
Vol:.(1234567890)

Journal of Polymers and the Environment (2024) 32:2192–2206
https://doi.org/10.1007/s10924-023-03127-y

1 3

ORIGINAL PAPER

Carboxymethyl Tamarind Xyloglucan‑Low Methoxyl Pectinate 
Stimuli‑Responsive IPN Beads Encapsulating an Anti‑cancer Drug

Yasir Faraz Abbasi1 · Hriday Bera2,1 · Abhimanyu Thakur3,4

Accepted: 1 November 2023 / Published online: 18 November 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
To efficiently deliver erlotinib HCl (ERL) to triple-negative breast cancer cells, dual crosslinked interpenetrating polymer 
network beads composed of carboxymethyl tamarind xyloglucan-grafted poly-N-isopropylacrylamide/montmorillonite nano-
composites and low-methoxyl pectin (LMP) were formulated. Incrementing the reinforcing clay in the matrices increased 
the size of the beads (1.29 ± 0.10 – 1.55 ± 0.28 mm) and improved their drug entrapment efficiency (DEE, 60.62 ± 1.02 – 
86.73 ± 0.25%). The results of SEM analyses displayed spherical morphology of the fabricated beads. The compatibility of 
their constituents with ERL was ensured by infrared, thermal, and X-ray diffraction studies. Moreover, these beads exhibited 
temperature-sensitive swelling behavior and their molar masses between crosslinks ( Mc), estimated adopting Flory–Rehner 
equation, were declined with temperature. Various matrices also showed sustained drug release patterns, which were best fit-
ted with the Korsmeyer–Peppas kinetic model and the drug release was driven by Fickian diffusion- mechanism. Furthermore, 
the beads with the highest MMT content (F-3, 20% MMT) demonstrated pH-sensitive swelling and drug release patterns. 
These also conferred a faster biodegradability relative to the control scaffolds (F-1, 0% MMT) and enhanced sensitivity on 
MDA-MB-231 cells as compared to pure ERL. Therefore, CTX/LMP-based IPN beads could be exploited as promising 
drug-carriers for TNCB therapy.
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Introduction

Despite vast exploration of disease etiology and advance-
ments in oncology treatment, cancer remains the major cause 
of global mortality [1]. This could be partly ascribed to the 
poor bioavailability, insufficient therapeutic outcomes, and 

non-specific targeting of various chemotherapeutic agents 
exploited for cancer treatment [2]. Over several years, poly-
mers have widely been utilized for constructing effective 
delivery systems of anti-cancer agents with improved thera-
peutic outcomes [3]. Recently, various polysaccharides have 
gained an immense interest in developing high-performance 
carriers of numerous anti-cancer drugs accredited to their 
excellent biodegradability, biocompatibility and safety pro-
files [3]. Tamarind xyloglucan (TX) is a neutral, branched 
polysaccharide obtained from Tamarindus indica. It has a 
cellulose-like backbone comprising xylose, galactoxylose 
and glucose residues in a molar ratio of 2.25:1.0:2.8 [4, 5]. 
It has long been employed to fabricate various drug delivery 
systems owing to its favorable features like excellent drug 
loading capacity and broad pH tolerance [6]. Carboxymeth-
ylation of TX (i.e., CTX) renders anionic character to the 
polymeric backbone and consequently, enhances its hydro-
philicity and drug delivery characteristics [7]. To impart 
controlled swelling behavior, efficient drug loading capac-
ity and sustained drug release behavior [8], poly (N-isopro-
pyl acrylamide) (PNIPA) could be integrated to the CTX 
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backbone [8]. The grafted PNIPA chains could exhibit a 
transition from an expanded coil to a tightly entangled struc-
ture above its lowest critical solution temperature (LCST, 
32 °C), making the scaffolds temperature responsive [4]. 
Pioneering researchers frequently utilized N,N-methyleneb-
isacrylamide (MBA) to copolymerize PNIPA chains, which 
support the structure of well-extended PNIPA networks and 
improve their hydrophilicity and pH sensitivity [9]. The 
cross-linking of PNIPA hydrogels in the presence of smec-
tite clay particles like montmorillonite (MMT) could further 
increase the mechanical, thermal and swelling characteris-
tics of the polymeric matrixes. MMT is a 2:1 layered silicate 
and could effectively interact with PNIPA chains, affording 
organoclay nanocomposites (NCs) [10]. The intercalated or 
exfoliated MMT within the NCs could entrap various drug 
molecules and eventually augment their solubility and sta-
bility in the physiological environment. Moreover, MMT 
improves the dissolution and bioavailability of hydrophobic 
drugs [11, 12].

Now-a-days, several researchers have fabricated TX-
based interpenetrating polymer network (IPN) matrices by 
incorporating another polysaccharide template for the sus-
tained delivery of drugs [13–15]. Pectin has been a special-
interest polysaccharide for the last few decades owing to its 
health benefits and drug delivery attributes. Its main chain 
primarily comprises of α-(1, 4)-d-galacturonic acid resi-
dues with different percentages of esterified carboxyl units 
[16]. Based on the degree of esterification (DE), pectin is 
classified into low-methoxyl pectin (LMP, DE < 50%) and 
high-methoxyl pectin (HMP, DE > 50%) [16]. Compared 
to the requirements of plenteous sugar and concentrated 
acidic medium for constructing HMP-based gels, LMP 
could form ionically crosslinked rigid hydrogel beads with 
divalent metal cations, under a mild acidic condition (pH 
range, 2.0 to 6.0) without sugar [16]. The IPN structures of 
LMP with other polysaccharides are commonly afforded by 
simultaneous ionotropic gelation and covalent crosslinking 
protocols. Thus, CTX-g-PNIPA/MMT NC entangled LMP-
based IPN beads could be accomplished by crosslinking 
with ionic (viz., Zn+2) and covalent (i.e., glutaraldehyde, 
GA) crosslinkers and the resulting matrices could effectively 
be employed for the oral controlled delivery of erlotinib HCl 
(ERL).

