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Abstract 

As chemotherapeutic delivery agents, polymeric microparticles (MPs) enhance treatment efficacy and selectivity, 

playing a crucial role in nanomedicine by enabling targeted release, imaging, and improved therapeutic outcomes. In this 

study, layer-by-layer (LbL) polymer–coated human serum albumin MPs (HSA/PEI/ALG/HSA-MPs) were developed for 

the delivery of curcumin (CUR) through electrostatic assembly of poly(ethyleneimine) (PEI) and alginate (ALG) on 

biodegradable HSA MPs. The successful multilayer assembly was confirmed by changes in particle size and zeta potential 

following sequential deposition of oppositely charged polymers. The cytotoxicity of individual precursors (HSA, PEI, 

and ALG) was also evaluated. Pure ALG exhibited minimal cytotoxicity, while HSA maintained relatively high cell 

viability across the tested concentrations. In contrast, pure PEI displayed cytotoxicity at 3.25 μM, with less than 40% cell 

viability in cancer cells (p < 0.001). In vitro experiments showed that PEI-containing MPs (PEI/HSA-MPs and 

PEI/ALG/HSA-MPs) exhibited a concentration-dependent decrease in cell viability in MCF-7 and MDA-MB-231 cells, 

indicating that PEI-associated cytotoxicity contributed to the formulations. HSA/PEI/ALG/HSA-MPs maintained higher 

cell viability than PEI/HSA-MPs and PEI/ALG/HSA-MPs across the tested concentrations, demonstrating that the 

incorporation of PEI into the shell was successful without compromising cell viability. As drug-loaded microcarriers, 

LBL-CUR-MPs exhibit negligible cytotoxicity toward cells and low hemolyticity (< 5%) against human red blood cells, 

indicating good biocompatibility and a CUR loading capacity of 26.5%. CUR-loaded LBL-HSA-MPs exhibited higher 

toxicity than CUR-HSA-MPs but less than CUR alone, suggesting that CUR delivered through LBL-HSA-MPs exerted 

a more potent antiproliferative activity than CUR-HSA-MPs. These findings indicate that polymer-coated HSA MPs 

provide a biocompatible and efficient delivery system for CUR, with potential applications in cancer therapy. Taken 

together, the LBL-HSA-MPs show promising applications in cancer therapy as a drug microcarrier and warrant further 

investigation, including in vivo evaluation. 
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Introduction 

Biopolymers are particularly appealing for drug 

delivery system (DDS) applications due to their 

renewability, non-toxicity, excellent biological 

performance, controlled biodegradability, and cost- 

 

effectiveness [1]. Polymer-based nanoparticles (NPs) 

and microparticles (MPs) specifically designed for 

cancer therapies cover a significant and extensively 

researched area within nanotechnology [2,3]. The main 
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advantages reside in their versatility, as their properties 

can be easily tailored by selecting specific polymer 

types and preparation methods.  This allows precise 

control over surface characteristics that influence 

biological interactions, such as drug distribution within 

the body and the timing of drug release, ensuring 

targeted and timely drug availability [4,5]. The 

extensive exploration of albumin-based MPs in recent 

years has also demonstrated that this biopolymer can 

play an important role in DDS. 

 Albumin-based delivery systems offer several 

advantages due to their natural transport functions. 

Mechanisms such as hydrophobic attractions, 

electrostatic interactions, and covalent bindings 

facilitate drug attachment to the carrier [6]. These 

systems can be degraded into peptides by naturally 

occurring enzymes, improving drug stability and 

enabling accumulation in tumor tissues via the enhanced 

permeability and retention effect. Developed to improve 

the delivery of hydrophobic drugs, albumin-based 

delivery systems exploit their multiple ligand binding 

sites and cellular interactions, making them a promising 

approach for drug delivery [7]. Meanwhile, NP 

albumin-bound (nab)-paclitaxel, with a particle size of 

about 130 nm, has been designed to maintain the 

therapeutic benefits of paclitaxel while avoiding the 

toxicity associated with the polyoxyethylated castor oil 

in Taxol, significantly reducing allergic reactions and 

eliminating the need for pretreatment [8,9]. Although 

clinical trials have shown fewer adverse effects, ongoing 

research aims to optimize efficacy and address safety 

concerns related to albumin-based nanocarriers [10,11].  

 To address these challenges, the interactions 

between biodegradable cationic and anionic 

biopolymers that form polyionic hydrogels have been 

employed. This method not only improves the stability 

and biocompatibility of the NPs but also enhances 

cellular uptake. Functionalization via LBL coating 

enables better interaction with cellular membranes and 

the activation of internalization pathways, potentially 

improving therapeutic outcomes [12]. Recent studies 

have demonstrated that multilayer polymer-coated 

delivery systems can improve cellular uptake, prolong 

drug release, and enhance the biocompatibility of 

anticancer formulations, highlighting the growing 

interest in layer-by-layer (LbL) surface engineering 

strategies for cancer drug delivery [13].  

 A significant advancement in nanotechnology for 

cancer treatment is the use of functionalized polymers to 

construct layered MPs. Notable examples include 

sodium alginate (ALG) and polyethyleneimine (PEI). 

ALG, a natural polysaccharide polymer, offers the 

advantages of biocompatibility, non-toxicity, 

biodegradability, flame retardancy and low cost [14,15]. 

PEI, a cationic polymer, is a synthetic polymer, 

synthesized from aziridine by cationic polymerization. 

