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Purpose: The purpose of this study is to address the need for efficient drug delivery with high drug encapsulation efficiency and 
sustained drug release. We aim to create nanoparticle-loaded microgels for potential applications in treatment development.
Methods: We adopted the process of ionic gelation to generate microgels from sodium alginate and carboxymethyl cellulose. These 
microgels were loaded with doxorubicin-conjugated amine-functionalized zinc ferrite nanoparticles (AZnFe-NPs). The systems were 
characterized using various techniques. Toxicity was evaluated in MCF-7 cells. In vitro release studies were conducted at different pH 
levels at 37 oC, with the drug release kinetics being analyzed using various models.
Results: The drug encapsulation efficiency of the created carriers was as high as 70%. The nanoparticle-loaded microgels exhibited 
pH-responsive behavior and sustained drug release. Drug release from them was mediated via a non-Fickian type of diffusion.
Conclusion: Given their high drug encapsulation efficiency, sustained drug release and pH-responsiveness, our nanoparticle-loaded 
microgels show promise as smart carriers for future treatment applications. Further development and research can significantly benefit 
the field of drug delivery and treatment development.
Keywords: sodium alginate, carboxymethyl cellulose, doxorubicin, zinc ferrite nanoparticles, microgels

Introduction
Nanoformulations based on polymers, proteins, lipids, metals, or inorganic materials have been extensively developed 
over the years.1–3 These formulations exhibit good bioavailability, targeting capacity, and the ability to enhance drug 
stability,3 demonstrating the promising future of nanomedicine in mediating detection and treatment of a wide range of 
disorders.4–7 Among different types of nanoparticles (NPs), metallic nanoparticles generally exhibit high biocompat
ibility, low toxicity, and high structural stability.8 Magnetite NPs (MNPs) are the only metallic nanoparticles that have 
received approval from the US Food and Drug Administration (FDA) for use in biomedical applications.9 More recently, 
Adilakshmi and coworkers examined the anti-cancer effect of doxorubicin (DOX)-encapsulated amine-functionalized 
magnetic nanoparticle nanocomposites on MCF-7 cells.1 They found that the developed nanocomposites enabled reactive 
oxygen species (ROS) generation and displayed excellent anti-cancer activity.
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In recent years, much interest has been devoted to the study of zinc oxide NPs for light-responsive ROS generation. 
Chemical modifications (such as doping with other metals, functionalization of NPs, and polymer functionalization) can 
improve the photocatalytic activity and ROS-generating capacity of zinc oxide (ZnO) NPs.10 ZnO NPs have been 
classified by US FDA as a GRAS (generally regarded as safe) material.11,12 Along with their ease of fabrication, ZnO 
NPs have been reported for a wide variety of medical applications, including antibacterial therapy, wound treatment and 
bioimaging.13–16 Modified ZnO NPs showed enhanced antibacterial and anticancer action due to increased ROS 
generation efficiency.10 This is demonstrated by the case of curcumin-encapsulated ZnO NP-containing nanocomposites, 
which demonstrated effective anticancer effects on rhabdomyosarcoma cells.17

Since the turn of the last century, biodegradable polymers have been the subject of intensive drug delivery research as 
well, partly because of their good biodegradability, good biocompatibility, low toxicity and high drug loading 
efficiency.18–21 Sodium alginate (SA) is an anionic polysaccharide being nontoxic and hydrophilic. SA can interact 
with multivalent cations (such as Ca2+, Mg2+, and Ba2+) to form 3D network hydrogel beads.22–24 On the other hand, 
sodium carboxymethyl cellulose (CMC), an anionic cellulose derivative, can be created by adding carboxymethyl groups 
to cellulose. It can also swell and produce hydrogel beads when exposed to multivalent cations.25,26 Both SA and CMC 
are pH-sensitive polymers widely used in various biomedical applications in the form of hydrogels.27–29 Despite this, 
pure hydrogels have insufficient mechanical strength because of their fragile networks after maximal swelling.30 To 
address this problem, hydrogels have been incorporated with inorganic nanoparticles [such as clay and metal oxides (eg, 
iron oxide, CuO, and ZnO)].31–35 Not only can this enhance the mechanical strength and encapsulation efficiency of the 
hydrogel,36,37 but the drug release sustainability can also be enhanced.20