ERL is a tyrosine kinase (TK) inhibitor (TKI), which 
interferes epidermal growth factor receptor (EGFR) 
autophosphorylation and interrupts TK-mediated pathways 
associated to proliferation, invasion and metastasis of human 
tumor cells [17]. ERL is currently overprescribed in treat-
ing triple-negative breast cancer (TNBC), accredited to the 
strong association of EGFR with TNBC [18]. Although 
numerous particulate systems have been engineered for 
oral controlled delivery of ERL in TNBC, to the best of our 
knowledge, thermo/pH-responsive CTX-g-PNIPA/MMT NC 

blended LMP-based IPN beads as ERL carriers have not 
yet been reported in the literature. To fill the research gaps, 
it was hypothesized that the CTX/LMP based IPN beads 
would display thermo/pH sensitivity and efficiently deliver 
ERL to improve its sensitivity in TNBC cells. To test these 
hypotheses, the primary aims of our present study were to 
afford different ERL-loaded CTX-g-PNIPA/MMT NC-rein-
forced LMP-based IPN beads and structurally characterize 
them employing various analytical tools. Subsequently, their 
drug release, thermo/pH responsive swelling and biodegrad-
able behaviors were evaluated. Lastly, the potentials of car-
riers to increase the sensitivity of ERL on TNBC cells were 
assessed systemically.

Materials and Methods

Materials

ERL (Laurus Labs Ltd., India) and TX (Mw, 6.97 × 105 g/
mol; moisture content, 10%, pH, 6.00–8.00, Maruti Hydro-
colloids, India), GENU® pectin LM-104 AS-FS (Mw, ∼ 
30,000 g/mol, degree of esterification, 28% and degree 
of amidation, 20%, CPKelco, Denmark) were received as 
gift samples. MMT was purchased from Qualigens Fine 
Chemicals, India. NIPA, MBA, tetramethylethylenediamine 
(TMED), potassium persulfate (KPS), proteinase K, and 
lysozyme were procured from Sigma Aldrich, USA. For cell 
studies, human MDA-MB-231 cells (NCCS, India), MTT 
reagent (Sigma Aldrich, USA), fetal bovine serum (FBS, 
Invitrogen, USA), cell culture medium (Invitrogen, USA), 
Alexa Fluor® 488 conjugated anti-rabbit secondary anti-
body (Cat# A11034, Thermo Fisher Scientific, USA), anti-
Annexin primary antibody (Cat# ab14196, Abcam, USA), 
and VECTASHIELD® containing DAPI (Vector labs, USA) 
were used.

Synthesis and Characterization of CTX‑g‑PNIPA/
MMT NCs

Initially, native TX was carboxymethylated to produce CTX 
based on our previous study [19]. Subsequently, the CTX-
g-PNIPA/MMT NCs (NC-1–NC-3) were synthesized as 
per the earlier reported protocol [19]. Briefly, an aqueous 
KPS solution (0.1 g/2 ml) was introduced in a three-necked 
round bottom flask containing an aqueous dispersion of 
CTX (1 g/20 mL). The mixture was stirred continuously 
for 10 min under constant nitrogen purging at 40 °C. Sub-
sequently, a dispersion consisting TEMED (10 µl), MBA 
(0.05 g), NIPA (5 g), and MMT (0/10/20% w/w of NIPA) 
was introduced and allowed for polymerization reactions 
at 70 °C for 3 h. The obtained NCs were then quenched 
using copious deionized water, washed with excess 80% v/v 
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methanol, filtered and dried at 55 °C to constant weights. 
Their grafting (%) was calculated using the following 
equation:

The W2 and W1 denote the weights of grafted polymers 
and CTX, respectively. The 1H NMR spectra of pure TX, 
CTX, NIPA, NC-1 and NC-2 were obtained on NMR spec-
trometer (Bruker DPX-300, country) at 300 MHz using 
DMSO-d6 as solvent. Different samples were also scanned 
under scanning electron microscopy (SEM, JSM6360A, 
JOEL, Japan) to examine their morphological appearances 
at an accelerating voltage of 20 kV.

Formulation of ERL‑Loaded CTX/LMP‑Based IPN 
Beads

The resulting NCs (NC-1–NC-3) were utilized to formulate 
ERL-loaded CTX/LMP-based IPN beads (viz., F-1–F-3, 
respectively) following simultaneous ionotropic gelation and 
covalent crosslinking techniques as reported elsewhere [19]. 
Concisely, accurately weighed quantities of NCs (250 mg) 
were soaked overnight in distilled water. Afterward, LMP 
(750 mg) and ERL (100 mg) were added to it and the mix-
tures were magnetically stirred for 6 h. Following homog-
enization at 5000 RPM for 20 min, the dispersions were 
extruded through 21G needles into a mildly agitated zinc 
acetate (5% w/v) solution containing GA (2.5% v/v). The 
beads thus formed (F-1–F-3) were allowed to remain in the 
crosslinking solution for 30 min, collected by filtration and 
repeatedly washed with plenty of distilled water to com-
pletely eliminate unreacted GA. This was confirmed by 
the negative test of the washings with Brady’s qualitative 
reagent (2,4-dinitrophenylhydrazine). The beads were then 
dried at room temperature for 24 h and stored in a desiccator.