It offers a potential gene delivery system due to its high 

amine content. This high amine content produces a 

substantial proton-sponge effect, which facilitates the 

early escape of complexes from endolysosomal 

compartments [16]. This property makes PEI promising 

for delivering drugs for cancer therapy, promoting deep 

penetration in tumor tissues [17]. 

 Additionally, PEI can exert anticancer effects 

through electrostatic interaction at the cell membrane 

surface [18]. Nevertheless, cationic MPs, including 

those made from PEI, are rapidly cleared by the 

reticuloendothelial system (RES) through formation of 

complexes with negatively charged cell membranes or 

serum proteins. Moreover, many cationic nanosystems 

exhibit relatively high toxicity and lack targeting 

specificity, limiting their broad clinical applicability. 

This demands strategies for reversibly shielding their 

surfaces with biomimetic coatings [19]. Therefore, the 

conjugation of PEI has been proposed to fabricate 

albumin-based particles. PEI coating may enhance the 

biocompatibility and permeability of albumin-based 

particles. The PEI coating may enhance the 

biocompatibility and permeability of albumin-based 

particles while reducing the cell-induced toxicity of PEI 

by decreasing the density and the significant positive 

surface charge of the polymer responsible for its toxic 

effects. 

 In our previous study, we investigated the co-

encapsulation of albumin and CUR produced through 

Co-precipitation Crosslinking Dissolution (CCD)-

technique [20]. CUR-encapsulated albumin MPs (CUR-

HSA-MPs) were advantageous in terms of in vitro 

cytotoxicity against human breast adenocarcinoma 

(MCF-7) and human hepatocellular carcinoma (Huh-7) 

cell lines; however, this effect was more pronounced for 

free CUR. Because CUR had very low water solubility, 

this work aims to improve the therapeutic performance 

of CUR-loaded MPs by applying an LbL polymer 
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coating of poly(ethyleneimine) (PEI) and alginate 

(ALG).  

 In contrast to the previously reported CUR-HSA-

MPs system, the present study developed LbL polymer–

coated HSA MPs (LbL-HSA-MPs) through sequential 

electrostatic assembly of cationic PEI and anionic ALG 

layers. This multilayer surface engineering strategy was 

designed to improve cellular interaction, 

biocompatibility, and antiproliferative activity while 

partially reducing the inherent cytotoxicity of free PEI. 

In addition, this study investigates the cytotoxic effects 

of pure polymers and their corresponding multilayer-

coated formulations on cell viability. The LbL-HSA MP 

system may provide a biocompatible platform for 

improved CUR delivery in cancer therapy. 

 

Materials and methods 

 Materials 

 Poly (ethyleneimine) solution (PEI, average Mn 

~60,000 by GPC, average Mw ~750,000 by LS, 50 wt.% 

in H2O), human serum albumin solution (100 g/L HSA 

in 0.14 M NaCl), sodium borohydride (NaBH4), and 

manganese (II) chloride tetrahydrate (MnCl2·4H2O) 

were obtained from Sigma-Aldrich (Munich, Germany). 

Alginic acid sodium salt (molecular weight: 30,0000 - 

350,000 g/mol) was purchased from Carl Roth GmbH 

(Karlsruhe, Germany). 25% Glutaraldehyde solution in 

water (GA) and anhydrous sodium carbonate (Na2CO3) 

were purchased from Merck KGaA (Darmstadt, 

Germany). Dimethyl sulfoxide (DMSO) was supplied 

by Panreac Applichem® (Barcelona, Spain). 

Fluorescein isothiocyanate (FITC) was obtained from 

Biochrom GmbH (Berlin, Germany). Ethylene diamine 

tetra-acetic acid (EDTA) disodium salt dehydrate, 

sodium hydroxide (NaOH) and sodium chloride (NaCl) 

were obtained from HiMedia Laboratories Pvt. Ltd. 

(Mumbai, India). 

 

 Preparation of albumin MPd (HSA-MPs) 

loaded with CUR  

 HSA-MPs were synthesized through a modified 

CCD technique, as shown in Figure 1(a) [21]. Briefly, 

Na2CO3 (0.25 M) and MnCl2 (0.25 M) containing 0.5% 

HSA solution were mixed in a beaker under magnetic 

stirring for 30 s at room temperature (RT). The pellets 

(MnCO3-HSA-MPs) were then separated and washed by 

centrifugation twice at 6,000 × g for 3 min. An aliquot 

of an 8% volume concentration of MnCO3-HSA-MPs 

suspension was then incubated with CUR at a 

concentration of 1 mg/mL in DMSO for 1 h at RT and 

protected from light. After incubation, the mixture was 

centrifuged and washed three times with distilled (DI) 

water at 6,000 × g for 10 min. The obtained particles 

were resuspended and crosslinked with a 0.08% GA 

solution in 0.9% NaCl, then agitated for 1 h, while 

shielded from direct light. Then, 0.5 mL of solution 

containing 15 mg/mL NaBH4 in 0.1 M NaOH was added 

and the mixture was stirred for 30 min at RT. 

Subsequently, 0.25 M EDTA was added to dissolve the 

carbonate core, and the mixture was incubated for 

another 30 min. The final particles were washed in DI 

water (6,000 × g for 10 min). This washing step was 

repeated three times, and the particles were resuspended 

in PBS (pH 7.4) and stored at 2 - 8 °C until use. The 

obtained particles are referred to as CUR-HSA-MPs. 

 The control particles, HSA-MPs, were prepared by 

following the same procedure without the adsorption of 

CUR.

