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Abstract

Composite silica-alginate nanoparticles were prepared via silica sol-gel technique using a water-

in-oil microemulsion system. In our system, cyclohexane served as the bulk oil phase into which 

aqueous solutions of sodium alginate were dispersed as droplets that confined nanoparticle 

formation after addition of tetraethylorthosilicate (TEOS). Our studies showed that much of the 

particle growth is completed within the first 24 hours and reaction times up to 120 hours only 

resulted in an additional 5% increase in particle diameter. Average particle size was found to 

decrease with increasing water-to-surfactant molar ratio (R) and with increasing cocentration of 

alginate in the aqueous phase. The potential for drug loading during particle formation was 

demonstrated using rhodamine B as a model drug. In vitro release studies showed that particles 

incubated in pH 2.5 phosphate buffer released only about 7% of the drug load in 27 days, while 

42% was released in pH 7.5 phosphate buffer over the same period. Analysis of the release profile 

suggested that rhodamine B was homogeneously distributed throughout the particle and that the 

drug diffusivity was 40-fold greater in pH 7.5 buffer compared to that at pH 2.5. These results 

suggest that silica-alginate nanoparticles could be used as a pH-responsive drug carrier for 

controlled drug release.
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abstract if they refer to a graphic also shown there. The use of color to enhance the value and 

quality of the graphic is encouraged.

Composite nanoparticles were formed by entrapment of alginate within silica sol-gel 

nanoparticles. These nanoparticles showed pH-dependent in vitro release profile of rhodamine B 

in phosphate buffers (pH 2.5 or pH 7.5). At pH 2.5, a 7 % cumulative release of rhodamine B was 

observed over 27 days, while 42 % cumulative release was observed at pH 7.5

Keywords

silica-alginate nanoparticles; sol-gel encapsulation; microemulsion; pH-responsive drug release; 
rhodamine B

1. Introduction

Silica sol-gel techniques, which involve the hydrolysis and polycondensation of a silica 

precursor, have been used to encapsulate a variety of polysaccharides to produce silica-

polysaccharide composite materials [1, 2]. Polysaccharides that have been utilized include 

alginate, chitosan, carrageenan, and cellulose [3], with alginate among the most studied [4]. 

Alginate, which is extracted primarily from the cell wall of brown algae, is a water soluble, 

anionic polysaccharide with a chemical structure that consists of a mixture of poly-β-1,4-D-

mannuronic acid (M units) and α-1,4-L-glucuronic acid (G units) in various proportions [5]. 

It is biocompatible and biodegradable and has been widely used as an additive in food 

products and as a support for enzyme- or cell-based biocatalysts and bioreactors [6, 7]. 

Hydrogels of alginate have also been studied for applications in wound healing, artificial 

organs, and pH-responsive drug delivery systems [8-10].
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Silica-alginate composite materials have attracted attention because of the potential for 

enhanced collective properties obtained by contributions from each individual component 

[3]. Silica has been utilized because of its good physical and chemical stability as well as its 

acceptable biocompatibility [11]. Moreover, silica does not substantially alter the optical or 

magnetic properties of components with which it is combined [12]. Finally, hydroxyl groups 

on the surface of silica particles allow for facile chemical surface modifications and 

introduction of functional groups [13]. Silica particles can also be used for controlled release 

applications, with release profiles tailored by controlling the pore volume, pore size and 

tortuosity, and surface chemistry on the particle [14].

Several methods have been utilized to produce silica-alginate composite materials, 

including: 1) coating alginate hydrogels with silica [15]; 2) simultaneous gelation of a 

mixture of alginate and silica [16]; or by 3) adding silica particles into an alginate solution 

prior to gelation [17]. Regardless of synthesis method, most of the reported composite 

materials were in the form of large beads, bulk gels, films or fibers and only a few studies 

have reported on nanosized silica-alginate composite particles. For example, silica-alginate 

nanoparticles as hybrid capsules have been synthesized via the spray drying method [18, 

19], and alginate coated mesoporous silica nanoparticles have been studied as drug carriers 

[20, 21]. In this work, we utilized a sol-gel technique and water-in-oil microemulsion 

method for synthesis of silica-alginate composite nanoparticles. Sol-gel synthesis has also 

been applied with water-in-oil microemulsions systems for synthesis of nano-sized silica-

based composites of varying structure and composition [22].

