pH, however, 
there is no significant change in values observed compared to the 
values obtained at 35°C and pH 8. The synthesized block copoly-
mers exhibit bands with low intensity at 220 and 190 nm at 35°C. 
The band at 220 nm is attributable to the n → π* transition of the 
peptide bonds in the block copolymer chains. Major CD bands ap-
peared at 208 nm (less intense) and 193 nm (maximum intensity) 
contributed by the parallel and perpendicular excitations of the 
π → π* transition of the [PEG-b-PBLG-b-PBLA] triblock copoly-
mer due to the higher percentage of antiparallel β-sheets in the 
solution. However, the CD band intensities are not acting in the 
same way among the three sets of reference proteins including 
ours (CDNN), since the nature of the spectrum of CD compo-
nents depends on the reference proteins used for the deconvolu-
tion [49–51]. Figure S5 illustrates CD results for [PEG-b-PBLG] 
diblock copolymer obtained at 20°C–50°C with varying pH, ex-
hibiting less ellipticity than [PEG-b-PBLG-b-PBLA]. The nature 
of folding of the chains for [PEG-b-PBLG] copolymers is less due 
to the less electrostatic interactions acting between the peptide 
bond which ceases its ellipticity compared to the [PEG-b-PBLG-b-
PBLA] triblock polymer. From, the CD study, it is evident that the 
prepared [PEG-b-PBLG-b-PBLA] triblock polymer can be useful 
as synthetic polypeptides for biomedical applications [50].

3.3   |   In Vitro Cytotoxicity Assay of the Block 
Copolymers

Biocompatibility of the block copolymer micelles is important for 
its use in therapeutic purposes. Therefore, the cell viability assay 
was performed following the previous methods [52] Figure 10. 
Previous work reported the cell viability of similar diblock co-
polymeric materials against non-carcinoma cell lines with a vi-
ability of ~100% [25]. Another report by Jin et al. discussed the 
viability of the synthesized diblock copolymer micelles [PEG-
b-PBLG] against HeLa cells, showing decreased in viability 
with increased in the concentrations up to 50 μg/mL, proving 
the polymeric micelles as less cytotoxic performance and good 
biocompatibility [21]. In this work, c the cancer cell inhibition 
efficiency of the synthesized block copolymers have been stud-
ied through the MTT assay by varying the concentrations. In 

FIGURE 8    |    (a) and (b) Profiles for zeta potential for [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] nanomicelles, respectively at different pH (pH 4 
to10) and 25°C. [Color figure can be viewed at wileyonlinelibrary.com]
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brief, [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] samples were 
dispersed in DMEM medium with mild sonication and treated 
with MDA-MB-231 cell lines (human carcinoma cells), taking 
5 × 103 cells/well for 24 h incubation in 96-well plates with dif-
ferent concentrations of polymers.

The viability of cells was assessed by adding 10 μL of MTT 
solution (stock solution 5 mg mL−1) per well and incubating at 
37°C for 3 h. The medium was discarded, and the formazan 

blue, which formed in the cells, was dissolved in 100 μL of 
DMSO. The intensity of color formation was measured at 
570 nm (background 665 nm). The percentage of cell viability 
was calculated and compared with the control values (with-
out the test compound). Cell viability assay was performed for 
both the sets of polymers in DMEM medium treated against 
MDA-MB-231 cells for 24 h resulting in pure cell viable up to 
200 μg/mL of concentration for [PEG-b-PBLG-b-PBLA] block 
copolymers, however caused a significant decrease in viability 

FIGURE 9    |    Illustrates the CD results for [PEG-b-PBLG-b-PBLA] nanomicelles at 20°C–50°C with different pH: (a) pH 4, (b) pH 5, (c) pH 6, (d) 
pH 7, (e) pH 8, (f) pH 9, and (g) pH 10, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10    |    Cell viability results for [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] nanomicelles, respectively tested against MDA-MB-231 
cell lines. [Color figure can be viewed at wileyonlinelibrary.com]
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with increase in the concentrations. It is observed that the 
percentage of cell viability gradually decreases from 95% to 
lower values with an increase in the concentrations and sig-
nificantly changes after 200 μg/mL. Whereas, even at a min-
imum concentration of [PEG-b-PBLG], it exhibits toxicity. As 
an example, at a concentration of 100 μg/mL the cell viability 
is obtained to be 50%. In short, cancer cell growth inhibition 
is observed to be 25.22%–63.85% after treatment in [PEG-b-
PBLG-b-PBLA], whereas 41.16%–45.06% in [PEG-b-PBLG] 
at the concentration of 100 and 1000 μg/mL, respectively. 
Figure S6a,b represent the IC50 values recorded in the graph 
for [PEG-b-PBLG-b-PBLA] and [PEG-b-PBLG] nanomicelles. 
The IC50 is an important specification to measure the cell 
death of synthesized polymer without any external drug or 
agent. The IC50 values for [PEG-b-PBLG] and [PEG-b-PBLG-
b-PBLA] polymers are calculated to be 560.340 ± 34.107 μg/
mL and 750.468 ± 47.312 μg/mL, respectively. Therefore, the 
[PEG-b-PBLG-b-PBLA] nanomicelles exhibit significant tox-
icity effects on the cancer cells without using any conven-
tional chemotherapy drug use for cancer therapy. Further to 
check the medical applications of these block co-polymers, 
they are used to find out the effect on the bacteria strains and 
discussed in the subsequent section.