 

 

Figure 1 Schematic of (a) CUR-HSA-MP preparation via co-precipitation, CUR loading, cross-linking, and core removal, 

(b) followed by layer-by-layer coating with ALG, PEI, and HSA (LbL-CUR-MPs). 
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 Layering procedure 

 The multilayer shell was formed via sequential 

electrostatic adsorption of oppositely charged cationic 

PEI and anionic ALG layers onto the negatively charged 

HSA MP surface, as shown in Figure 1(b). First, HSA-

MPs were incubated with 2 mg/mL alginate for 15 min 

at RT. ALG/HSA-MPs were then centrifuged three 

times at 6,000 × g for 10 min each to complete the 

washing step. Second, the negatively charged particles 

were dispersed in 0.9% NaCl and incubated with a 2 

mg/mL PEI solution for 15 to impart a positive charge 

(reducing the negative charge). Afterward, the 

PEI/ALG/HSA-MPs were washed three times with DI 

water and resuspended in 0.9% NaCl. Finally, the 

bilayer-deposited MPs were incubated in a 2% HSA 

solution for 15 min to stabilize them. After three DI 

water washes, the supernatant was removed, and the 

final sediment of HSA/PEI/ALG/HSA-MPs was 

suspended in 0.9% NaCl, then stored at 4 °C for further 

use. These HSA/ PEI/ALG/HSA-MPs are hereafter 

referred to as LbL-HSA-MPs. 

 

 Drug loading determination 

 The quantity of CUR in the MPs was measured at 

435 nm using an Optizen Pop UV/Vis 

spectrophotometer (Mecasys Co., Ltd., Daejeon, South 

Korea). The encapsulation efficiency (EE) was 

calculated using the following Eq. (1); 

 

%𝐸𝐸 = (Amount of CUR present
MPs

Amount
of CUR used) ×

100%             (1) 

 

 Characterization of albumin MPs 

 Size and zeta potential: The size and zeta potential 

of the obtained particles were measured using a 

Zetasizer instrument (Malvern Instruments Ltd., 

Malvern, UK) at 25 °C. The microparticles are dispersed 

in PBS pH 7.4 under mild sonication to avoid the 

formation of large aggregates Aliquots of the solution 

were placed in a plastic cuvette for particle size 

measurement and the zeta cell for zeta potential 

measurement. 

 Chemical characteristics: To collect the Fourier 

transform infrared spectrometer (FTIR) spectra of HSA, 

ALG, PEI, and LBL-HSA-MPs, a NICOLET iS5 FTIR 

spectrometer (Thermo Scientific, Waltham, MA, USA) 

was employed. The FTIR spectra ranged from 400 to 

4,000 cm−1 with a resolution of 4 cm−1. 

 Morphology: Samples were imaged using a 

scanning electron microscope (LV-Scanning Electron 

Microscope, JSM 5910 LV, Tokyo, Japan). A drop of 

the particle suspension was applied to a glass slide, 

allowed to dry overnight at RT, and sputtered with gold. 

SEM images were conducted at an operating voltage of 

15 kV. The average particle size and size distribution 

were obtained using Image J software (NIH, Bethesda, 

MD, USA) and Origin 10.0 software (OriginLab, 

Northampton, MA, USA). 

 

 Cell culture  

 Human breast cancer cells (MCF-7 [#HTB-22; 

ATCC] and MDA-MB-231 [#HTB-26; ATCC]) and 

osteosarcoma cells (MG-63 cell [#CRL-1427; ATCC]) 

were cultured in Dulbecco’s modified Eagle's medium 

(DMEM; Gibco)/F12 supplemented with 10% (v/v) 

fetal bovine serum (FBS; Gibco), and 1 × antibiotic and 

antimycotic solution (Gibco). All cell lines at passages 

5 - 10 were used in this study and maintained at 37 °C 

in a humidified atmosphere containing 5% CO2. 

 

 Cytotoxicity of polymers and polymers-coated 

MPs 

 Cells were plated at a density of 5×104 cells per 

well in 96-well plates. The concentrations of pure 

polymers ranged from 3.125 to 50 µM, and 

polyelectrolyte MPs ranged from 1.56 to 50 mg/mL. 

Free CUR was used as a positive control, whereas 

untreated cells served as the negative control. The 

samples were added to each cell line after 24 h of cell 

cultivation. The metabolic activity of the cells was 

measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) test after 

cultivation with samples for 24 and 48 h. For the MTT 

assay, 10 µL of the stock MTT solution (5 mg/mL in 

PBS) was added to each well, and the plates were 

incubated for 2 h at 37 °C in a 5% CO2 humidified 

atmosphere. 

 The MTT solution was removed, and the crystal 

formazan was dissolved with 100 µL of DMSO per well, 

then measured using a microplate reader at 570 nm. 
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 Uptake of polyelectrolyte multilayer MPs 

 The HSA-MPs and CUR-HSA-MPs (8%) were 

incubated with freshly prepared FITC at a ratio of 9:1 at 

RT for 1 h in the dark. The labeled particles were then 

cleaned three times with DI water to remove free FITC 

and finally resuspended in PBS. HPA-FITC-HSA-MPs 

and HPA-FITC-CUR-HSA-MPs were prepared by 

layering FITC-HSA-MPs and FITC-CUR-HSA-MPs 

with ALG and PEI, as described in the layering 

procedure given in Section 2.3. 