Water-in-oil microemulsion reactions consist of a bulk oil phase with suspended water 

droplets, often stabilized with surfactants, that serve as reactors for nanoparticle synthesis 

[23]. In many instances, the silica sol-gel precursor (e.g. tetraethyl orthosilicate - TEOS) is 

initially found in the oil phase but then diffuses into the water droplets, after hydrolysis, 

where it co-condenses with other hydrolyzed precursors to form particles. Any component 

located in the water droplet, prior to addition of TEOS, can be encapsulated inside the 

growing silica framework [24]. The final structure and size of the nanocomposite particles 

can be controlled by varying microemulsion parameters (e.g. concentrations, surfactant, 

temperature, etc.) [25].

The current state of development of nanoparticle-based drug delivery systems has been 

extensively reviewed in the literature [26-28]. Various nanoparticles have been studied as 

drug delivery systems, such as polymeric nanoparticles, liposomes, metallic nanoparticles, 

and dendrimers [29, 30]. Advantages offered compared to conventional drug delivery 

systems, include improved bioavailability and biodistribution, lower toxicity, and targeted 

drug delivery [31]. With a number of parameters that could be varied, including particle size, 

shape, and composition, to meet the requirements of different drug delivery strategies, 

nanoparticles offer enormous potential for improving therapeutic efficacy of drugs. 

However, the large parameter space of particle properties is so large that much work remains 

to be done in understanding the relationship between particle properties and treatment 

efficacy.
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In this study, we demonstrated the synthesis of silica-alignate nanoparticles using the 

versatile microemulsion technique and tested the potential of the nanoparticles as pH-

responsive drug carriers. Alginate, which provides pH-responsive functionality, was 

encapsulated within a silica network, which provided mechanical integrity. The effect of 

synthesis parameters on particle size and composition were studied by varying the water-to-

surfactant molar ratio and the initial concentration of alginate. Finally, the pH-dependent 

release of rhodamine B, as a model drug, from the composite was evaluated. This work 

describes an avenue for the synthesis of composite silica-alginate nanoparticles, which offers 

potential as a “smart”, pH-controlled drug delivery vehicle.

2. Experimental

2.1 Materials

Sodium alginate was purchased from Acros (New Jersey, USA); tetraethyl orthosilicate 

(98% purity) was purchased from Sigma Aldrich (Missouri, USA); Triton X-100 and 

rhodamine B were purchased from AMRESCO (Ohio, USA); cyclohexane, ethanol, aqueous 

ammonia solution (29 wt.% ammonia), isopropyl alcohol (70%), hydrochloric acid (37%), 

and sulfuric acid were purchased from BDH Chemicals (Pennsylvania, USA). Sodium 

alginate (very low viscosity) and n-hexanol, were purchased from Alfa Aesar 

(Massachusetts, USA). All chemicals were used as provided without further purification. 

Deionized (DI) water was obtained from an Elga Purelab Flex water purification system 

(Veolia Water Technologies, UK).

2.2 Synthesis of composite silica-alginate nanoparticles by water-in-oil microemulsion

For a typical preparation of silica-alginate nanoparticles, 16.8 mL n-hexanol was mixed with 

60 mL cyclohexane, followed by addition of 4 mL alginate solution (0.05% w/v) with 

vigorously stirring at room temperature. After 5 minutes, 14 mL Triton X-100 was added 

dropwise and the mixture was observed to become optically transparent. After 10 minutes of 

vigorous stirring, 1 mL TEOS was added, followed by the addition of 500 μL aqueous 

ammonia solution (29 wt.%) after 5 minutes. The reaction was allowed to continue for 24 

hours at room temperature under stirring and then 100 mL acetone was added to break the 

stability of the microemulsion. Precipitated particles were collected by centrifugation (4500 

rpm, 10 minutes) and then washed, two times with isopropyl alcohol and once with DI 

water, to remove the excess surfactants and co-surfactants. Particles were stored in DI water 

at 4 °C until use.