Beads Size, Shape and Porosity

The average diameter of 100 beads was determined 
using digital slide calipers (CD-6 CS, Mitutoyo Corpora-
tion, Japan). The scanning electron microscopy (SEM, 
JSM6360A, JOEL, Tokyo, Japan) was also exploited to 
examine the surface morphologies of the drug-loaded beads 
(F-1 and F-3).

The porosity of beads (F-1 and F-3) was evaluated by 
the liquid displacement method using ethanol as the dis-
placement liquid [20]. The beads of known weight (Wi) were 
emerged in ethanol and soaked for 24 h to allow ethanol to 
penetrate into their pores. The final weight of the beads (Wf) 
was recorded and their porosity (%) was calculated accord-
ing to the following equation:

(1)Grafting (%) =
W2−W1

W1

× 100
the ρethanol and V refer to the density of ethanol and vol-

ume of beads, respectively.

Drug Entrapment Efficiency (DEE) and Drug Loading 
(DL)

The extent of drug entrapment and loading within the 
beads was determined by dispersing an accurately weighed 
(100 mg) and crushed beads into 500 ml of 0.1 N HCl (pH 
1.2). The volumetric flask containing the dispersion of beads 
was then continuously agitated at 120 RPM for 24 h at room 
temperature. Later, it was passed through a membrane filter 
(diameter, 0.2 µm). Finally, the drug content in the filtrate 
was assayed spectrophotometrically (Shimadzu/UV-1700, 
Japan) at 342 nm. The DEE and DL values were then deter-
mined based on the following relationships:

the Mactual is the assayed ERL content in the given weight 
of the beads (Mbeads) and Mtheoretical represents the theoreti-
cal quantity of ERL added during the preparation of beads.

Solid State Characterization of ERL‑Loaded Beads

The FT-IR analyses of pure ERL, F-1 and F-3 were per-
formed by scanning them under Perkin Elmer 1600 FT-IR 
Spectrometer (Perkin Elmer, USA) within a wavenumber 
range of 4000 to 500 cm ⁠−1. In addition, DSC thermograms 
of samples were recorded on a differential scanning calorim-
eter (Pyris 1, Perklin Elmer, USA) at a constant heating rate 
of 10 °C min−1 over a broad temperature range (50–300 °C). 
The thermal properties of ERL, F-1 and F-3 were further 
examined using a thermogravimetric analyzer (STARe SW 
10.00, Mettler-Toledo, USA) at a maintained heating rate of 
10 °C min⁠−1 over a temperature range of 30–300 °C. Moreo-
ver, these specimens were analyzed under CuKα radiation 
detector-coupled powder X-ray diffractometer (P-XRD, 
Bruker-AXS D8, Germany). The XRD scanning of various 
samples was carried out from 10 to 50° (2θ) at an anode 
voltage of 40 kV and input current of 30 mA.

Drug Release

Drug release studies of ERL-loaded IPN beads (F-1–F-3) 
were conducted in acidic media (0.1 N HCl, pH 1.2) for an 

(2)Porosity(%) =
Wf −Wi

�ethanol × V
× 100

(3)DEE(%) =
Mactual

Mtheoeritcal

× 100

(4)DL(%) =
Mactual

Mbeads

× 100
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initial 2 h and then continued in phosphate buffer (pH 6.8) 
for another 6 h in a USP Type II apparatus (Electrolab dis-
solution tester, TDT-08, India) with paddle rotation speed 
of 50 rpm at 37 ± 0.5 °C. The aliquots were withdrawn at 
predetermined time intervals and analyzed by UV–vis spec-
trophotometer (Shimadzu/UV-1700, Japan).

To examine the pH-dependent drug release profiles of the 
selected beads (F-3), the experiments were also separately 
carried out in 0.1 N HCl (pH 1.2) and phosphate buffer (pH 
6.8) for 8 h.

Drug Release Data Treatment

The drug release data were fitted in various mathemati-
cal kinetic models such as zero-order ( Q = k0t + Q0) , 
first-order ( Q = Q0e

kt  ), Higuchi ( Q = kHt
1∕2 ), Hix-

son–Crowell ( Q1∕3 = kHCt + Q
1∕3

0
 ) and Korsmeyer–Peppas 

( Q∕Q∞ = kKPt
n) models [21]. Based on the n values esti-

mated from the Korsmeyer-Peppas model, the drug release 
mechanisms of different formulations were determined. 
Variable n values suggested different drug release mecha-
nisms like Fickian diffusion (n = 0.43), non-Fickian diffusion 
(n = 0.85), anomalous transport (0.43 < n < 0.85) and super 
Case II model (n > 0.85). [22]. Furthermore, dissolution effi-
ciency (DE) and mean dissolution time (MDT) of different 
IPN beads were calculated using the following equations 
[21]:

the y represents the amount of drug released, j is the sample 
number, t̂ indicates the midpoint time between tj and tj-1, 
and ΔMj refers to the additional amount of drug dissolved 
between tj and tj-1.

The initial diffusion coefficients (DI), average diffusion 
coefficient (DA) and late diffusion coefficients (DL) of dif-
ferent IPN beads were then estimated according to following 
relationships [23].