 MCF-7 cells were plated into 8-well plates at a 

density of 2.5104 cells per well. After 24 h of 

cultivation, the medium was removed, and fresh 

medium containing polyelectrolyte MPs at 12.5 mg/mL 

was added. The plates were incubated for 4 h at 37 C in 

a 5% CO2-humidified atmosphere. The cells were then 

washed with PBS (pH 7.4) and fixed with PBS 

containing 10% paraformaldehyde for 10 min on ice, 

followed by three washes with PBS (pH 7.4). The 

cellular uptake of polyelectrolyte MPs was estimated 

using an AX/AX R Nikon CLSM (Tokyo, Japan). 

 

 Hemolysis tests 

 All experimental procedures were conducted with 

the approval of the University of Phayao Ethics Human 

Committee (UP-HEC 1.2/089/66). Written informed 

consent was obtained from all blood donors. To assess 

the hemolysis ratio (HR), fresh blood was drawn from 

healthy volunteers into BD Vacutainer tubes containing 

lithium heparin. The samples were centrifuged at 3,000 

 g for 5 min to isolate red blood cells (RBCs), which 

were then washed with PBS (pH 7.4) and resuspended 

in sterile isotonic PBS at 2% (v/v). 

 A 0.2 mL aliquot of the RBC suspension was 

mixed with various samples in 0.8 mL PBS. Controls 

included 0.2 mL of RBC suspension mixed with 0.8 mL 

of deionized water (positive) and PBS (negative). After 

gentle mixing, the samples were incubated at 37 °C for 

4 h, shaking every 30 min. Following incubation, 

samples were centrifuged, and 150 μL of supernatant 

was transferred in triplicate to a 96-well plate for 

absorbance measurement at 570 nm using a Cytation 5 

Cell Imaging Multi-Mode Reader. Hemolysis 

percentages (HP) were calculated using the following 

formula. 

 

%𝐻𝑃 =
absorbance of sample−absorbance of negative control

absorbance of positive control−absorbance of negative control
   (2) 

 

 Statistics 

 All experiments were performed at least three 

times. Statistical analysis was performed using 

GraphPad Prism 8 (GraphPad Software, La Jolla, CA). 

All data were analyzed using two-way analysis of 

variance (ANOVA) and Tukey’s multiple comparison 

test. Values were considered statistically significant at a 

threshold of p < 0.05.  

 

Results and discussion 

 Cytotoxicity Activity of Its Precursors 

 A versatile strategy for modifying the toxicity of 

PEI is the incorporation of biodegradable polymers 

[22,23]. To investigate whether the incorporation of 

biodegradable ALG and HSA improves the 

biocompatibility of PEI, the cytotoxicity of PEI, ALG, 

and HSA in human breast cancer cell lines (MCF-7 and 

MDA-MB-231 cells) was determined by MTT assay. 

There was no appearance difference in the cytotoxicity 

trends observed among the two cell lines. As shown in 

Figures 2(a) - 2(d) ALG exhibited minimal cytotoxicity 

over the tested concentration range. HSA also 

maintained relatively high cell viability (> 80%) up to 

25 μM, although MDA-MB-231 cells showed a 

statistically significant reduction in viability at higher 

concentrations. In contrast, pure PEI began to exhibit 

cytotoxicity at 3.125 μM (p < 0.001): Fewer than 40% 

of cells were viable in the presence of PEI.  

In addition, we explored the cytotoxicity of PEI using 

osteosarcoma MG-63 cells. As seen in Figures 2(e) - 

2(f), PEI exhibited similar toxicity across different cell 

lines, highlighting its broad toxicity. Figure 2 also 

showed that cell inhibition was time-dependent for pure 

PEI treatment. Biocompatibility depends on the 

properties of PEI, such as its molecular weight and form 

(linear or branched), as well as the experimental cell 

type. In accordance with previous research, this review 

revealed the biocompatibility and bifunctionality of PEI, 

particularly those conducted using human corneal 

epithelial cells (HCE) [24] and cancer cells [25]. The 

branched PEI exhibited higher toxicity than the linear 

PEI in treated cells [26]. 
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 The toxicity also increased with higher molecular 

weights of cationic polymer due to excessive 

accumulation of cationic polymer on the anionic cell 

membrane [27]. The studies by Naumenko et al. [28] 

and Wang et al. [29] consistent with our findings that 

this PEI is clearly not biocompatible when used as a 

precursor base layer for polyelectrolyte coatings.
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Figure 2 Cytotoxicity effect of the precursors on (a,b) MCF-7 cells, (c,d) MDA-MB-231, and (e,f) MG-63 at 24 and 48 

h incubation (n = 3). Mean ± standard error of the mean for the triplicate wells are reported. Statistically significant values 

(***p < 0.001 and ****p < 0.0001) were compared with the control group and analyzed by two-way ANOVA with Tukey 

post-hoc test. 

 

 Preparation and Characterization of 

HSA/ALG/PEI/HSA-MPs (LBL-HSA-MPs) 

 Layering procedure 

 The CCD technique used to prepare the HSA MPs 

is easy and cost-effective [21,30,31]. The resulting 

particles exhibited consistent size, surface zeta potential, 

and morphology. The CCD technique involves mixing 

MnCl2 and Na2CO3 in the presence of HSA, 

encapsulating the HSA within the MnCO3-HSA-MPs. 

In our previous research, we demonstrated an 

entrapment efficiency of 55% to 62%, with up to 31.3 ± 

1.8 mg of HSA per 5 mg/mL HSA [20]. These 

parameters remained consistent in this study. GA cross-

linking was performed to stabilize the HAS-MPs before 

applying the polymer surface coating, which also 

enhances the drug entrapment capacity of the particles.  



