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ABSTRACT: The objective of this study is to design a polymeric network of
nanogels for sustained release of caffeine. Therefore, alginate-based nanogels
were fabricated by a free-radical polymerization technique for the sustained
delivery of caffeine. Polymer alginate was crosslinked with monomer 2-
acrylamido-2-methylpropanesulfonic acid by crosslinker N′,N′-methylene
bisacrylamide. The prepared nanogels were subjected to sol−gel fraction,
polymer volume fraction, swelling, drug loading, and drug release studies. A
high gel fraction was seen with the increasing feed ratio of polymer,
monomer, and crosslinker. Greater swelling and drug release were observed
at pH 4.6 and 7.4 as compared to pH 1.2 due to the deprotonation and
protonation of functional groups of alginate and 2-acrylamido-2-methyl-
propanesulfonic acid. An increase was observed in swelling, loading, and
release of the drug with the incorporation of a high feed ratio of polymer and
monomer, while a reduction was seen with the increase in crosslinker feed
ratio. Similarly, an HET-CAM test was used to evaluate the safety of the prepared nanogels, which showed that the prepared
nanogels have no toxic effect on the chorioallantoic membrane of fertilized chicken eggs. Similarly, different characterizations
techniques such as FTIR, DSC, SEM, and particle size analysis were carried out to determine the development, thermal stability,
surface morphology, and particle size of the synthesized nanogels, respectively. Thus, we can conclude that the prepared nanogels
can be used as a suitable agent for the sustained release of caffeine.

1. INTRODUCTION
Caffeine (CFN) (1,3,7-trimethylxanthine) is an alkaloid. It
belongs to the family of methylxanthine and is naturally found
in coffees, chocolate products, teas, and sodas. It is consumed
widely due to its stimulating effect on the central nervous
system, which temporarily diminishes drowsiness. Further-
more, CFN acts upon the cardiovascular and respiratory
systems and is considered a cause of risk for patients suffering
from cardiovascular disorders. In addition, CFN can also cause
depression and hyperactivity and exhaust the effects of certain
painkillers.1−3 Caffeine is a highly soluble and highly
permeable drug that can be classified as BCS class I. The
absorption of CFN occurs very quickly in the small intestine
after oral administration at an absorption rate constant (K01)
around 0.33 min−1, and the time to reach the maximum plasma
concentration varies between 15 min and 2 h because of the
delay in gastric emptying and intra-individual difference. CFN
is distributed all over the body fluids, tissues, and fetus after
absorption. The volume of distribution of CFN ranges between
0.5 and 0.75 L/kg, and it does not accumulate in any specific
tissue. About 30 to 75 min (tmax) is taken by CFN doses of 5−

8 mg/kg to reach the maximum plasma concentration (Cmax)
level, and it is equal to 8 to 10 mg/L. Normally, a CFN dose of
0.4−2.5 mg/kg is yielded by a cup of black coffee that gives a
peak of plasma concentration ranging from 0.25 to 2 mg/L.
The virtual complete absorption of CFN takes 45 min in the
small intestine after oral consumption to reach 99%
bioavailability with no significant first-pass effect.4 Its
bioavailability is also very high, and it crosses the lipid
membranes very rapidly. The peak plasma concentration is
achieved after oral intake within 15−120 min,5 while the half-
life is within 3−5 h because of its rapid distribution and
elimination rate. This demonstrates the recurrent intake of
CFN all day to maintain the sufficient blood concentration.6
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Therefore, a controlled/sustained drug release system is
needed, which not only decreases the dose administration
frequency and retains the sufficient drug therapeutic level but
also enhances the patient compliance. A sustained drug
delivery system will be a better option to maintain a patient
therapy successfully with a steady increase in the blood level
without any burst effect. Therefore, different scientists have
worked on the sustained release of caffeine and prepared
various carrier systems for sustained delivery of caffeine. Amiri
and co-workers prepared caffeine-loaded magnetic alginate
beads and reported the sustained delivery of caffeine for 9−9.5
h.7 Quintanilla de Stef́ano et al. developed starch-based
hydrogels for the controlled delivery of caffeine up to 13 h.8