To determine the effect of reaction time on nanoparticle synthesis, aliquots (2 mL) of the 

microemulsion were taken at 24, 48, 72, 96, and 120 hours for particle size measurement by 

transmission electron microscopy. The effects of water-to-surfactant ratio and alginate 

concentration on nanoparticle size were determined while keeping all other parameters 

constant.

2.3 Determination of composition by thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed, with a TA-500 thermogravimetric 

analyzer (TA Instruments, Delaware, USA), after nanoparticles were first lyophilized for 24 
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hours to remove bulk water. Experiments were carried out in a flowing air (40 mL/min) 

atmosphere with isothermal conditioning at 120 °C for 20 minutes, to remove residual water 

and other volatiles, followed by a heating rate of 10 °C/min up to 900 °C.

2.4 Imaging of nanoparticles by transmission electron microscopy

A Zeiss (Oberkochen, Germany) EM 10 Transmission Electron Microscope (TEM) 

operating at a voltage of 60 kV was used to determine the size of the nanoparticles. TEM 

samples were prepared by placing a single drop of silica-alginate nanoparticle suspension on 

a carbon type B, 300 mesh grid and placing the grid in a petri dish and allowing it to dry at 

ambient conditions.

2.5 Loading and in vitro release study of rhodamine B from nanoparticles

Rhodamine B was loaded into the silica-alginate nanoparticles by its addition into the water-

in-oil microemulsion prior to particle formation. Rhodamine B (1 mg/mL) was first 

dissolved in the sodium alginate aqueous solution (very low viscosity, 5 % w/v). The 

composite particles were then synthesized by mixing 60 mL cyclohexane, 20 mL n-hexanol, 

6 mL alginate solution with rhodamine B, 25 mL Triton X-100, 1 mL TEOS and 500 μL 

aqueous ammonia solution (29 wt%). Rhodamine B loaded composite particles were 

collected by centrifugation (4500 rpm, 10 minutes) and washed two times with isopropyl 

alcohol and once with DI water.

In vitro drug release was measured by dispersing rhodamine B-loaded nanoparticles in 1 mL 

phosphate buffer (10 mM; pH 2.5 or pH 7.5). At predetermined time intervals, samples were 

centrifuged at 14,800 rpm for 5 minutes before 0.5 mL supernatant was removed for analysis 

and 0.5 mL of fresh phosphate buffer added back to the vial. The amount of rhodamine B 

released was measured using a Molecular Devices FlexStation 3 fluorescence 

spectrophotometer (excitation: 542 nm, emission: 582 nm) and concentrations determined 

using a calibration curve of known rhodamine B concentrations. After 27 days, all 

nanoparticles were dissolved in 1 mL sodium hydroxide (1 M) to measure any residual 

rhodamine B remaining inside the nanoparticles. All nanoparticle samples were analyzed in 

triplicate (n = 3) and results reported as the mean ± standard deviation.

3. Results and Discussion

An illustration of the water-in-oil microemulsion synthesis of silica-based composite 

particles by sol-gel encapsulation is shown in Fig. 1. In our system, cyclohexane served as 

the bulk oil phase, TX-100 was used as surfactant, n-hexanol served as a co-surfactant, and 

aqueous solutions of sodium alginate formed the water phase droplets.