Trends Sci. 2026; 23(12): 13852   7 of 18 

 Preparation of LBL-HSA-MPs involves a multi-

step process: i) creating the HSA-MPs core template; ii) 

applying a negative ALG layer; iii) adding a positive 

layer of PEI; and iv) incorporating a negative HSA 

(Figure 1). HSA-MPs were fabricated using the CCD 

technique of MnCl2 and Na2CO3 solution in the presence 

of HSA. The morphologies of LBL-HSA-MPs changed 

with varying concentrations of ALG and PEI (data not 

shown). A concentration of 5 mg/mL for ALG and PEI 

was chosen for all subsequent experiments. 

 Following the washing step to remove unadsorbed 

ALG, PEI was adsorbed as the first positive layer 

through electrostatic interactions by adding the MPs to 

a PEI solution. Then, ALG was adsorbed to enhance the 

interaction strength of PEI for the subsequent layer. 

Attractive interactions between proteins and 

polysaccharides result mainly from electrostatic 

interactions between negatively charged polysaccharide 

groups and positively charged protein groups [32]. 

Therefore, the sequential deposition of PEI and ALG 

facilitates the formation of a stable multilayer coating on 

the HSA microparticle surface. 

 The process of growing polymer layers on the 

surface of MPs can be significantly impacted by various 

experimental factors, particularly the salt concentration 

[33]. It has been suggested that using covalent process 

for PEI adsorption can improve the stability of the upper 

layer [34]. However, our findings suggest that a simple 

non-covalent deposition may suffice to achieve strong 

anchorage of PEI on ALG-HSA-MP surfaces.  

 

 Determination of size and zeta potential  

 The surface modification of PEI was confirmed by 

observing changes in surface potential, as shown in 

Table 1. All samples were dissolved in PBS (pH 7.4) 

before measurements. The surface potential of the 

negatively charged HSA-MPs with unmodified ALG 

(−17.06) became more negatively charged (−17.00 mV) 

after modification with ALG (ALG/HSA-MPs). The 

PEI layers were able to neutralize the negative surface 

potential of the ALG/HSA-MPs (−9.27). Results of zeta 

potential measurements indicate that the PEI amines 

were successfully modified through various 

derivatization reactions. The diameters of the 

polyelectrolyte MPs increased with more layers, 

exhibiting a wide size distribution ranging from 1.7 to 

4.7 µm, as shown in Table 1.

 

Table 1 Hydrodynamic diameters and zeta potentials of the polyelectrolyte MPs. 

Samples Z- average size (µm) Zeta potential (mV) 

HSA-MPs 1.7 ± 0.03 −17.06 ± 1.14 

ALG/HSA-MPs 2.01 ± 0.39 −17.00 ± 0.92 

PEI/HSA-MPs 1.6 ± 0.03 −9.27 ± 1.04 

PEI/ALG/HSA-MPs 4.7 ± 0.53 −8.03 ± 0.64 

LbL-HSA-MPs 3.8 ± 0.16 0.41 ± 0.37 

Data are presented as mean ± SD. (n = 3). 

 

 The FTIR spectra of pure components (HSA, 

ALG, and PEI) and related MPs are presented in Figure 

3. The FTIR spectra of HSA showed characteristic 

adsorption bands for the amide I (C=O stretching) at 

1,650 and amide II (C–N stretching and N–H bending) 

vibrations at 1,532 cm−1. These bands represent the main 

vibrational bands in the albumin backbone, contributing 

to its secondary structure. For ALG, major peaks were 

observed at 1,596 (C=O bond) and 1,404 cm−1, 

attributed to the antisymmetric and symmetric stretches 

of the carboxylate group. A broad band between 3,000 

and 3,700 cm−1 was observed due to the O-H stretch of 

the amide group, while peaks in the 1,082 - 1,026 cm−1 

range correspond to the C-O-C antisymmetric stretch. 

The FTIR spectrum of PEI displays a broad band at 

3,284 - 3,356 cm−1 representing N‒H stretching 

vibrations, and peaks at 2,834 - 2,943 cm−1 representing 

aliphatic C‒H stretching vibrations. The N‒H vibrations 

of primary and secondary amino groups were observed 

at 1,559 and 1,457 cm−1, respectively. The band at 1,457 

cm−1 is also related to the C‒H bonds. Additionally, 

peaks at 1,311 cm−1 and within the 1,045 - 1,116 cm−1 

range were linked to C‒N stretching vibrations. 
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 In the spectra of the physical mixture, 

characteristic peaks similar to those in the spectra of 

PEI, ALG, and HSA were observed, i.e., 3,278, 2,927 

and 1,654 cm−1, confirming the presence of the polymer. 

However, new peaks also emerged (Figure 3).

 

 

Figure 3 FTIR spectra of HSA, ALG, PEI, and LbL-HSA-MPs. 

 

 Morphology 

 SEM images show that HSA-MPs and ALG/HSA-

MPs were peanut-shaped particles with a smooth 

morphology and a homogenous distribution (Figures 

4(a) - 4(b)). In contrast, the surfaces of the 

PEI/ALG/HSA-MPs and LBL-HSA-MPs were 

relatively uneven (Figures 4(c) - 4(d)). The shape and 

size distribution of the LBL-HSA-MPs differed from 

that of the template. The LBL-HSA-MPs had a wide 

particle-size distribution, ranging from several tens to 

several hundreds of nm. The samples treated with PEI 

contain small amounts of self-assembled particles, 

possibly due to an insufficient amount of MP template 

to increase the mobility of all polymeric chains in the 

system. The average particle size, calculated using 

ImageJ from the SEM images, was approximately 0.52 

± 0.093 μm, 0.57 ± 0.12 μm, 0.52 ± 0.18 μm, and 0.2 ± 

0.15 μm for HSA-MPs, ALG/HSA-MPs, 

PEI/ALG/HSA-MPs, and LbL-HSA-MPs, respectively. 