Similarly, Alam and co-workers synthesized caffeine-loaded
silica nanoparticle crosslinked thermosensitive hybrid hydro-
gels for the controlled release of caffeine for 6 h.9 On the other
hand, the authors fabricated polymeric nanogels of alginic acid
and reported dynamic swelling and sustained release of caffeine
for 24 h.
Although a great development has been made in the delivery

of therapeutic agents, still, challenges are needed to be solved,
which demand special attention to formulating novel
technologies like “nanoparticulate drug delivery systems”
ranging between 1 and 1000 nm.10 Nanoparticulate drug
delivery systems involve different approaches such as nano-
spheres,11 solid lipid nanoparticles,12 and liposomes,13 etc.
employed for the actual drug release. Different problems like
cost, complex manufacturing methods, low loading of drug,
uncertainty, prompt absorption and elimination rate, adverse
effects, and exposure to organic solvents exist even though the
aforementioned systems have been proven to be promising.14

Nanogels are a submicron particulate system of hydrogel15,16

that are prepared by both physical and chemical intercrossing
of the polymer.17,18 Nanogels are prepared by the internal
crosslinking and polymerization of polymers to maintain the
same structural integrity and absorb a high amount of fluids.19

Due to their diverse properties such as simple preparation
method, tunable size, hydrophilicity, biocompatibility, swelling,
and sensitivity to stimuli including light, pH, temperature,
biological agents, etc., nanogels are considered as the most
suitable next-generation drug delivery systems as compared to
other systems.20 Due to the presence of OH, NH2, COOH,
CONH, CONH2, SO2H, etc., nanogels capture a high quantity
of water and biological fluids.21 The hydration rate of
hydrophobic polymers is up to 5 to 10%, while hydrophilic
polymers show a hydration rate up to 90%.22 Nanogels
consolidate the benefits of both nanoparticulate systems and
hydrogels as they are a combination of nanosized systems.23,24

Hydrogels are three-dimensional structures having the
capability to retain a large amount of water without losing
structural consistency. Alginate, chitosan, and other poly-
saccharide polymers are excellent materials for the preparation
of hydrogels and their micro/nanoparticulate systems, which
are used in various drug delivery systems.16 Alginates are
natural polymers that are employed in various health
applications because of their structural similarities to the
extracellular matrix. The main benefit of these polymers is their
ease of gelation in hot conditions. The sol−gel transition
features of the alginates are dependent on their hard egg box-
like structures, which are formed due to the binding of
functional groups of the adjacent polymeric chains. Alginate is
used as impressive macromolecules in the biomedical and
pharmaceutical fields.25,26 Alginate is a polysaccharide

composed of 1,4-linked β-D-mannuronic acid (M) and α-L-
guluronic acid (G) monomers. Stable complexes are formed by
the G−G sequences in the presence of divalent cations due to
the so-called “egg box junctions”. Usually, the quick release of
CFN from the prepared polymeric matrix system is the result
of the high solubility and poor interaction of CFN with the
polymer matrix. Therefore, the authors prepared alginate-based
nanogels to sustain the release of CFN for an extended period
of time. Alginate has been used in combination with other
compounds for the in vitro release of CFN.27 Some examples
are Alg/CaCO3 hydrogel colloidosomes,28 chitosan-coated
alginate microhydrogels,29 and Alg beads combined with
pectin, carrageenan, chitosan, and psyllium husk.30 2-
Acrylamido-2-methylpropanesulfonic acid (AMPS) is a
water-soluble monomer that exhibits both an ionic and non-
ionic nature. Due to its hydrophilic nature, the white crystalline
AMPS powder is dissolved very fast in water. The ionized
sulfonate functional groups of AMPS are responsible for its
swellability. The better stability of AMPS against hydrolysis is
because of its ionized sulfonate groups, which dissociate
completely in the entire pH range,31 and thus it shows a strong
resistance to salt. AMPS is swelled greatly when it is exposed to
a medium with a specific pH.32,33 AMPS is widely used as
superabsorbents, soft-biomimetic actuators, and biomaterials
for water purification and in the bioengineering, agriculture,
and food industry.34−36