In this study, the gelation technique has been used to create nanoparticle-embedded microgels for drug delivery. The 
ionotropic gelation technique has several advantages over alternative formulation techniques.38,39 Major advantages of 
this procedure are that it is quick, simple, easy-to-operate and cost-effective. In comparison to chemical crosslinking, the 
reversibility of physical cross-linking via electrostatic interaction permits the avoidance of potential toxicity and other 
unfavourable effects for biomedical applications. The technique can be optimized based on polymer-drug interactions, 
leading to increased encapsulation efficiency.40,41 In the present work, we have developed amine-functionalized zinc 
ferrite NPs (AZnFe-NPs) coupled with DOX and embedded into SA/CMC matrices for drug delivery. The developed 
composite microgels have been analyzed using different characterization techniques. The impact of NPs on swelling and 
release studies has also been investigated.

Materials and Methods
Materials
All chemicals used in this work were of analytical grade and were utilized without prior purification. CMC, CaCl2, and 
diethylenetriamine were obtained from Merck (Mumbai, India). SA, sodium acetate, iron (III) chloride hexahydrate, zinc 
chloride, and glycerol were obtained from SD Fine Chemicals (Mumbai, India). DOX was a gift sample from Aurobindo 
Pharma Ltd., Telangana, India.

Synthesis of Amine-Functionalized Zinc Ferrite Nanoparticles
To synthesize AZnFe-NPs, diethylenetriamine, sodium acetate, iron (III) chloride hexahydrate, and zinc chloride were 
dissolved in glycerol in a stoichiometric ratio under vigorous stirring. After that, the solution was placed inside an 
autoclave and kept at 180 °C for 6 h. The generated AZnFe-NPs were washed with DI water and ethanol multiple times, 
dried at 40 °C, and stored for later use in airtight containers.

Synthesis of DOX-Conjugated AZnFe-NPs and Microgels
To synthesize DOX-conjugated AZnFe-NPs (DOX-AZnFe-NPs), the procedure outlined in our previous work was 
adopted with a slight modification.35 Briefly, 10 mg of AZnFe-NPs were dispersed in deionized (DI) water and sonicated 
for 30 min to form a homogenous dispersion. DOX (5 mg per 5 mL of DI water) was added to the dispersion, followed 
by the addition of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The 
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reaction mixture was stirred for 24 h at 37 °C. The resultant mixture was centrifuged at 15,000 rpm for 10 min. The 
generated DOX-AZnFe-NPs were stored at −5 °C.

To synthesize the DOX-loaded polymeric microgels and DOX-AZnFe-NPs-loaded microgels, 200 mg each of SA and 
CMC was dispersed in 10 mL of DI water. After that, 200 µL of SA and 200 µL of CMC were combined and agitated to create 
a homogenous solution. DOX-AZnFe-NPs were added to this solution, stirred for 6 hours, and then dropped into a CaCl2 

solution to create composite microgels (SACMC-DOX-AZnFe-NPs). Similarly, SACMC-AZnFe-NPs and SACMC-DOX 
microgels were prepared by using the above process. AZnFe-NPs and DOX were added to the polymer solution to form 
SACMC-AZnFe-NPs and SACMC-DOX microgels, respectively. The obtained microgels were washed with DI water 
multiple times to remove free DOX, dried at room temperature, and stored in air-tight containers for subsequent use.