(5)DE =
∫ t

0
y × dt

y100
× 100

(6)MDT =

∑n

j=1
t̂j × ΔMj

∑n

j=1
ΔMj

(7)Mt∕M∞ = 4
(

DIt∕�l
2
)0.5

(8)DA = 0.049l2∕t
1

2

(9)Mt∕Ma = 1 −
(

8∕�2
)

exp
[

−�2DLt∕l
2
]

the Mt and M∞ represent the amount of drug released at time 
t and at equilibrium, respectively, l denotes the thickness of 
the beads and t1/2 implies the time required for 50% drug 
release.

Swelling Behavior

To assess the temperature-sensitivity of different ERL-
loaded beads, the samples were incubated in distilled water 
for 24 h at variable temperatures (4, 22 and 45 °C) and their 
equilibrium swelling (%) was estimated utilizing the follow-
ing equation [24]:

the W0 and Wt represent the initial and final weights of the 
beads, respectively.

Based on the swelling (%) of IPN beads, their structural 
parameters such as molecular weights of the polymer chains 
between two neighboring crosslinks ( M c), volume fractions 
in the swollen state (ɸ), Flory–Huggins interaction param-
eter (χ) and crosslink density (ρ) were determined following 
Flory–Rehner equations [21, 25].

in the above equations, ρp and ρs are the densities of polymer 
and solvent, respectively, while Vs designates the molar vol-
ume of swelling agent. The Wa and Wb are the weights  
of polymers after and before swelling, respectively. 
N =

(

Φ2∕3

3
−

2

3

)(

Φ1∕3 −
2Φ

3

)−1

 , and dΦ∕dT  is the slope 
obtained by plotting the volume fraction data versus 
temperature.

The swelling profiles of selected IPN beads (F-3) was also 
evaluated separately in the acidic (0.1 N HCl, pH 1.2) and 
neutral (phosphate buffer; pH 6.8) media at 37 ºC for 8 h and 
compared. The water penetration velocity into the beads was 
also evaluated using the following formula:

(10)Swelling(%) = Wt −W0
/

W0
× 100

(11)Mc = −�sVsΦ
1∕3

[

ln (1 − Φ) + Φ + �Φ2
]−1

(12)Φ =

[

1 +
�s

�p

(

Wa

Wb

)

−
�s

�p

]−1

(13)
� =

[

Φ(1 − Φ)−1 + N ln (1 − Φ) + NΦ
]

×
[

2Φ −Φ2N − Φ2T−1(dΦ∕dT)−1
]−1

(14)
� =

[

Φ(1 − Φ)−1 + N ln (1 − Φ) + NΦ
]

×
[

2Φ −Φ2N − Φ2T−1(dΦ∕dT)−1
]−1
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the dw/dt refers to the slope of swelling (%) versus time 
curve, ρ represents the density of fluid at 310 K, and A is 
the surface area of beads, which was calculated based on 
their average radius (r):

the average radius of about 100 beads was determined using 
Vernier caliper.

Biodegradability

The biodegradability of F-1 and F-3 was determined fol-
lowing an earlier published report [26]. Briefly, accurately 
weighted beads (100–150 mg) were separately dispersed 
in lysozyme (5 × 10 ⁠4 U/ml) and proteinase K (10 μg/ml) in 
phosphate-buffered saline (PBS). The dispersions were incu-
bated at 37 °C for 3 h to achieve equilibrium swelling. After 
removing surface water, the swollen beads were weighted 
(W0), subsequently immersed in fresh enzymatic solutions 
and incubated at 37 °C. The samples were withdrawn at 
scheduled time points and weighted (W1) after washing with 
distilled water and blotting. The gradual weight loss with 
time was determined in terms of % degradation based on the 
following expression:

Cell Culture Experiments

Cell viability Assay

The cells viability was evaluated by employing MTT assay 
protocol, as reported previously [27]. In brief, the MDA-
MB-231 cells (5 × 103 cells/well) were seeded in the 96-well 
plates. The cells were then separately treated with vehicle 
(i.e., control), placebo F-3, ERL and drug-loaded F-3 for 
24 h. The MTT reagent (10 µl of stock concentration of 
12 mM) was then introduced into each well. In continua-
tion, the plates were incubated for the next 4 h followed 
by the removal of contents from each well and subsequent 
addition of DMSO (150 µl). The absorbance of the plates 
was subsequently measured on a microplate reader (BioTek 
Synergy™ H1, Agilent Technologies, USA) at 570 nm and 
cell viability was calculated using the following expression:

(15)V = 1∕2�A × dw
/

dt

(16)A = 4�r2

(17)Degradation(%) = W0 −W1
/

W0
× 100

(18)%Cellviability = Asample
/

Acontrol

the Asample represents the absorbance of contents of the 
wells treated with ERL, placebo F-3 and drug-loaded F-3 
and Acontrol corresponds to the absorbance of the contents of 
the wells treated with vehicle. The images of the cells were 
also captured prior to adding MTT reagent to examine their 
morphological changes.

Apoptosis

The immunocytochemistry protocol was adopted to identify 
apoptotic potentials of ERL and drug loaded beads (F-3) on 
MDA-MB-231 cells [28]. Briefly, when 60 – 70% conflu-
ence was achieved, the cells were seeded on 12 mm cover 
glasses placed in each well of the 24-well plates and treated 
with vehicle control, ERL and F-3 for 48 h. After washing 
with 1 × PBS for 5 times, the cells were fixed with 4% para-
formaldehyde (PFA) and permeabilized with 0.1% Triton 
X-100. The blocking of cells was then carried out with 2% 
bovine serum albumin (BSA) for 1 h at room temperature 
followed by overnight incubation at 4 °C in a solution com-
prising anti-Annexin primary antibody (ratio = 1:200). The 
cells were subsequently washed with PBST (PBS containing 
0.1% Tween-20) and incubated in Alexa Fluor® 488 conju-
gated anti-rabbit secondary antibody. Finally, the cells were 
stained with Vectashield containing DAPI and observed 
under a confocal microscope (Zeiss LSM 880 Confocal 
Microscope, USA).