The novelty of the synthesized nanogels is based on the
incorporation of AMPS with natural polysaccharide polymer
alginic acid, which not only prolong the release of CFN but
also overcome the encountered side effects of CFN with its
rapid administration. As alginic acid is nontoxic in nature, its
combination with AMPS led to the development of safe and
stable polymeric nanogels, which exhibited maximum swelling,
loading, and release of drugs. An HAT-CAM test is a new
technique employed for the toxicological evaluation of alginic
acid and prepared nanogels, and the results indicated that
alginic acid and the developed nanogels have no toxic effects.
Similarly, characterizations such as FTIR, DSC, and SEM were
conducted, which confirmed the preparation and nature of the
prepared nanogels. Thus, we can conclude that the novel
prepared nanogels of alginic acid can be considered the most
suitable drug carrier system for the sustained delivery of drugs.

2. MATERIALS AND METHODS
2.1. Materials. AMPS and CFN were obtained from Alfa

Aesar, Lancashire, U.K. Alginic acid (Al) was procured from
Across Organic, Janssen Pharmaceuticalaan, Belgium. Sim-
ilarly, ammonium persulfate (APS) and N′,N′-methylene
bisacrylamide (MBA) were purchased from Showa, Tokyo,
Japan and Alfa Aesar, Lancashire, U.K., respectively.

2.2. Fabrication of Polymeric Nanogels. The fabrication
of alginate-graf t-poly(2-acrylamido-2-methylpropanesulfonic
acid) (Al-g-pAMPS) nanogels was carried out via a free-radical
polymerization technique. Hence, the solution of Al was
formed in 10 mL of deionized distilled water while keeping a
constant temperature of 50 °C with 50 rpm. Similarly, AMPS
and APS solutions were formed in deionized distilled water
separately. APS and AMPS solutions were mixed together, and
after proper mixing, the mixture was poured into the Al
solution. MBA is not completely soluble in water; hence, a
mixture of ethanol and water (1:1 v/v) was employed for
dissolving MBA. Finally, MBA solution was added dropwise
into a mixture of polymer and monomer. The mixture was kept
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on a constant stirring for 18−22 min. The prepared
transparent solution was subjected to nitrogen purging to
eliminate any dissolved oxygen. After that, the transparent
solution was transferred into glass molds, which were placed in
a water bath at 70 °C for 6−7 h. The prepared gel was passed
through sieve number 20, and fine gel particles were obtained,
which were washed by a mixture of water and ethanol. The fine
gel particles were placed initially at room temperature for 24 h
and then positioned in a vacuum oven at 40 °C for drying. The
dried particles of gel were passed through sieve 625 again to
obtain nanogel particles. The synthesized nanogels were
subjected to a series of studies and characterizations. The
different combination ratios of polymer, monomer, and
crosslinker are shown in Table 1, while the proposed chemical
structure of the prepared nanogels is presented in Figure 1.

2.3. Characterizations. Characterizations such as FTIR,
DSC, SEM, and XRD were performed according to our
previous publication.37 The particle size of the prepared
nanogels was determined by dynamic light scattering (DLS)
(ELSZ-2000 particle size analyzer, Otsuka Electronics, Otsuka,
Japan). Hence, the nanogel particles were dispersed in acetone.
A suspension was formed, which was processed further for the
particle size analysis.38

2.4. Sol−Gel Fraction Analysis. A Soxhlet extraction
method was employed for the determination of sol and gel
fractions. Hence, a weighed amount of nanogels was subjected
to the Soxhlet extraction process. Deionized distilled water was
used throughout the experiment. The extraction process was
carried out for 12 h at 80 °C. After that, nanogels were
collected and dried in a vacuum oven at 40 °C, which were
weighed again.39,40 The following equations were used for the
estimation of sol and gel fractions:

= ×C C
C

sol fraction% 1001 2

1 (1)

=gel fraction 100 sol fraction (2)

C1 indicates the initial weight of the dried nanogels, whereas C2
represents the final weight after the extraction process.