Materials Characterization
The FTIR spectra of DOX, AZnFe-NPs, DOX-AZnFe-NPs, SA/CMC mixture, SACMC-DOX, SACMC-AZnFe-NPs, 
and SACMC-AZnFe-NPs were analyzed using the Bomem MB-3000 instrument. A wide-angle X-ray scattering 
diffractometer (Panalytical X-ray Diffractometer, model-X’pert Pro) was used to measure the X-ray diffraction (XRD) 
patterns of DOX, SACMC-DOX, AZnFe-NPs, SACMC-DOX-AZnFe-NPs, and SACMC-AZnFe-NPs. Thermal analysis 
of DOX, AZnFe-NPs, SACMC-DOX, and SACMC-DOX-AZnFe-NPs was conducted by heating the sample from 35 to 
600 °C in a nitrogen atmosphere by using a DSC-SP instrument (Rheometric Scientific, UK). Morphological features of 
SACMC-DOX, SACMC-AZnFe-NPs, SACMC-DOX-AZnFe-NPs, and AZnFe-NPs were characterized via scanning 
electron microscopy (SEM) (JOEL MODEL JSM 840A). The size of AZnFe-NPs was measured using transmission 
electron microscopy (TEM; JEOL JEM 2100; JEOL, Japan). The size and polydispersity index (PDI) of the AZnFe-NPs 
were determined by dynamic light scattering (DLS) using a Zetasizer Nano-ZS instrument (Malvern, UK).

Encapsulation Efficiency (EE)
The EE of SACMC-DOX and SACMC-DOX-AZnFe-NPs microgels was determined by following the procedures as 
previously described.42 In brief, 3 mg of SACMC-DOX and SACMC-DOX-AZnFe-NPs was weighed and dispersed 
overnight in 5 mL of phosphate buffer at ambient conditions. After that, the mixture was ultrasonically agitated for 10 
minutes and then crushed to extract DOX from the drug-loaded microgels. The amount of the extracted drug was assayed at 
481 nm by using UV-visible (UV-vis) spectroscopy. The EE was determined by using the equation as previously reported.43

Swelling Capacity
The swelling behavior of SACMC-DOX, SACMC-AZnFe-NPs, and SACMC-DOX-AZnFe-NPs microgels was exam
ined at different pH (6.0 and 7.4) at 37 °C by following the procedures as previously described.44,45 The swelling degree 
(%SD) was calculated by using the following formula:

where Ww and Wd designate the weight of the wet microgel and the weight of the dry microgel, respectively.

In Vitro Release Study and Its Kinetics
To determine the drug release profiles of the synthesized microgels, dialysis bags containing 5 mg of SACMC-DOX and 
SACMC-DOX-AZnFe-NPs microgels were submerged in 30 mL of PBS (pH 6.0 or 7.4) at 37°C and were subjected to 
constant stirring at 50 rpm. Two milliliters of the dissolution fluid were sampled at regular time intervals and replaced with 
the same volume of fresh PBS. The amount of DOX in the sampled medium was determined at 481nm by using a UV-vis 
spectrophotometer. The data obtained were fitted into different kinetic models (including the zeroth order model, Higuchi 
model, first order model, and Korsmeyer-Peppas model) in order to evaluate the drug release kinetics.46,47
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MTT Assay
The MTT assay was performed on MCF-7 cells using a published method.48 MCF7 cells (purchased from National 
Centre for Cell Science, Pune, India) were placed in a 96-well plate with the addition of 200 μL of DMEM to each well. 
After a 24-h incubation at 37°C in a 5% CO2 atmosphere, test samples (DOX, SACMC-DOX, SACMC-AZnFe-NPs, and 
SACMC-DOX-AZnFe-NPs) were introduced to each well at varying concentrations. The cells were exposed to the test 
samples for an additional 24 h at 37°C in a 5% carbon dioxide environment. Following this, the MTT reagent was applied 
to each well at a concentration of 0.5 mg/mL, and the plate was incubated at 37°C for 3 h. After removing the unreacted 
reagent, the violet crystals in each well were dissolved in 100 μL of DMSO, and the color intensity was measured using 
an ELISA reader at a wavelength of 570 nm.