The particle size distributions are presented as 

histograms in Figure 4. The particle sizes observed by 

SEM were smaller than those measured by DLS because 

SEM was performed in the dry state. In contrast, DLS 

measured the hydrodynamic diameter of particles 

dispersed in aqueous medium.
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Figure 4 SEM images along with histogram showing grain size distribution of control HSA-MPs, (b) HSA-MPs coated 

with first ALG layer (ALG/HSA-MPs), (c) HSA-MPs coated with second PEI layer (PEI/ALG/HSA-MPs), and (d) HSA-

MPs coated with HSA third layer (LbL-HSA-MPs). 

 

 Cytotoxicity activity of polyelectrolyte MPs  

 Compared with free PEI, coated samples exhibited 

modified cytotoxicity. As summarized in Figure 5, 

PEI/HSA-MPs showed obvious dosage-dependent 

cytotoxicity. At the same time, PEI/ALG/HSA-MPs 

showed a reduction in cell viability, indicating that 

incorporating ALG into the multilayer shell partially 

mitigated the inherent toxicity associated with PEI. 
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Overall, the reduction in cell viability observed in both 

MCF-7 and MDA-MB-231 cells indicated the 

concentration-dependent cytotoxic behavior of the PEI-

containing MPs. 

 According to ISO 10993-5 guidelines, materials 

maintaining cell viability above 80% are generally 

considered non-cytotoxic. In the present study, HSA-

MPs and ALG/HSA-MPs exhibited minimal 

cytotoxicity at concentrations below 25 mg/mL in both 

MCF-7 and MDA-MB-231 cells, indicating acceptable 

biocompatibility. LbL-HSA-MPs also maintained 

relatively high cell viability compared with PEI/HSA-

MPs under the same experimental conditions. 

 For MCF-7 cells, treatment with HSA-MPs, 

ALG/HSA-MPs, and LbL-HSA-MPs at a concentration 

of 25 mg/mL for 48 h resulted in cell viabilities of 84.17 

± 1.53%, 88.51 ± 6.30%, and 66.06 ± 11.68%, 

respectively. These values were notably higher than 

those observed for PEI/HSA-MPs (14.17 ± 2.93%) and 

PEI/ALG/HSA-MPs (68.86 ± 11.00%). Among all 

tested formulations, the PEI/HSA-MPs treatment 

exhibited the highest cytotoxicity and the lowest cell 

viability among the five types of MPs. MP 

concentrations are expressed in mg/mL throughout this 

study.
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(c) (d) 

Figure 5 Cytotoxicity effect of HSA-MPs, ALG/HSA-MPs, PEI/HSA-MPs, PEI/ALG/HSA-MPs, and LbL-HSA-MPs 

toward breast cancer cells. (a) MCF-7 cells after 24 h incubation; (b) MCF-7 cells after 48 h incubation; (c) MDA-MB-

231 cells after 24 h incubation; and (d) MDA-MB-231 cells after 48 h incubation. As the dosages ranged from 3.125 to 

50 mg/mL, all experiments were performed in triplicate. All data are expressed as mean ± standard error of the mean. 

Statistically significant values (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) were compared with control 

group and analyzed by two-way ANOVA with Tukey post-hoc test. 

 

 The use of HSA in combination with PEI 

increased cell viability across all three tested cell types. 

The cytotoxicity of PEI is primarily attributed to the 

strong electrostatic interactions between its positively 

charged sites and the negatively charged cell 

membranes [35]. The surface charge derived from the 

PEI segment is a critical factor influencing the 

cytotoxicity of PEI-based polymers [26]. After 

modification to neutralize the PEI amines, the positive 

charges were shielded, significantly improving the 
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biocompatibility of PEI. The spatial distribution of HSA 

on the surface of PEI/ALG/HSA-MPs likely reduced or 

shielded some of the positive charges through 

electrostatic interaction, decreasing the surface charge 

[4,36]. Consequently, LBL-HSA-MPs exhibited lower 

cytotoxicity than PEI/ALG/HSA-MPs, suggesting that 

HSA has a cytoprotective effect. This supports the 

hypothesis that the cytotoxicity of PEI is substantially 

reduced when delivered via NPs, likely due to 

suppression of its cationic charge in solution [4,37].  

 Cellular uptake was assessed in MCF-7 cells 

because they have a high affinity for albumins, which 

cancer cells absorb at a higher rate due to increased 

metabolism. The green fluorescent signal from LBL-

FITC-HSA-MPs was observed in MCF-7 cells after 4 h 

of incubation (Figure 6), indicating that the MPs were 

efficiently and continuously endocytosed by cancer 

cells. By comparing the fluorescence intensities, the 

cellular uptake in LbL-FITC-HSA-MPs was higher than 

that in FITC-HSA-MPs. Higher cellular uptake 

efficiency could be achieved using PEI coating. The PEI 

conjugate suggests that there might be more contact with 

PEI carriers on the cell membrane, and consequently, 

higher cellular uptake efficiency. Indeed, PEI-based 

systems tend to enter cells through caveolae-mediated 

endocytosis or micro-pinocytosis [38].