2.5. In Vitro Swelling Studies. The swelling index of the
fabricated nanogels was determined in a dialysis membrane at
pH 1.2, 4.6, and 7.4. A weighed quantity of nanogels was
placed in the dialysis membrane and then immersed in the
respective pH medium. The membrane containing the
nanogels was removed from the buffer solutions after allowing
proper swelling at specific time intervals. The membrane was

blotted with the help of a filter paper, weighed, and immersed
back in the respective buffer solution. This action was repeated
until a constant weight of the swelled nanogels was achieved.41

The swelling ratio was determined by using the following
equation:

=q
A
A

2

1 (3)

q represents the dynamic swelling, A1 indicates the initial
weight of the dried nanogels before swelling, and A2 represents
the final weight after swelling at time t.

2.6. Polymer Volume Fraction. The fraction of polymer
in swelled state was determined for the developed nanogels in
three media with various pH, i.e., pH 1.2, 4.6, and 7.4. It is
represented by V2,s. The polymer volume fraction was
determined by employing equilibrium volume swelling (Veq)
data.42 The following equation was used for the estimation of
polymer volume fraction:

=V2, s
1

Veq (4)

2.7. Drug Loading. An absorption and diffusion method
was adopted for loading of CFN to the developed nanogels.
Nanogels of accurate weight were placed in 1% CFN solution
of phosphate buffer. After that, nanogels were immersed for 24
h at 25 °C, and then lyophilization of nanogels was carried out
to eliminate any entrapped solvent.43

The amount of drug loaded by the prepared nanogels was
determined by an extraction method. Loaded particles of
nanogels of accurate weight were submerged in 100 mL
phosphate buffer solution of pH 7.4. The suspension was kept
stirring until all the loaded drug was removed completely from
the nanogel particles. After that, a filter membrane was used for
the filtration of suspension that was then analyzed on a UV−
vis spectrophotometer (U-5100, 3J2-0014, Tokyo, Japan) at
λmax 230 nm in triplicate.44

2.8. HET-CAM Test. The anti-irritant properties, anti-
inflammatory potential, and toxicity/ocular toxicity of the
materials were evaluated through the HET-CAM test by a
number of scientists.45 Thus, in the current investigation, the
authors performed the HET-CAM test for the Al and
developed nanogels to determine their toxic effects. Therefore,
300 μL samples of Al and prepared nanogels were applied on
the chorioallantoic membrane of fertilized chicken eggs at
regular time intervals. Various parameters like coagulation,
hemorrhage, and vasoconstriction were detected during the
experiment. 1% Sodium lauryl sulfate and 0.9% NaCl were
used as positive and negative controls, respectively.46 The
irritation index was determined by taking the sum of the scores
of each injury as shown in the following equation:

= × + ×

+ ×

H V

C

irritation index
(301 ) 5

300
(301 ) 7

300
(301 ) 9

300 (5)

where H, V, and C indicate the hemorrhage, vasoconstriction,
and coagulation at time (s).

2.9. In Vitro Drug Release Studies. In vitro release
studies of CFN from the developed nanogels were conducted
in the same pH values as swelling studies, i.e., pH 1.2, 4.6, and
7.4. A Dissolution apparatus type II (Sr8plus Dissolution Test
Station, Hanson Research, Chatsworth, CA, USA) was used for

Table 1. Feed Ratio Scheme for the Formulation of Al-g-
pAMPS Nanogels

formulation
code

polymer Al
(g/100 g)

monomer
AMPS

(g/100 g)
initiator APS
(g/100 g)

crosslinker
MBA

(g/100 g)

AMF-1 0.32 14 0.2 4
AMF-2 0.52 14 0.2 4
AMF-3 0.72 14 0.2 4
AMF-4 0.32 16 0.2 4
AMF-5 0.32 18 0.2 4
AMF-6 0.32 20 0.2 4
AMF-7 0.32 14 0.2 6
AMF-8 0.32 14 0.2 8
AMF-9 0.32 14 0.2 10
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drug release studies. A 500 mL respective buffer solution was
placed in the dissolution apparatus. A weighed nanogel
containing the drug was placed in dialysis membranes, which
were submerged in the buffer solution at 37 ± 0.5 °C and 50
rpm. To maintain the sink condition throughout the
investigation, a 5 mL sample of the medium was taken at
regular intervals, and a new medium with the same
concentration was added back. The samples were then
examined using a UV−Vis spectrophotometer (U-5100, 3J2-
0014, Tokyo, Japan) in triplicate at a maximum wavelength of
230 nm.47