Statistical Analyses

The numerical data of various experiments were analyzed 
by one-way ANOVA or unpaired t-test and were presented 
as mean ± standard deviation. The p-values lower than 0.05 
were typically adopted as statistically significant.

Results and Discussion

Synthesis and Characterization of CTX‑g‑PNIPA/
MMT NCs

The carboxymethyl TX (i.e., CTX) was initially afforded 
by Williamson ether synthesis protocol [29]. The hydroxyl 
moieties of the TX backbone interacted with NaOH to pro-
duce TX alkoxide, which further reacted with monochloro-
acetic acid to accomplish CTX. The degree of substitution 
estimated based on acid–base titration method was found to 
be 0.53 (Fig. 1). Subsequently, CTX-g-PNIPA/MMT NCs 
was synthesized employing a free radical polymerization 
protocol (Fig. 1) [21]. The decomposition of KPS in the 
presence of KPS/TEMED redox system under a nitrogen 
atmosphere could generate persulphate radicals, which 
abstracted hydrogen atoms from the hydroxyl groups of CTX 
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chains, leading to the graft polymerization of NIPA mono-
mers onto the polysaccharide backbone. The crosslinked 
interchain bridges were also formed through the covalent 
attachment of MBA molecules during the polymeric chain 
propagation. The copolymer chains further anchored to the 
MMT particles and produced NC architectures (Table 1). 
The grafting percentage of various NCs was raised with 
increasing MMT concentrations. This was ascribed to the 
enhanced accessibility of the monomers to the macroradical 
sites of the polysaccharide chains in the presence of MMT 
molecules [23]. The NCs afforded crosslinked structures via. 
recombination-based termination reactions.

The 1H NMR spectra of TX, CTX, NIPA, NC-1, and 
NC-2 are presented in Fig. 2A. The 1H NMR spectrum of 
native TX exhibited characteristic peaks of sugar ring pro-
tons and anomeric protons in a narrow region between δ 3.0 
and 4.0 ppm. In the spectrum of CTX, the peak at δ 2.2 was 
attributed to carboxymethyl groups. The NIPA displayed 
peaks at δ 1.1, 3.4, 3.9 and 5.6–8.0 ppm in its 1H NMR 

spectrum, which were accredited to its CH3, CH2, CH, and 
CONH2 protons, respectively. Several signals of NIPA were 
emerged in the spectra of NC-1 and NC-3, confirming the 
grafting of PNIPA chains on the polysaccharide backbone 
[30].

SEM images further demonstrated the morphological 
changes of TX following its carboxymethylation (Fig. 2B). 
For instance, the TX illustrated granular surfaces, while 
the CTX exhibited smooth meadow-like structure with few 
ridges and minor cracks. Following graft copolymerization 
with PNIPA chains, morphological characteristics of CTX 
were drastically altered. The NCs revealed rough and slightly 
protuberant surfaces. The NC-1 manifested a remarkably 
amplified interlacing system with anomalous pores on their 
surfaces. This could be credited to the robust coulombic 
repulsions among CTX carboxylate anions (− COO–) during 
polymerization [31]. In NC-3, the MMT molecules might 
reduce the interacting forces among the polymer chains, 

Fig. 1   Synthesis of CTX-g-PNIPA/MMT NCs and formulation of ERL-loaded CTX/LMP based IPN beads illustrating possible interactions 
between drug and polymeric matrices

Table 1   Composition of CTX/LMP based IPN beads and their yields, average diameters, DL and DEE values

a Crosslinked with 5% zinc acetate and 2.5% glutaraldehyde
b Mean ± S.D, n = 3

Formula-
tion code

Compositiona Yield (%)b Diameter (mm)b DL (%)b DEE (%)b

NC type Grafting effi-
ciency (%)

NC (mg) LM-pec-
tin (mg)

ERL (mg)

F-1 NC-1 76.05 250 750 100 96.54 ± 2.50 1.29 ± 0.10 5.51 ± 0.09 60.62 ± 1.02
F-2 NC-2 92.17 250 750 100 97.12 ± 3.62 1.51 ± 0.11 6.69 ± 0.14 74.67 ± 1.52
F-3 NC-3 105.43 250 750 100 96.85 ± 3.82 1.55 ± 0.28 7.88 ± 0.02 86.73 ± 0.25
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which culminated in the construction of rigid surfaces with 
reduced porosity [23].