3.1 Effect of reaction time on nanoparticle size

It has been reported that increasing reaction time leads to the production of larger silica 

nanoparticles [34, 35]. We, therefore, first monitored the change in particle size with 

reaction times ranging from 24 to 120 hours using the formulation listed in Table 1. Analysis 

of TEM images, examples shown in Fig. 2, showed that particles were spherical in shape 

and monodisperse with average sizes of 73.4 ± 2.3 nm at 24 hours; 75.9 ± 3.5 nm at 48 
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hours; 76.7 ± 2.8 nm at 72 hours; 79.4 ± 2.1 nm at 96 hours; and 77.2 ± 1.8 nm at 120 hours. 

Since more than 90% of particle growth occurred during the first 24 hours, all subsequent 

reaction times were fixed at 24 hours.

3.2 Variation of the alginate-to-silica ratio in composite nanoparticles

To determine if the alginate content within the nanoparticles could be varied, particles were 

synthesized with varying alginate concentrations, as listed in Table 2, and characterized with 

thermogravimetric analysis (TGA). The TGA and DTGA (first derivative TGA) curves of 

sodium alginate alone, presented in Fig. 3A, showed that alginate has two decomposition 

steps, between 200-300 °C and 500-600 °C, that result in a 85% weight loss up to 900 °C; 

leaving mostly sodium carbonate residue [36]. Particles comprised of only silica, on the 

other hand, showed a total weight loss of 5%, as shown in see Fig. 3B, with an initial 

dehydration step followed by weight loss occurring between 400-600 °C due to the 

condensation of surface and internal hydroxyl groups [37]. For composite silica-alginate 

nanoparticles produced with initial alginate concentrations of 0.1, 0.5, and 1% w/v, the 

decomposition steps were similar to those of sodium alginate and the total weight loss was 

9.5, 10.7 and 13.1 wt.%, respectively, as shown in Fig. 3C. To determine the alginate 

content, a mass balance, with 100 mg of silica-alginate composite as a basis, was established 

as,

100 W t = aW SA + (100 − a)W Silica

where is the total weight loss by the composite nanoparticles, is the weight loss by silica 

nanoparticles (i.e. 5%), and is the sodium alginate weight loss (i.e. 85%). This equation can 

be solved for the percentage of alginate (a) in the composite nanoparticles, which is 

calculated as,

a = 100
wt − wSilica

wSA − wSilica

Based on this analysis, particles synthesized with 0.1, 0.5, and 1.0% w/v alginate solutions 

showed alginate content of 5.6, 7.1, and 10.1 wt.%, respectively. These results confirmed the 

successful utilization of the water-in-oil emulsion for integration of alginate within silica 

nanoparticles formed by the sol-gel reaction. It also demonstrated that the amount of 

alginate could be varied by changing the concentration of alginate solution used in the 

synthesis. It should be noted, however, that the range of alginate:silica ratio obtained in this 

study was limited somewhat by the rapid viscosity increase with higher alginate 

concentrations. This could potentially be overcome by utilizing alginates with a lower 

molecular weight, as the viscosity has been shown to be linearly related to the degree of 

polymerization [38].

3.3 Evaluation of the effect of water-to-surfactant ratio (R) on particle size

The water-to-surfactant ratio was varied, while keeping all other parameters constant, to 

determine its effect on the size of silica-alginate nanoparticles. Fig. 4 shows that all particles 
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retained a spherical shape and analysis of size distribution, summarized in Table 3, shows 

that particle size increased with decreasing R-value. The R-ratio affects several parameters 

in water-in-oil microemulsions, including the size of water droplets, the ratio of bulk-water 

to bound-water molecules, the number of reactive silica monomers per water droplet, the 

rigidity of the surfactant-water interface, and the dynamics of intermicellar interaction 

[39-41]. The formation of silica based nanoparticles in water-in-oil microemulsion includes 

a nucleation step and growth of the nucleus into particles by the addition of reactive 

monomers. The relatively higher surfactant concentration at low R values leads to a greater 

number of water droplets and, therefore, a higher rate of intermicellar collisions [33]. This 

process would presumably redistribute the reactive silica monomers across droplets, keeping 

the concentration below the nucleation threshold and lowering the nucleation rate. The 

smaller number of nuclei formed and abundance of silica monomers available for particle 

growth leads to particles of greater average size [32].