Different kinetic models including zero-order kinetics, first-
order kinetics, Higuchi model, and Korsmeyer−Peppas model
were used for the prepared nanogels. Thus, interpretation of
the drug release data was carried out to evaluate both the order
and mechanism of drug release.48

2.10. Statistical Analysis. Statistical analysis of all
investigations was done using SPSS Statistic 22.0 (IBM
Corp, Armonk, NY, US). The Student’s t-test was used to

determine whether there were any differences between the
tests. The results were considered significant when the p-value
was less than 0.05.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Polymeric Nanogels. Al-g-pAMPS

nanogels were prepared by the crosslinking and polymerization
of Al with AMPS in the presence of APS and MBA. The
different combinations of Al, AMPS, and MBA affected the
various parameters of the prepared nanogels. With the
increasing concentration of MBA, a hard network of nanogels
was formed, which delayed the motility of the nanogel
networks. As a result, the swelling, loading, and release of
the drug were reduced. On the other hand, nanogel networks
with high concentrations of Al and AMPS exhibited an increase
in the aforementioned parameters due to the increase in
motility and vice versa. The physical appearances of the
prepared nanogels with high concentrations of MBA, Al, and
AMPS are shown in Figure 2.

Figure 1. Proposed chemical structure of Al-g-pAMPS nanogels.
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3.2. FTIR. FTIR is used to evaluate the functional groups of
reagents and formulations. The FTIR spectra of Al, AMPS,
CFN, and the unloaded and the drug-loaded nanogels are
shown in Figure 3. The FTIR spectrum of Al indicated a broad

centered peak at 3410 cm−1 assigned to the O−H stretching
vibration, while the peak at 2932 cm−1 presented the stretching
vibration of C−H. The existence of the asymmetric stretching
vibration of carboxylate O−C−O was verified by the band at
1608 cm−1. Similarly, a peak at 1420 cm−1 may be correlated to
the deformation of C−OH with the symmetric vibration of the
carboxylate O−C−O group. A weak peak at 1040 cm−1 may be
related to the stretching vibration of C−O and C−C of
pyranose rings. The same peaks of Al were reported by
Sivagnanavelmurugan and co-workers, which further supports
our findings.49 The FTIR spectra of AMPS revealed structural
peaks at 1658 and 1559 cm−1, indicating the C�O stretching
(amide I band) and N−H bending (amide II band). Two
characteristics peaks at 1240 and 1370 cm−1 confirmed the
existence of the SO3H group, indicating the symmetrical and
asymmetrical stretching vibrations of the S�O group. The C−
H stretching vibration was depicted by a peak at 2990 cm−1. A
prominent absorption peak within the 828−1080 cm−1 range
indicated the S-O-C group.50 Due to the polymerization
reaction among nanogel contents, certain peaks of Al and
AMPS were modified in the developed networks of nanogels.

The distinct peaks of Al and AMPS at 1608, 2932, and 1370,
1559 cm−1 shifted to 1630, 2890, 1405, and 1575 cm−1 for the
synthesized nanogels. Some new peaks were formed, while a
few disappeared. These all indicated the development of a new
polymeric nanogel network. Similarly, the FTIR spectra of
CFN exhibited a characteristic peak at 3412 cm−1, which is
assigned to the stretching vibration of N−H. Similarly, peaks at
2948 and 3110 cm−1 indicated the aromatic stretching of C−
H. A band at 1658 cm−1 represented the −C�N ring
stretching.51,52 Modification was seen in certain peaks of the
prepared nanogels after being loaded with CFN. Peaks at 1658
and 2948 cm−1 were shifted slightly to 1670 and 2935 cm−1 for
the loaded nanogels. The presence of drug peaks in the loaded
nanogels indicated the successful loading of CFN without any
kind of interaction with the nanogel reagents.53

3.3. DSC. The thermal stability of the unreacted Al, AMPS,
and prepared nanogels was investigated by DSC (Figure 4).

The DSC thermogram of Al exhibited two endothermic peaks
at 60 and 250 °C, whereas two exothermic peaks at 202 and
348 °C were detected, respectively. Endothermic peaks
indicated the water elimination of the hydrophilic groups.54