Formulation of CTX/LMP‑Based IPN Beads

The CTX-g-PNIPA/MMT NC reinforced LMP-based IPN 
beads entrapping ERL were formulated through a combina-
tion of ionic gelation and covalent crosslinking techniques 
(Fig. 1 and Fig. S1). When the homogenous aqueous disper-
sion of ERL, LMP and NCs was introduced drop-wise into 
the gelling bath consisting GA (2.5% w/v) and zinc acetate 
(5% w/v), the simultaneous covalent and ionic crosslinking 
of the CMTG/LMP blends could form IPN matrices with 
high yield (> 96%) (Table 1) and spontaneously entrapped 
ERL molecules. The concentrations of crosslinking solu-
tion could influence the size, morphology, drug entrap-
ment efficiency and release profiles of beads. In the cur-
rent research, the selected concentrations of crosslinkers, 
which were chosen based on the previous literature [32, 33], 
could effectively produce rigid matrices with acceptable 
physicochemical properties. The electrostatic interactions 
between the Zn+2 ions and carboxylic (COO−) groups of 
LMP could result in the creation of an “Egg-Box” model 
structure [23]. Consequently, the fluidity of CTX/MMT NCs 
was greatly restricted in the crosslinked LMP gels, leading to 
an enhanced conglomeration. Moreover, the Van der Waals 
forces and hydrogen bonding contacts between LMP and 
CTX chains might be crucial in hydrogel bead production. 
The aldehyde (CHO) moieties of GA also interacted with the 
OH groups of polysaccharides and formed acetal linkages. 
In addition, MMT could elicit additional co-crosslinking 
points to afford rigid matrices [34]. The ERL molecules 
could establish different non-covalent interactions such as 
hydrophobic interactions and hydrogen bonding contacts 
with the polymeric matrices (Fig. 1) [35].

Beads Size, Morphology and Porosity

The average size of ERL-loaded beads ranged from 
1.29 ± 0.10 to 1.55 ± 0.28 mm (Table 1). A greater extent of 
crosslinking in the presence of zinc acetate and GA caused 
an amplified level of matrix shrinkage and the production 
of compact composites with smaller particle diameters 
[23]. Increasing MMT contents enhanced the bead diameter 
(Table 1). The presence of MMT could increase the viscosity 
of the polymeric dispersions, which might in turn impede 
the easy breaking up of droplets into smaller particles [23]. 
Moreover, the MMT molecules could interrupt the reticula-
tion process of α-l-guluronic acid residues of LMP, afford-
ing larger composite particles (F-2 and F-3) [36].

The SEM images displayed a roughly spherical shape 
with fissures and wrinkles throughout the surfaces of 
ERL-loaded beads (Fig. 3A). The clay-free beads (F-1) 

demonstrated irregular morphology. In contrast, MMT-
reinforced composite beads (F-3) exhibited regular and rigid 
surfaces, possibly on account of the strong interfacial inter-
actions among polysaccharide molecules and clay particles 
[36]. The SEM micrographs captured at higher magnifica-
tion also conferred several tiny pores and channels over the 
exterior surfaces of the matrices. These could be formed 
during the drying process of the beads because of the evapo-
rating water molecules. The size of the pores of MMT-free 
beads (F-1) was relatively larger than that of clay-reinforced 
matrices (F-3) [Fig. S2]. The drying process could also dis-
tinctively constrict several structural constituents, eventually 
resulting in slight distortion of the shapes of the beads [23].

The porosity (%) of the beads was determined based on 
liquid displacement method [20]. The outcomes of the study 
indicated that the porosity (%) of beads was declined with 
increasing their clay content [Fig. S3]. These were consistent 
with the results of SEM image analyses.

Drug Contents

The ERL-entrapped beads demonstrated high drug entrap-
ment efficiency (DEE, 60.62 ± 1.02 – 86.73 ± 0.25%) with 
DL values ranging from 5.51 ± 0.09 to 7.88 ± 0.02 (Table 1). 
The strong hydrophobic and hydrogen bonding interac-
tions between LMP and CTX-g-PNIPA/MMT NCs before 
crosslinking could act as a barrier to restrict the outflow 
of ERL. Additionally, the concomitant covalent and ionic 
crosslinked biopolymers produced stiffer composite matrices 
and consequently retained the entrapped ERL molecules by 
limiting their diffusion into the external media. Thus, the 
resulting beads exhibited higher DEE [37]. The layered sili-
cate structure of MMT augmented the surface area of poly-
meric matrices [38] and consequently, the drug entrapment 
was significantly enhanced (p < 0.05) with increasing MMT 
contents in the beads. Additionally, a greater bead diameter 
of F-3 could accommodate a higher amount of ERL with 
improved DEE values.

Solid State Characterization

The fabricated beads were characterized by FTIR, DSC, 
TGA and PXRD analyses (Fig. 3B–E). The FTIR spectra of 
ERL displayed various characteristics peaks at 3277 cm−1, 
1628 cm−1, 1506 cm−1 and 891 cm−1 for N–H stretching, 
N–H bending, C=C stretching and aliphatic ether stretch-
ing, respectively (Fig. 3B) [39]. The distinct signals of ERL 
in the FT-IR spectra of IPN beads (F-1 and F-3) indicated 
the successful fabrication of drug-loaded beads without any 
chemical incompatibilities between drug and matrix con-
stituents. However, a minor drifting of various absorption 
bands of ERL in the IR spectra of drug-loaded beads might 
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be attributed to the physical interactions between drug mol-
ecules and matrix components, such as hydrogen bonding 
contacts and dipole–dipole interactions [36].

DSC thermogram of ERL displayed a clear and intense 
melting peak at 224 °C ascribed to its crystalline and anhy-
drous structure (Fig. 3C) [39]. In contrast, a thermal event 

Fig. 3   SEM images (A) of ERL-loaded IPN beads [F-1 (a) and F-3 (b)]. FT-IR (B), DSC (C), TGA (D), and P-XRD (E) curves of pure ERL (a), 
ERL-loaded IPN beads with 0% MMT (F-1) (b) and 20 % MMT (F-3) (c)
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within 30–100 °C was evidenced in the DSC patterns of 
ERL-loaded formulations (F-1 and F-3), implying the evapo-
ration of their physisorbed water molecules. Moreover, the 
molecular dispersion of the drug into the composite matrices 
partially vanished melting endothermic peaks of ERL in the 
DSC graphs of ERL-loaded beads (F-1 and F-3) [23].