Comparing the particles in Fig. 4 to those presented in Fig. 2, there is a clear difference in 

particle size. This size difference could due to the change in molar ratio of water to TEOS 

ratio (h). The nanoparticles in Fig. 2 were produced under conditions with h = 24.8 while a h 
= 49.6 was used for those in Fig. 4. An increase in h results in greater availability of water 

for hydrolysis of TEOS, it increases the stability of hydrolyzed silica species and it also 

extends the duration of the particle nucleation [34]. This leads to an increase in the number 

of nuclei and formation of particles of smaller size due to the mass balance.

3.4 Effect of alginate concentration on size of composite nanoparticles

The effect of alginate concentration on the size of composite particles was also studied. 

Analysis of TEM images (Fig. 5) shows that smaller particles were produced as alginate 

concentration was increased (Table 4). This could be due to interactions between alginate 

and the flexible surfactant layers producing changes in droplet elasticity, shape and 

rheological properties [42]. Potential fluctuations of dispersed droplet properties, driven by 

alginate in the water droplet, may destabilize larger domains and produce smaller droplets 

with a larger surface to volume ratio [43]. As a result, more TEOS associates with water 

droplets and the increased hydrolysis rate produces a greater number of nuclei, and 

eventually smaller size particles [32, 33]. Studies that monitor silica concentrations in the 

different domains and changes in domain sizes could yield further insight into the process of 

particle formation.

3.5 Demonstration of pH-responsive release of rhodamine B

Rhodamine B, as a model, hydrophilic drug, was loaded into the composite nanoparticles by 

silica sol-gel encapsulation to study its pH-depencdent in vitro release. While the drug 

loading was relatively low (~0.3 %), likely due to leaching during the extensive washing 

procedure, the release of rhodamine B could still be monitored by measuring fluorescence 

intensities. co Fig. 6 shows the cumulative release percent of rhodamine B from silica-

alginate nanoparticles in pH 2.5 and pH 7.5 phosphate buffers. Over a period of 27 days, 

only 7% of loaded rhodamine B was released when particles were incubated in pH 2.5 

phosphate buffer. However, approximately 42% of loaded rhodamine B was released in pH 

7.5 phosphate buffer over the same period.
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While the mechanism driving the observed pH-dependent drug release behavior is yet to be 

clearly elucidated, we hypothesize that favorable hydrogen bonding between alginate (pKa 

3.2) and rhodamine B (pKa 3.1 - 4.2), which would both have protonated carboxylic acid 

groups under acidic conditions, resulted in the limited release from silica-alginate 

nanoparticles at pH 2.5. At pH 7.5, on the other hand, the deprotonated carboxylic acid 

groups are negatively charged, which leads to electrostatic repulsion and, thus, release of 

rhodamine B from the particles. Future studies will evaluate the contribution of hydrogen 

bonding in modulating drug release by utilizing chemical modification of alginate function 

groups and other polysaccharides.

Fitting of the rhodamine B release data to mathematical models was used to obtain insights 

of the underlying mass transport processes, which might include the diffusion of water into 

the particle, swelling of the polymer, matrix erosion, drug diffusion or dissolution, and other 

phenomena [44]. The semi-empirical Peppas equation, which assumes a perfect sink 

condition for release of the first 60% of drug [45], is expressed as,

Mt
M∞

= ktn

where is the cumulative amount of drug released in time t, is the cumulative amount of drug 

released at infinite time, k is a constant related to device structure and geometry, and 

exponent n is used to characterize the release mechanism.