Similarly, the DSC thermogram of AMPS presented an
exothermic peak at 199 °C, whereas an endothermic peak
was perceived at 210 °C, representing the glass transition
temperature. The AMPS degradation was observed through an
exothermic peak at 199 °C.55 Likewise, the DSC thermogram
of the developed nanogels exhibited two exothermic peaks at
248 and 280 °C, while two endothermic peaks were depicted
at 200 and 330 °C, respectively. The DSC thermogram of the
synthesized nanogels demonstrates an alteration in the
endothermic and exothermic peaks of the Al and AMPS.
The exothermic and endothermic peaks of the Alg and AMPS
at 202, 199 °C and 250, 210 °C shifted to 248, 280 °C and
200, 330 °C for the prepared nanogels. Due to crosslinking of
Al with AMPS in the presence of APS and MBA, the
exothermic and endothermic peaks of both Al and AMPS were
modified, as shown by the DSC thermogram of the synthesized
nanogels, which confirmed the preparation of a highly stable
and polymeric network of nanogels, and thus an increase in the
thermal stability of reagents was observed, as shown by the
DSC thermogram of synthesized nanogels. Barkat and co-
workers synthesized hydrogels of chondroitin sulfate and
presented an increase in the thermal stability of the reagent
after polymerization.56

3.4. Scanning Electron Microscopy (SEM) and Particle
Size Analysis. The surface morphology of the fabricated
nanogels has a key role in swelling and drug loading. SEM is
employed to analyze the surface nature of the fabricated
system. The surface of the prepared nanogels was found to be
very dense with a few pores, as indicated in Figure 5. The
dense surface may be correlated with the high crosslinking

Figure 2. Physical appearances of Al-g-pAMPS nanogels with high
incorporated concentrations of (A) MBA, (B) Al, and (C) AMPS.

Figure 3. FTIR spectra of Al, AMPS, nanogels, CFN, and drug-loaded
nanogels.

Figure 4. DSC of Al, AMPS, and Al-g-pAMPS nanogels.
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among nanogel contents.57 Particle size plays a crucial role in
swelling, loading, and release of the drug. Dynamic light
scattering (DLS) was used for particle size determination of
the developed nanogels. The prepared nanogels exhibited an
average particle of 408 nm with a polydispersity index of
0.100.58,59 The amount of reagents consumed in the synthesis
of a system influenced the particle size of the formulated
system. The small particle size leads to the large surface of the
nanogels, and thus high swelling, loading, and drug release will
be achieved.

3.5. Sol−Gel Fraction Analysis. The sol−gel fraction was
determined for all nanogel formulations, as shown in Figure 6.
Sol is the uncrosslinked soluble fraction, while gel is the
crosslinked insoluble fraction of the prepared nanogels.
Nanogel contents have highly influenced both sol and gel

fractions. As the Al and AMPS feed ratios were increased, an
increase in the gel fraction was seen. Free radicals are
generated during the polymerization, which are responsible
for crosslinking and polymerization among nanogel contents.
With an increase in the feed ratios of polymer and monomer,
an increase in generation of free radicals was detected. Hence,
the higher the concentration of Al and AMPS, the more rapid
the generation of free radicals and thus the higher the
availability of reactive sites for the gelation process, which leads
to a high gel fraction. Similarly, the crosslinking between Al
and AMPS was increased with the usage of a high
concentration of MBA, which is responsible for the cross-
linking of both Al and AMPS on their active sites. So, the
greater the concentration of MBA, the faster the polymer-
ization between Al and AMPS and the higher the gel

Figure 5. SEM and particle size of Al-g-pAMPS nanogels.
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fraction.60,61 Khalid et al. synthesized polymeric hydrogels for
controlled drug delivery and demonstrated a high gel fraction
of the prepared hydrogels.62 In contrast to the gel fraction, a
reduction in sol fraction was seen as the compositions of Al,
AMPS, and MBA increased.63 Nasir and co-workers developed
polymeric gels and demonstrated a high gel fraction with low
sol fraction for the prepared gel.64