The thermal decomposition of pure ERL was started 
above 200 °C (Fig. 3D) [40]. On the other hand, the tem-
perature-induced mass loss of ERL-loaded beads (F-1 and 
F-3) was drastically enhanced as compared to native ERL. 
This could be ascribed to the possible transition of crys-
talline ERL molecules to their amorphous states in the 
composites, eventually increasing the thermal decomposi-
tion rates of ERL-loaded beads (F-1 and F-3) within the 
experimental temperature range [21]. The clay-free brads 
(F-1) demonstrated a higher weight loss in comparison to 
MMT-reinforced matrices (F-3), possibly because of the 
thermal insulation effects of the MMT molecules [23].

The P-XRD patterns of ERL and ERL-loaded beads 
are illustrated in Fig. 3E. In the P-XRD diffractograms of 
pure ERL, well-resolved and intense peaks were observed, 
which denoted its crystalline characteristics [39]. How-
ever, diffraction patterns of MMT-free matrices (F-1) por-
trayed a significant fading or complete disappearance of 
various XRD signals of ERL molecules. This could be 
accredited to the dispersion of ERL molecules within the 
matrices, forming a solid solution phase in the polymeric 
network. A further decline in the intensity of ERL’s XRD 
signals in the presence of MMT (F-3) suggested a more 
complete transformation of ERL molecules from their 
crystalline states to amorphous phases [21].

Drug Release

The drug dissolution rates of various IPN matrices were 
faster as compared to pure ERL (Fig. 4A), which could 
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be attributed to the enhanced solubility of drug molecules 
into the polymeric matrices. The molecular dispersion 
of poorly soluble ERL into the polymeric matrices could 
increase its solubility [41–43]. The intercalated or exfoli-
ated MMT within the NCs could also entrap drug molecules 
and eventually augment their solubility [11]. Among dif-
ferent formulations, the IPN beads containing highest clay 
contents (F-3) exhibited sustained ERL elution patterns as 
compared to other matrices (F-1 and F-2) (Fig. 4A). For 
instance, the F-1 and F-2 demonstrated 100% drug release 
within 4 h, while F-3 exhibited more delayed ERL elution 
patterns (~ 80% drug release within 8 h). The delayed drug 
release profile of F-3 was plausibly owing to a greater degree 
of tortuosity and decreased free volume spaces of the GA/
zinc acetate crosslinked IPN beads, which could eventually 
restrain ERL diffusion through the biopolymeric matri-
ces [34]. In addition, a greater clay content in the beads 
(F-3) could efficiently intercalate the drug molecules into 
the MMT plates, which might act as drug reservoirs and 
reduce the diffusion process for the entrapped cargo [44]. 
Interestingly, the MMT-reinforced matrices (F2 and F-3) 
conferred improved DE and MDT values as compared to 
clay-free beads (Table S1). The beads with highest MMT 
contents (F-3) were selected to assess their pH-dependent 
drug release profiles as these revealed a comparatively 
delayed drug release patterns with reference to other for-
mulations (F-1 and F-2). The F-3 also revealed an excep-
tionally faster drug elution rate under an acidic environment 
relative to the neutral pH (p < 0.05) (Fig. 4B). This could be 
accredited to the enhanced solubility of ERL in acidic pH, 
increasing its diffusivity through the biopolymeric matrices 
into acidic medium. Additionally, the protonation of ERL’s 
nitrogen atoms under acidic condition could disturb vari-
ous non-covalent interactions (i.e., hydrogen bonding and 
hydrophobic interactions) between the biopolymeric matri-
ces and the entrapped drug molecules, leading to a faster 
drug release rate [21].

The drug release profiles of various IPN beads were fitted 
to different kinetic models to understand which one among 
them could be dominant in fitting the release data with a 
correlation coefficient closer to 1 (Fig. S4–S6 and Table S1). 
The ERL release patterns of different beads (F-1–F-3) 
mostly followed the Korsemeyer-Peppas kinetic model (cor-
relation coefficient, r2 ~ 1) with anomalous transport-driven 
drug release mechanisms (diffusion exponent, n < 0.45). The 
gel characteristic constants (kKP) of various IPN beads were 
variable (0.66–0.88), which indicated diverse structural and 
geometric features of matrices [23]. The late phase diffusion 
coefficient (DL) values of different formulations were sub-
stantially higher than initial phase diffusion coefficient (DI) 
values (Table S1). This could be ascribed to the weakening 
of matrix architecture following loosened or disintegrated 
biopolymeric chains [21].

Temperature and pH‑Responsive Swelling

Various IPN beads conferred a reduction in their equilibrium 
% swelling in distilled water with an increase in temperature 
from 4 to 45 °C (Table S2). The hydrophilic characteristics 
of grafted PNIPA chains at 4 °C promoted higher swelling 
of beads. At elevated temperatures, the transition of grafted 
PNIPA chains from flexible coil structures to compact 
globular states could reduce the water absorption capacity 
of the beads [21]. Flory–Rehner equations were utilized to 
analyze equilibrium % swelling of beads at different tem-
peratures and calculate their various structural parameters, 
including Flory–Huggins interaction parameter (χ), volume 
fraction in the swollen state (ɸ), molecular weight of the 
polymer chains between two neighboring crosslinks ( M c) 
and the crosslinked density (ρ) (Table S2) [45]. Increasing 
the temperature of swelling media from 4 to 45 °C inces-
santly enhanced the M c values of beads, while decreasing 
their crosslink density (ρ).