Results and Discussion
Structural Characterization
AZnFe-NPs were synthesized and loaded with DOX before being embedded into the polymeric matrix to form composite 
microgels. Generation of amine-functionalized AZnFe-NPs (as well as the interactions between DOX and AZnFe-NPs, 
between DOX-conjugated AZnFe-NPs and polymeric matrix, and between AZnFe-NPs and the polymeric matrix) were 
analyzed by FTIR (Figure 1). The stretching vibrations of O-H/N-H, C=O, C-N, and C-O, respectively, were attributed to 
the absorption bands at 3328, 1732, 1288, and 1072 cm−1 in the spectrum of DOX. The bending vibrations of N-H, C=C, 

Figure 1 FTIR spectra of (A) DOX, (B) AZnFe-NPs, (C) DOX-AZnFe-NPs, (D) placebo (plain SA/CMC matrix), (E) SACMC-DOX, (F) SACMC-AZnFe-NPs, and (G) 
SACMC-DOX-AZnFe-NPs.
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and C-H, respectively, were assigned to the bands at 1589, 995, and 802 cm−1.9 The Zn-O bond in the tetrahedral site and 
the Fe-O bond in the octahedral site of AZnFe-NPs exhibited stretching vibrations at 563 and 462 cm−1, respectively, 
whereas the band at 1589 cm−1 was attributed to the N-H bending vibrations of AZnFe-NPs.49 In the spectrum of DOX- 
conjugated AZnFe-NPs, similar bands of AZnFe-NPs were observed. New bands at 1656, 966, and 825 cm−1 (which 
were attributed to vibrations of C=O, C=C, and C–H, respectively, of the DOX molecule) were found. The presence of 
these bands confirmed that the DOX successfully conjugated with AZnFe-NPs.50 The bands at 3435 and 1601 cm−1 for 
the plain SA/CMC mixture (which was used as a placebo in this study) were attributed to stretching vibrations of – 
COOH and those of O–H and C=O, respectively. In the spectrum of SACMC-DOX, the C=O stretching frequency was 
shifted to 1597 cm−1. This indicated that DOX was effectively loaded into the polymeric matrix. In addition, two new 
bands, 1335 and 1214 cm−1, were observed and assigned to DOX. The presence of new bands at 662, 490 and 638 cm−1 

in the spectrum of the SACMC-AZnFe-NPs revealed that AZnFe-NPs were successfully loaded into the polymeric 
matrix. The spectrum of SACMC-DOX-AZnFe-NPs exhibited bands that were comparable to those found in the spectra 
of SACMC-DOX and SACMC-AZnFe-NPs. This confirmed the presence of DOX-conjugate AZnFe-NPs.

To find out the crystallinity and molecular dispersion of DOX and NPs in the polymeric matrix, XRD analysis was 
performed (Figure 2). The diffraction 2Ө peaks of free DOX revealed the good crystalline structure of DOX. On 
comparison, the disappearance of the crystalline 2Ө peak of DOX in microgels confirmed that DOX existed in an 
amorphous state after being loaded into the microgels. The XRD patterns of AZnFe-NPs showed 2Ө peaks at 30.01, 35.6, 
42.98, 53.56, 57.3, and 62.7°. These peaks were attributed to the (220), (311), (400), (422), (511), and (440) planes, 
respectively (JCPDS No. 01–079-1150).51 Based on the high similarity in the XRD patterns of SACMC-AZnFe-NPs and 
SACMC-DOX-AZnFe-NPs, the AZnFe-NPs were suggested to be successfully incorporated into the polymeric matrix.

Thermal Analysis
The crystallinity of DOX and the thermal stability of microgels were evaluated using thermal analysis (Figure 3). A distinct 
peak at 247.5 °C was found in the differential scanning calorimetry (DSC) curve of DOX, and this was thought to be the 