For spherical systems, n = 0.43 corresponds to a Fickian diffusion mechanism (diffusion-

controlled release), 0.43 < < 0.85 to anomalous transport (both diffusion-controlled and 

erosion controlled release), and n = 0.85 to Case II transport (zero-order release) [40], It has 

been suggested in literature that < 0.43 also represents Fickian diffusion [47-49]. Fitting of 

the Peppas equation to the data using MATLAB 2017b (MathWorks), as shown in Fig. 7A, 

yield n = 0.42 for pH 2.5 and n = 0.35 for pH 7.5 phosphate buffer, suggesting Fickian 

diffusion in both cases.

For diffusion controlled systems, a monolithic solution model [50], can be used for early 

time (
Mt

M∞
< 0.4) to study the drug distribution inside the system with following correlation,

Mt
M∞

= 6 Dt
πr2

1
2 − 3Dt

r2

where is the cumulative amount of drug released in time t, is the cumulative amount of drug 

released at infinite time, D is the diffusion coefficient, and r is the radius of the sphere (r nm 

from TEM images).

The monolithic solution model provided good fits with experimental data obtained in both 

phosphate buffer solutions, as shown in Fig. 7B. This implies that rhodamine B was 

homogeneously distributed throughout the particles by the microemulsion process. In 

addition, the diffusion coefficient in pH 7.5 phosphate buffer was found to be 40 times 
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greater than that at pH 2.5. The apparent low diffusion coefficient at pH 2.5 may be due to 

hydrogen bonding between -COOH groups in alginate and rhodamine B while electrostatic 

repulsion could enhance release at pH 7.5, as previously stated. It is also possible that 

increased solvation of alginate at the higher pH leads to a more open structure for rhodamine 

B diffusion, while the opposite is true at the low pH. Further experiments are required to 

more clearly elucidate the mechanism of the observed pH-dependent release. Since the 

monolithic solution model suggests that the drug release rate from silica-alginate 

nanoparticles is a function of the ratio D/r2, which can be tailored by modifying the 

synthesis conditions as described above, this suggests the potential to modulate drug release 

by proper engineering of nanoparticle composition and size. Future studies are required to 

more clearly elucidate the mechanism of the pH-dependent release.

4. Conclusions

In this work we describe the use of a microemulsion method for the synthesis of composite 

silica-alginate nanoparticles which, to the extent of our knowledge, has not been previously 

reported. Encapsulation of alginate in the composite nanoparticles was confirmed by TGA, 

and the weight ratio of alginate controlled by initial alginate solution concentration. 

Furthermore, we demonstrated that the size of silica-alginate nanoparticles was controlled 

by changing the water to surfactant molar ratio or initial alginate concentration. With 

rhodamine B as a model drug, the silica-alginate composite nanoparticles displayed release 

kinetics that was pH-dependent, showing significantly greater release at pH 7.5 compared to 

pH 2.5. Evaluation of the release profiles suggested that drug transport was governed by 

Fickian diffusion and that the rhodamine B was homogenously distributed throughout the 

nanoparticle. While additional studies are required to elucidate the mechanisms of pH-

dependent release, this composite nanoparticle offers potential as a drug carrier with pH-

sensitive triggering of drug release (e.g. for oral drug delivery that utilizes pH variation 

through the gastric tract). Versatility of the synthesis method also allows for optimization of 

particle composition and size for specific drug delivery applications.
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Fig. 1. 
Illustration of a water-in-oil microemulsion method for entrapment of alginate within a silica 

sol-gel to form composite nanoparticles. (A) Initially, alginate-containing water droplets are 

formed, stabilized by surfactants and co-surfactants, in a cyclohexane oil phase (i.e. water-

in-oil microemulsion). Upon addition, TEOS remains primarily within the oil phase due to 

its hydrophobicity. Addition of NH4OH catalyzes the hydrolysis of TEOS and the formation 

of hydrophilic monomers that accumulate within the water droplets and nucleates the 

formation of suspended silica particles (i.e. a silica sol) [32, 33]. (B) Inter-particle 

condensation reaction leads to the formation of a silica network (i.e. sol-gel transition) with 

dimensions that are constrained by droplet size and precursor concentration. As the silica 

network grows, it could entrap any polymer (e.g. alginate) present within the water droplet.
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Fig. 2. 
TEM images of silica-alginate nanoparticles obtained after different reaction times of: (A) 