Among various matrices, the beads with highest MMT 
contents (F-3) were further selected to examine their pH-
dependent swelling patterns based on their slower drug 
release profiles, which might be strongly influenced by their 
swelling behavior. As shown in Fig. 4C and Fig. S1, MMT-
reinforced beads (F-3) presented a pH-sensitive swelling 
profile following their incubation in acidic (pH 1.2) and neu-
tral (phosphate buffer, pH 6.8) media at 37 °C. In acidic pH, 
the swelling of beads was dramatically increased compared 
to that in a neutral environment (p < 0.05). This could be 
attributed to the expanded polymeric network in acidic pH 
resulting from the electrostatic repulsions among polymeric 
chains [46], eventually displaying a comparatively higher 
swelling rate and water penetration velocity (Table S3). The 
substantial swelling of beads after 6–7 h might destroy their 
integrity, resulting in partial disintegration of the matrices 
in the aqueous media and mass loss [47].

Biodegradation

The MMT-free (F-1) and MMT-reinforced beads (F-3) were 
exposed to lysozyme and proteinase k enzymes to assess 
the influence of MMT on their biodegradation. The enzy-
matic degradation resulted in progressive mass loss of both 
matrices with time (Fig. 4D). The proteinase k and lysozyme 
could penetrate into the beads and hydrolyze abundant amide 
and glycosidic linkages of the biopolymeric backbone, 
respectively, gradually losing matrix integrity [48]. As com-
pared to the clay-free matrices (F-1), the MMT-containing 
beads (F-3) exhibited higher weight loss. Possibly, MMT 
could provide more surface area and catalytic reaction sites, 
allowing enzymes to more efficiently bind and break down 
the polymeric chains [49].
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Cytotoxicity and Cellular Morphology

The viability of the MDA-MB-231 cells was assessed after 
24 h of treatment with pure ERL, placebo F-3 and ERL-
loaded formulation (F-3), which contained an equivalent 
ERL dose of 27.5 μM (i.e., the IC50 value). The cells dis-
played substantially more sensitivity to the pure drug and 
the ERL-loaded formulation (F-3) compared to the vehicle 
control (p < 0.05) (Fig. 5A). F-3 more effectively suppressed 
cancer cell growth than pure ERL (p < 0.05), suggesting that 
the drug-loaded matrixes had a higher anti-proliferative 
effect [21]. Additionally, ERL-free matrices (viz., placebo 
F-3) did not elicit the cytotoxicity on MDA-MB-231 cells, 
demonstrating their non-toxic nature. The IPN beads could 
therefore be utilized as a safe drug delivery vehicle [50].

Before examining cytotoxicity of various samples by 
MTT assay protocol, the images of the cells treated with 
vehicle control, blank F-3, ERL and drug-loaded F-3 were 
captured to examine their morphological changes (Fig. 5B). 
The blank F-3 treated cells were live and exhibited well 
spread and flattened morphology with normal rate of 

proliferation, which was similar to that of vehicle control 
treated group. This indicated that the blank F-3 was bio-
compatible to the cells. On the other hand, following treat-
ment with ERL and drug loaded formulation (F-3), the cells 
became smaller, rounded and non-adherent, which were the 
characteristics of the dead cells [19].

Apoptosis

The immunofluorescence studies were conducted to deter-
mine the impacts of pure ERL and the drug-loaded for-
mulation (F-3) on the apoptosis of MDA-MB-231 cells. 
ERL-loaded formulation (F-3) amplified the production of 
Annexin-V, a cell apoptosis marker, in cells in comparison 
to pristine drug [28]. Following treatment with F-3, more 
nuclear fragmentation of MDA-MB-231 cells was observed 
relative to that of pure ERL. This was indicative of a stronger 
apoptosis-inducing potential of F-3 as compared to native 
ERL (Figs. 5C, D). It suggested that F-3 could more effec-
tively deliver ERL to the tumor cells and trigger the cell 
death [51].
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Conclusions

The findings of the current research endeavors clearly demon-
strated the capabilities of the dual crosslinked CTX/LMP-based 
IPN beads to deliver ERL to the TNBC cells. The graft copo-
lymerization protocol was exploited to afford three different 
CTX/MMT NCs with varying MMT concentrations (0, 10, and 
20% w/w of NIPA). The concurrent ionotropic gelation and 
covalent crosslinking methods were then adopted to produce 
the ERL-entrapped CTX/LMP-based IPN beads. Among vari-
ous IPN matrices, the beads with the highest MMT contents 
(F-3) demonstrated excellent drug loading (DEE, 86.73%), a 
delayed drug release profile (Q8h, 80%), temperature and pH-
responsive swelling patterns and acceptable biodegradability 
and biocompatibility. Additionally, as compared to pure ERL, 
the IPN beads (F-3) displayed superior anti-proliferative and 
apoptosis-inducing potentials on MDA-MB-231 cells. In gen-
eral, the ERL-loaded IPN beads could be facilely fabricated 
without requiring any complicated steps and might serve as 
an emerging treatment option for TNBC therapy. However, 
the structural characterization of the biodegraded products of 
developed beads and evaluation of their stability warrant further 
investigations.
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