Figure 2 XRD patterns of (A) DOX, (B) placebo, (C) SACMC-DOX, (D) AZnFe-NPs, (E) SACMC-DOX-AZnFe-NPs, and (F) SACMC-AZnFe-NPs.
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melting point of the drug. The disappearance of this peak in SACMC-DOX and SACMC-DOX-AZnFe-NPs showed that the 
DOX was dispersed consistently throughout the microgels. The thermogravimetric analysis (TGA) curve of DOX revealed 
two stages of decomposition. The first stage with a 27.6% mass loss occurred between 196 and 260 °C, possibly due to the 
release of HCl. The second stage with a loss of 8.7% was found between 262 and 383 oC, possibly due to the loss of the initial 
mass of DOX.52,53 TGA data showed that the mass of AZnFe-NPs decreased by only 7.8% from 35 to 600 °C, indicating that 
they experienced only mild thermal deterioration. The TGA curves of SACMC-DOX-AZnFe-NPs showed three decomposi
tion stages. The first stage, with a weight loss of 8%, was found between 35 and 189 °C. This loss was due to the evaporation of 
adsorbed water molecules. The second stage, with a weight loss of 30%, was observed between 194 and 417 °C. The loss was 
due to the formation of sodium carbonate residue. The third stage was found between 421 and 600 °C with a weight loss of 
12% due to the thermal decomposition of the polymer blend.54 The weight loss of SACMC-DOX-AZnFe-NPs was less than 
that of SACMC-DOX, demonstrating that the stability was improved by the addition of AZnFe-NPs.55 The increased thermal 
stability of the generated microgels was demonstrated by the TGA data.

Morphological Analysis
The morphological features of AZeFe-NPs and NPs-loaded microgels (Figure 4) play a pivotal role in determining the 
performance in drug delivery. The morphology of the microgels was found to be spherical in shape, exhibiting 
a smooth surface as depicted in images (a-d). However, upon being loaded with AZeFe-NPs, the microgels displayed 
a distinct transformation in morphology, featuring a rough and wrinkled surface. This morphological change suggested 
that the incorporation of NPs had a significant impact on the microgel structure, potentially influencing their 
subsequent drug release sustainability. The average size of microgels, based on the SEM images, was found to be 
600–800 µm. Moreover, the synthesized amine-functionalized ZnFe-NPs exhibited a uniform size in the range of 120– 
150 nm, as evidenced in the TEM images (e and f). This finding was consistent with the results of our DLS analysis 
(Figure 4g), which estimated a mean particle size of 163 nm for AZeFe-NPs. The high dispersion nature of the 
synthesized NPs, as indicated by the low polydispersity index (0.295), suggested homogeneous distribution which 
could enhance stability and could ensure consistent drug release kinetics. The rough and wrinkled surface of NPs- 
loaded microgels may enhance the drug encapsulation efficiency and may also influence release kinetics as depicted in 
the subsequent section of this article.

Figure 3 A) DSC and (B) TGA curves of DOX, AZnFe-NPs, SACMC-DOX, and SACMC-DOX-AZnFe-NPs.
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Drug Encapsulation and Release
The EE of SACMC-DOX and SACMC-DOX-AZnFe-NPs was found to be 72.1% and 78.4%, respectively. The impact 
of AZnFe-NPs on DOX encapsulation was examined using microgels containing DOX-conjugated AZnFe-NPs. The 
presence of AZnFe-NPs increased the amount of DOX in the microgels.56 This was attributed to the fact that DOX and 

Figure 4 SEM images of (A) SACMC-DOX, (B) SACMC-AZnFe-NPs, (C) SACMC-DOX-AZnFe-NPs, and (D) AZnFe-NPs. TEM images of AZnFe-NPs (E & (F). The DLS 
graph of AZeFe-NPs (G).
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AZnFe-NPs formed an imine bond and exhibited electrostatic interactions. As a consequence of these interactions, the 
EE of DOX in the microgels increased.56 A similar observation was reported by Akl and coworkers, who found that the 
combination of DOX with tri-sodium citrate functionalized magnetite nanoparticles results in high encapsulation 
efficiency due to the formation of an imine bond between DOX and NPs.57 The swelling behavior of SACMC-DOX 
and SACMC-AZnFe-NPs-DOX was determined at 37 °C under different physiological conditions (pH 7.4 and pH 6.0) 
(Figure 5C). The generated microgels were found to swell more significantly at pH 7.4 than at pH 6.0. The difference in 
swelling behavior was attributed to the ionization effects on the polymeric chains of SA and CMC under acidic 
conditions. At pH 6.0, the ionization process led to the formation of complex networks among the polymeric chains, 
resulting in a reduction of the swelling nature of the polymeric network. At pH 7.4, the carboxylic groups of SA-CMC 
polymeric chains underwent ionization into carboxylate ions, leading to enhanced electrostatic interactions between SA 
and CMC chains. This phenomenon resulted in a higher degree of swelling, indicating a pH-dependent response of the 
polymeric microgels. The findings suggested that pH played a significant role in modulating the swelling behavior of 
SACMC-based microgels and this is a critical aspect for designing drug delivery systems with tailored release kinetics.54 