24 hours, (B) 48 hours, (C) 72 hours, (D) 96 hours and (E) 120 hours. (F) Average particle 

diameter, as determined from TEM images, for different reaction times.
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Fig. 3. 
TGA (solid line) and DTGA (dash line) curves for (A) sodium alginate, (B) silica 

nanoparticles, and (C) silica-alginate nanoparticles produced with varying alginate 

concentrations used in microemulsion.
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Fig. 4. 
TEM images of silica-alginate nanoparticles synthesized under conditions with different R 
values of: (A) 22.4; (B) 16.8; and (C) 9.6.
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Fig. 5. 
TEM images of silica-alginate nanoparticles with different initial alginate concentrations 

used in microemulsion. (A) alginate 1 %w/v; (B) alginate 0.5 %w/v; (C) alginate 0.05 %w/v.
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Fig. 6. 
In vitro release profile of rhodamine B from silica-alginate nanoparticles in phosphate 

buffers at different pH values (pH 2.5 or pH 7.5). At pH 2.5, a 7 % cumulative release of 

rhodamine B was observed over 27 days, while 42 % cumulative release was observed at pH 

7.5. (n = 3 for each experiment)
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Fig. 7. 
Fitting of mathematical drug release models (dash line) to experimental data of rhodamine B 

from in situ loaded silica-alginate nanoparticles (A) Peppas equation: pH 2.5 (R2 = 0.9868, k 
= 0.016, n = 0.42); pH 7.5 (R2 = 0.9954, k = 0.13, n = 0.35). (B) Monolithic solution: pH 2.5 

(R2 = 0.9786, D/r2 = 0.0002); pH 7.5 (R2 = 0.9470, D/r2 = 0.008). (n= 3 for each 

experiment)
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Table 1.

Water-in-oil microemulsion parameters of silica-alginate nanoparticle for different reaction time

Cyclohexane
(mL)

n-hexanol
(mL)

Alginate
(%w/v)

Alginate
(mL)

TX-100
(mL)

TEOS
(mL)

NH4OH
(mL)

15 3.6 0.1 1 3.6 0.5 0.12
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Table 2.

Water-in-oil microemulsion parameters of silica-alginate nanoparticle for TGA analysis

Cyclohexane
(mL)

n-hexanol
(mL)

Alginate
(%w/v)

Alginate
(mL)

TX-100
(mL)

TEOS
(mL)

NH4OH
(mL)

60 12 0.1 4 10 2 0.5

60 12 0.5 4 10 2 0.5

60 12 1.0 4 10 2 0.5
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Table 3.

Variation of composite particle size with R values

Cyclohexane
(mL)

n-hexanol
(mL) Alginate

a

(mL)

TX-100
(mL)

TEOS
(mL)

NH4OH
(mL) R =

[H2O]
[TX − 100]

Particles
Size(nm)

60 7.2 4 6 1 0.5 22.4 24.3 ± 2.4

60 9.6 4 8 1 0.5 16.8 39.0 ± 3.1

60 16.8 4 14 1 0.5 9.6 49.3 ± 3.3

a
: 0.05%w/v alginate solution
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Table 4.

Particle size variation associated with initial alginate concentration used in microemulsion (R = 5.6)

Cyclohexane
(mL)

n-hexanol
(mL)

Alginate
(%w/v)

Alginate
(mL)

TX-100
(mL)

TEOS
(mL)

NH4OH
(mL)

Particles
Size(nm)

80 30 1 7.5 45 1.5 0.6 37.3 ± 3.4

80 30 0.5 7.5 45 1.5 0.6 42.0 ± 2.9

80 30 0.05 7.5 45 1.5 0.6 57.2 ± 5.7
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