3.4   |   In Vitro Antibacterial Activity

Previous works reported that the polymeric materials asso-
ciated with the quaternary ammonium salts can be used in 
antibacterial activities [53, 54]. The presence of quaternary 
ammonium salts, it has increased the antimicrobial activity 
of the prepared material which attracted us to perform the 
further study against bacterial strains. Figure 11a shows the 
effective killing efficiency of Gram (+) S. aureus at 0.156, 
0.3125, 0.625, and 1.25 mg/mL with the lowest minimum in-
hibitory concentration (MIC) and OD of 60%, 57%, 50%, and 
40%, respectively [55]. The low OD value for triblock copoly-
mers [PEG-b-PBLG-b-PBLA] against positive strain is very in-
teresting compared to the results obtained for [PEG-b-PBLG5] 
micelles. The [PEG-b-PBLG-b-PBLA] always exhibited better 
antibacterial effects than that of [PEG-b-PBLG] micelles. This 
result is obtained may be due to the presence of a more num-
bers of quaternary ammonium salts (amine-functionalized 

groups) in the medium which ceases the bacterial survival 
effectively.

Figure  11b also shows an excellent low OD for synthesized 
[PEG-b-PBLG-b-PBLA] polymeric micelles than [PEG-b-
PBLG] micelles against the Gram (−) E. coli, indicating the ef-
fective killing of bacterial cells at a concentration of 1.25 mg/
mL for both the strains. With the decrease of polymeric mi-
celle's concentrations up to the lowest value of 0.0048 mg/mL, 
the killing efficiency of [PEG-b-PBLG-b-PBLA] polymeric 
nanomicelles is higher in gram (−) strain of E. coli compared 
to the [PEG-b-PBLG] copolymer. Further, [PEG-b-PBLG-b-
PBLA] shows relatively a very good antibacterial effect against 
gram (−) E. coli at a very minimum dilution of 0.0048 mg mL−1 
than gram (+) S. aureus. Additionally, at 0.07813 mg mL−1 of 
[PEG-b-PBLG-b-PBLA] polymer micelles, the bacterial cells 
show a very low difference in percentage of survival than 
[PEG-b-PBLG] polymer, indicating better use for inhibition 
of the growth of microbial at the negative strain. The lower 
OD values are observed for both types of strains with [PEG-
b-PBLG-b-PBLA] micelles indicating the increased disinte-
gration of dead cells. The OD values for both the micelles are 
tabulated in Table S4. It followed the probable reactive oxygen 
species (ROS) mechanism to destroy the bacteria. As the poly-
meric micelles interact and enter through the cell wall of the 
bacterium and they lead to the formation of reactive free rad-
icals due to the presence of ions in the solution medium caus-
ing the oxidation with the rupture of DNAs, lipids, and folding 
of proteins by single electron mechanism process. The entire 
process is shown in Scheme 2 which follows the ROS mecha-
nism pathway to damage the bacterial DNAs. The synthesized 
polymeric micelles in nanometer range could be a very good 
option for drug delivery applications, and antiseptic properties 
and antitumor activities fulfill outstanding biomedical appli-
cations [56, 57]. Thus, it can be concluded that these two poly-
meric nano micelles are capable of antimicrobial activity and 
can be used for other biomedical applications.

4   |   Conclusions

To put all the aspects succinctly, biocompatible, and eco-
logically viable approach is adopted for the design of 

FIGURE 11    |    (a) and (b) in vitro antimicrobial activity results of [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] nanomicelles for Gram (+) S. aureus 
and Gram (−) E. coli, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

 10974628, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.56534 by Indian Institute O

f T
echnology, W

iley O
nline L

ibrary on [05/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://onlinelibrary.wiley.com


13 of 15

[PEG-b-PBLG-b-PBLA] polymeric micellies. It is revealed 
that the controlled surface morphology and electrostatic in-
teractions played a prime role in the formation of micelles. 
Improved colloidal stability of the prepared polymeric micel-
lies indicated by the high zeta potential owing to the chemical 
interaction between the functional groups present in the poly-
meric chains. The CD results for [PEG-b-PBLG-b-PBLA] poly-
mer with a high percentage of anti-parallel β-sheets revealed 
its effective use in therapeutic applications. Due to host-guest 
inclusion complex formation activity, this polymer can form 
complexes with various proteins, peptides, metals, and other 
biocompatible materials which further can be used as a drug 
delivery medium. The cell viability results for [PEG-b-PBLG-b-
PBLA] polymer against MDA-MB-231 human breast carcinoma 
are found to be effective for the treatment of cancer with IC50 
values of 750.468 ± 47.312 μg/mL. These results also provide a 
strong insight that at lower concentrations such as 200 μg/mL, 
the micelles can be used as anticancer agents. Further, the anti-
bacterial study for [PEG-b-PBLG-b-PBLA] copolymers revealed 
that, it further could be an effective component for killing gram 
(−) E. Coli and gram (+) S. aureus. Thus, it can be concluded that 
the designed polymeric micellies could be an effective compo-
nent for anti-cancer as well as anti-bacterial applications.
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