Furthermore, incorporation of AZnFe-NPs into the microgels contributed to a higher degree of swelling. The presence of 
NPs in the matrix created pores, facilitating the diffusion of the medium into the polymeric matrix. This increased 
swelling behavior was attributed to the porous structure formed by the NPs within the microgel matrix.20 Our finding 
highlighted the interplay between the polymeric matrix, pH, and the influence of NPs in determining the swelling 
characteristics of the microgels. Such insights will be valuable for subsequent rational design of drug delivery systems, 
where controlled swelling behavior is crucial for achieving optimal drug release profiles.

Figure 5 A) and (B) In vitro release profiles as well as the (C) swelling capacity of SACMC-DOX and SACMC-DOX-AZnFe-NPs at pH 7.4 and 6.0 at 37 °C (n = 3). Data 
are shown as mean ± SD.
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The drug release profiles of the generated microgels were determined at pH 7.4 and 6.0 (Figure 5A). AT pH 7.4, drug 
release from microgels in PBS was maximal 8 h after the start of the experiment; whereas at pH 6.0, a lesser amount of 
DOX was released. The comparison of the drug release profiles of SACMC-DOX and SACMC-DOX-AZnFe-NPs 
microgels at pH 7.4 and 6.0 revealed different release mechanisms, which were thought to be dependent on the nature of 
the cationic ions present in the buffer media. The media at pH 6.0 was slightly acidic in nature. Hydrogen bonding in the 
SA/CMC polymeric matrix may lead to the formation of hydrophobic networks. The carboxyl groups of the SA/CMC 
polymeric matrix were not completely ionized in the acidic environment, too. These characteristics resulted in a slightly 
lesser amount of DOX being released at pH 6.0.58 However, at pH 7.4, the carboxylic acid groups on the SA/CMC 
polymeric chains became ionized, resulting in higher osmotic pressure and greater electrostatic repulsion between 
charged groups. As a result, SA/CMC polymeric microgels had a higher degree of swelling, leading to a higher rate 
of drug release. On the other hand, the rate of drug release from SACMC-DOX-NPs was lower at pH 7.4 than at 6.0. This 
is due to imine bond formation between the C=O group of DOX and the –NH2 group of AZnFe-NPs. At pH 7.4, the bond 
is not completely cleaved, leading to a lower rate of drug release; whereas, at pH 6.0, the imine bond cleaves, leading to 
a higher rate of drug release.59 In addition, the incorporation of AZnFe-NPs significantly retarded the release of DOX 
from the microgels. The presence of AZnFe-NPs in the microgels resulted in a longer distance for DOX molecules to 
diffuse from the microgels into the release medium, lengthening the time of drug release. In our previous study,9 the rate 
of drug release from magnetite nanoparticles embedded in DOX-loaded microgels was found to be higher at pH 7.4. In 
the current study, the release rate was lower at pH 7.4 and higher at pH 6.0 due to imine bond formation between DOX 
and NPs. The developed microgels, therefore, are worth further development for use in chemotherapy to release DOX in 
the tumor environment.