 

Bright field FITC Merged 

 

Figure 6 Confocal images demonstrating cellular uptake of (a-c) FITC-HSA MPs and (d-f) LbL-FITC-HSA MPs by 

MCF-7 cells after 4 h of incubation. 

 

 Cytotoxicity activity of polyelectrolyte MPs 

encapsulated with curcumin  

 The potential application of LbL-HSA-MPs as a 

multifunctional carrier for drug delivery was evaluated 

by loading them with CUR. CUR was loaded onto MPs 

prior to cross-linking, then dissolved in EDTA. A high 

loading efficiency of 26.5% was achieved. The PEI 

coating is likely to hold back drug leakage. The 

difference in morphology between HSA-MPs and LbL-

HSA-MPs might be attributed to the nature of their 

polymers [25]. The CUR loading capacity obtained in 

this study (26.5%) was within the range reported for 

albumin- and polymer-based CUR delivery systems. 

However, the EE may vary depending on formulation 

strategy, polymer composition, and preparation 

conditions [39,40]. 
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To investigate the successful loading of CUR on LbL-

HSA-MPs, the fluorescence spectra of LbL-HSA-MPs 

and LbL- CUR-MPs at the same laser power were 

studied (Figures 7(a) - 7(b), respectively). Significant 

fluorescence intensity was observed for CUR after 

loading LbL-HSA-MPs, indicating successful loading 

and confirming its interaction with the MPs.

  

 

Figure 7 Confocal microscopy of (a) LbL-HSA-MPs and (b) LbL-CUR-loaded HSA-MPs. (c) Hemolysis analysis of free 

curcumin and MPs (n = 3). (d) Cytotoxicity effect of the polyelectrolyte MPs encapsulated with CUR on MCF-7 cells 

after 24 h of incubation (n=3). Values are expressed as mean ± standard error of the mean. *p < 0.05, **p < 0.01, ***p < 

0.001, and ****p < 0.0001 were statistically significant values analyzed by two-way ANOVA compared to control group. 

#p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 were statistically significant values analyzed by two-way ANOVA 

 

 Hemolysis can be used to evaluate the 

biocompatibility of biomaterials. The hemolysis 

activities of CUR, HSA-MPs, CUR-MPs, LbL-HSA-

MPs, and LbL-CUR-MPs are shown in Figure 7(c). 

According to ISO 10993-4:2017, materials with 

hemolysis ratios below 5% are considered 
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hemocompatible. In this study, the hemolysis ratios of 

all samples at of 2% (w/v) were below 5%, indicating 

good blood compatibility. In contrast, free CUR and 

CUR-MPs 4% (w/v) showed slightly higher hemolysis 

values of approximately 6.06% and 5.13%, respectively. 

Furthermore, LbL-CUR-MPs exhibited higher 

hemolysis than LbL-HSA-MPs because incorporatiing 

CUR slightly increased hemolytic interactions [41]. 

These results further suggest that LBL-CUR-MPs had 

better blood compatibility than CUR and CUR-MPs. 

The above results confirmed that LbL-HSA-MPs exhibit 

good blood compatibility and can serve as 

biocompatible carrier without causing obvious 

hemolysis. Similar findings have been reported by Xu et 

al., who demonstrated negligible hemolytic activity of 

platelet membrane-encapsulated CUR NPs across a 

wide concentration range, further supporting the blood 

compatibility of polymeric CUR delivery systems [42]. 

 The cell cytotoxicity of CUR-MPs and LBL-CUR-

MPs revealed a concentration-dependent reduction in 

cell viability as the concentration increased from 1.56 to 

25 mg/mL (Figure 7(d)). Notably, LbL-CUR-MPs 

exhibited greater cytotoxicity towards MCF-7 cells 

compared to CUR-HSA-MPs at all tested 

concentrations, although the differences were not 

statistically significant at concentrations up to 12.5 

mg/mL. A significant reduction in cell viability was 

observed at 25 mg/mL (p < 0.01), indicating enhanced 

antiproliferative activity of the multilayer-coated 

formulation at higher concentrations. In this study, 

CUR-MPs reduced MCF-7 cell viability in a 

concentration-dependent manner, consistent with our 

prior findings that CUR-MPs have a dose-dependent 

cytotoxic effect on breast cancer cells [20]. Free CUR 

exhibited even higher cytotoxicity at this concentration 

due to its immediate bioavailability, indicating its potent 

anti-cancer effects. In contrast, unloaded LbL-HSA-

MPs maintained significantly higher cell viability than 

LbL-CUR-MPs at concentrations ≥ 6.25 mg/mL (p < 

0.05), indicating that the observed antiproliferative 

activity was primarily associated with CUR loading 

rather than the carrier system itself. 

 These results suggest that LbL-CUR-MPs are 

more effective in reducing MCF-7 cell viability than 

CUR-MPs, highlighting their potential as a superior 

delivery system for CUR in cancer therapy. The 

enhanced antiproliferative activity of CUR-loaded LbL-

HSA-MPs compared with CUR-HSA-MPs may be 

associated with the presence of the PEI/ALG multilayer 

shell. PEI-containing systems are known to promote 

cellular interaction and internalization due to their 

cationic surface properties, which facilitate electrostatic 

interactions with negatively charged cell membranes 

[43]. Meanwhile, the ALG outer layer may partially 

shield the excessive positive charge of PEI, improving 

biocompatibility while maintaining efficient cellular 

uptake [44]. In addition, the multilayer coating may help 

retard the rapid diffusion of CUR from the MPs, 

prolonging the interaction between CUR and cancer 

cells. Similar observations have been reported in 

previous studies, showing that LbL polymer coatings 

can improve cellular uptake and sustain drug-release 

behavior in polymeric delivery systems [45]. 