The release kinetics of SACMC-DOX and SACMC-DOX-AZnFe-NPs were analyzed by fitting the release data into 
different kinetic models and the Korsmeyer-Peppas equation. Based on the r2 values (Table 1) of the samples, drug 
release from SACMC-DOX and SACMC-DOX-AZnFe-NPs was found to better follow the first order model and the 
Higuchi model, respectively. The release mechanisms of SACMC-DOX and SACMC-DOX-AZnFe-NPs were deter
mined based on the n values of Korsmeyer-Peppa’s equation. The n values were in the range of 0.437–0.574, suggesting 
that drug release from both SACMC-DOX and SACMC-DOX-AZnFe-NPs was mediated largely via non-Fickian 
diffusion.

In Vitro Toxicity
The in vitro toxicity of SACMC-DOX, SACMC-AZnFe-NPs, and SACMC-DOX-AZnFe-NPs were examined in MCF-7 
cells (Figure 6). SACMC-DOX, SACMC-AZnFe-NPs, and SACMC-DOX-AZnFe-NPs appeared to show different levels 
of cytotoxicity. Upon exposure to DOX, SACMC-DOX, SACMC-AZnFe-NPs, and SACMC-DOX-AZnFe-NPs, the 
viability of MCF-7 cells dropped to 4, 24, 38, and 16%, respectively. This suggested that upon being loaded into the 
microgels, the cytotoxicity of the drug was lower than that of pure DOX. This is because the microgels released DOX 
steadily. This result is consistent with prior research which has reported that the toxicity of the drug will be reduced when 
the drug is released slowly over time. Furthermore, due to the capacity of the NPs in reactive oxygen species (ROS) 
production as previously reported,1 the NPs showed certain extent of cytotoxicity even in the absence of loaded DOX 

Table 1 Release Kinetics Parameters of SACMC-DOX and SACMC-DOX-AZnFe-NPs in PBS of pH 
7.4 and 6.0 at 37 °C

Sample pH Zero Order First order Higuchi Korsmeyer-Peppas

K0 r2 K1 r2 KH r2 n r2

SACMC-DOX 7.4 0.092 0.149 0.030 0.953 2.983 0.862 0.505 0.994
6.0 0.083 0.372 0.020 0.939 2.665 0.914 0.570 0.993

SACMC-DOX-AZnFe-NPs 7.4 0.030 0.276 0.030 0.464 0.957 0.927 0.437 0.992

6.0 0.077 0.373 0.020 0.901 2.473 0.915 0.574 0.996
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molecules. If this property is further exploited in development of cancer treatment, it may enhance the therapeutic effect 
of the delivered anti-cancer drug.

Conclusions
Development of smart composite microgels for controlled release of bioactive molecules is of great importance. In this study, pH- 
responsive polymeric composite microgels were created using DOX-conjugated amine-functionalized zinc ferrite NPs, SA, and 
CMC. FTIR analysis confirmed the interaction of AZnFe-NPs with DOX and the formation of the imine bond. It also confirmed 
the encapsulation of DOX in the SA/CMC polymeric matrix. XRD analyses provided additional confirmation of the generation of 
AZnFe-NPs and revealed the dispersion of DOX in the polymeric matrix. The generated composite microgels were found to be 
spherical in shape, with the size of the AZnFe-NPs being estimated to be 120–150 nm. The microgels showed good swelling 
capacity at both pH 6.0 and 7.4. While SACMC-DOX exhibited a higher rate of drug release at pH 7.4 than at pH 6.0, SACMC- 
DOX-AZnFe-NPs showed the opposite trend. The latter was attributed to the fact that the imine bond is intact at neutral pH but is 
cleaved under an acidic environment. Taking the stimuli-responsive properties and drug delivery performance of our microgels 
into account, our microgels warrant further study as a carrier for treatment development and subsequent clinical translation.

Data Sharing Statement
All data generated or analysed during this study are included in this published article.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This study was funded by the Research Impact Fund (RGC Reference no.: R5034-18) provided by the Research Grants 
Council of HKSAR, PRC.

Disclosure
The authors declare no conflict of interest.
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Data are shown as mean ± SD.
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