 The current study found that CUR-MPs and LbL-

CUR-MPs were less cytotoxic than pure CUR in a dose- 

and time-dependent manner, suggesting that the 

polymer-based particles mitigate the cytotoxic effects of 

CUR. This aligns with previous research showing 

reduced cytotoxicity of CUR-chitosan NPs compared to 

the free drug, due to delayed drug release and steric 

hindrance. The covalent attachment of the drug to the 

polymer likely delays its immediate action, as the NPs 

act as intracellular depots, releasing the drug more 

slowly [46]. This could explain the observed delayed 

increase in toxicity. In a study involving CUR-loaded 

folate-modified chitosan NPs, a significant decrease in 

MCF-7 cell viability was observed as incubation time 

increased [47]. The cytotoxicity of CUR-loaded NPs 

was slightly higher than that of pure drugs after 7 days. 

Additionally, a previous study found that CUR-

nanosuspensions with larger particle sizes were more 

effective in killing cancer cells after prolonged 

incubation [48]. These findings support the hypothesis 

that multilayer-coated MPs may prolong CUR–cell 

interactions and improve therapeutic performance over 

time. Further studies should evaluate long-term 

cytotoxicity, for example, with a 72-hour incubation, to 

explore the time-dependent effects of CUR-loaded MPs 

on MCF-7 cells. Assessing cell viability at various time 

points would provide valuable insights into the kinetics 

of CUR release and its sustained impact on cell viability.  

 A key limitation of this study is the inability to 

conduct a dose-response analysis beyond 25 mg/mL. At 

higher concentrations, excessive particle coverage of 
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cells may lead to cell death due to mechanical effects 

rather than CUR cytotoxicity, hindering accurate 

assessment of the true cytotoxic potential. Future studies 

should address this by optimizing particle size or 

concentration to allow for a more precise evaluation of 

the dose-response relationship. Furthermore, direct 

evaluation of in vitro release kinetics under 

physiological conditions and analyses of CUR stability 

were not performed in this work. Such analysis would 

provide deeper mechanistic insight into drug release 

behavior. Therefore, future studies should investigate 

the release kinetics and long-term stability of CUR-

loaded LbL-HSA-MPs to further elucidate their 

therapeutic potential.  

 

 Cellular uptake of polyelectrolyte MPs  

 In Figure 8, the green fluorescence from the LbL-

HSA-MPs is due to their uptake. The z-stack section for 

FITC-CUR-MPs, shown in Figure 7(c), indicates that 

LBL-CUR-MPs were readily taken up by MCF-7 cells, 

likely via endocytosis pathways, including phagocytosis 

and macropinocytosis [49]. PEI-based systems tended to 

enter cells through caveolae-mediated endocytosis or 

micro-pinocytosis [38]. A PEI coating can assist cellular 

uptake to varying degrees among different cell types, as 

demonstrated by Patiño et al. [50]. Functionalization, 

whether intended or inherent, may influence the 

interaction of such particles with cellular membranes 

and potentially activate cellular internalization 

mechanisms. Compared with our previous CUR-HSA-

MPs system, the present multilayer-coated MPs 

demonstrated improved biocompatibility and enhanced 

antiproliferative activity by incorporating PEI and ALG 

as functional coating layers. The LbL assembly strategy 

may enhance particle–cell interactions while partially 

reducing the inherent cytotoxicity associated with free 

PEI, highlighting the advantage of multilayer surface 

engineering for CUR delivery applications [44]. 

Nevertheless, further studies are needed to improve the 

biological properties and cellular uptake of MPs, as well 

as to understand their precise biological effects to 

optimize their use in cancer therapy.

 

 

Bright field FITC Merged Z-stack 

 

Figure 8 Cellular uptake of polyelectrolyte MPs. (a) bright field, (b) merge, (c) FITC, and (d) representative confocal z-

stack images revealing cellular uptake of LbL-CUR-HSA-MPs (equivalent to 25 mg/mL of CUR) by MCF-7 cells after 

4 h incubation. 

 

 

Conclusions 

 This study has demonstrated that LbL-CUR-MPs 

prepared via electrostatic assembly of proper polymer 

building blocks offer sustained drug delivery. LBL-

HSA-MPs were obtained, demonstrating significantly 

higher uptake by cancer cells than CUR-MPs. LbL-

CUR-MPs generated after potential PEI shedding 

exhibited higher cytotoxicity compared to CUR-MPs, 

further emphasizing the therapeutic potential of the 

entire microcarrier system. These LbL-CUR-MPs 

exhibited good biocompatibility and excellent CUR 

loading capacity. Most importantly, the LbL-CUR-MPs 

exhibited the strongest antitumor efficacy compared 

with CUR-MPs alone in vitro. The results indicate that 

neutralization of PEI surface charge increases 

biocompatibility and enhances cell internalization 

efficiency. This makes biodegradable LbL-HSA-MPs a 

promising system for combined drug treatment in 
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efficient cancer therapy. However, future work should 

focus on in vivo evaluation, long-term stability 

assessment, release kinetics, and scalability to fully 

establish their clinical potential. Further animal models 

analyses will also be important to better understand 

particle properties. 
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