3.6. In Vitro Swelling Studies. Swelling studies were
performed on the developed nanogels in buffer solutions of pH
1.2, 4.6, and 7.4. pH affected the swelling index of the prepared
nanogels as high swelling was observed at pH 4.6 and 7.4 as
compared to pH 1.2 (Figure 7A). Al consists of COOH
functional groups, while AMPS contains SO3H functional
groups. At pH 1.2, the functional groups of the polymer and
monomer were protonated, and strong hydrogen bonds
allowed them to form conjugates with the counter ions. Due
to the formation of conjugates, the overall charge density of
nanogels was decreased, and therefore, low swelling was
achieved. On the other hand, as the pH of the medium
changes, a shift in the nanogels’ swelling is also seen. High
swelling was shown by the prepared nanogels at pH 4.6 and
7.4. The main reason is the deprotonation of Al and AMPS
functional groups, which results in a high charge density, which
exhibited strong electrostatic repulsive forces, and thus an
increase and expansion in the volume of nanogels occurred.
Hence, an increase in swelling of the formulated nanogels was
shown at pH 4.6 and especially at pH 7.4.32,62,65,66

Like pH, nanogel contents also influenced the swelling index
as high swelling was achieved with the high feed ratios of Al
and AMPS. The high concentration of Al led to the generation
of COOH groups in a high amount. Similarly, an increase in
the AMPS concentration led to high density of SO3H groups.
Due to the high charge density of COOH and SO3H groups of
Al and AMPS, greater repulsive forces were generated, and
therefore, high swelling of nanogels was seen (Figur-
e7B,C).67−69 Contrary to Al and AMPS, a reduction in the
swelling of nanogels was observed with the high incorporation

of MBA contents. A hard and tough network of nanogels was
formed, which decreased the pore size and motility of the
synthesized nanogels. Thus, a decline in swelling was observed
with the increasing concentration of MBA (Figure 7D) and
vice versa.70,71

3.7. Polymer Volume Fraction. The polymer volume
fraction indicated the volume of polymer in the swelled state.
This study was performed in pH 1.2, 4.6, and 7.4, as shown in
Table 2. At pH 1.2, a high polymer volume fraction was

achieved as compared to pH 4.6 and 7.4. The reason may be
correlated with the swelling index of the nanogel as there is an
inverse relationship between the polymer volume and swelling
index. An increase and decrease in one content leads to the
decrease and increase in the other content. The polymer
volume fraction has been affected by nanogel contents since a
drop in polymer volume fraction was seen with increased feed
ratios of Al and AMPS. On the other hand, as the feed ratio of
MBA was increased, an increase in the polymer volume
fraction was seen. The high swelling at pH 1.2 and low swelling
at pH 4.6 and 7.4 demonstrated the proficient and excellent
swelling of the prepared nanogels at pH 4.6 and 7.4 as

Figure 6. Effect of (A) Al, (B) AMPS, and (C) MBA on the sol−gel
fraction.

Figure 7. Effect of (A) pH, (B) Al, (C) AMPS, and (D) MBA on
dynamic swelling of Al-g-pAMPS nanogels.

Table 2. Polymer Volume Fraction and Drug Loading of Al-
g-pAMPS Nanogels

polymer volume fraction

F. code pH 1.2 pH 4.6 pH 7.4
drug loaded (mg)/500 mg of dry

gel via an extraction method

AMF-1 0.223 0.198 0.172 133.3 ± 0.2
AMF-2 0.210 0.187 0.166 168.4 ± 0.1
AMF-3 0.204 0.182 0.163 180.1 ± 0.3
AMF-4 0.194 0.178 0.158 194.4 ± 0.4
AMF-5 0.187 0.170 0.151 210.2 ± 0.2
AMF-6 0.181 0.165 0.147 218.6 ± 0.3
AMF-7 0.239 0.220 0.193 126.7 ± 0.2
AMF-8 0.256 0.234 0.212 118.8 ± 0.1
AMF-9 0.289 0.256 0.237 105.7 ± 0.2
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compared to pH 1.2. Similarly, the low polymer volume
fraction of Al and AMPS and high polymer volume fraction of
MBA at pH 1.2, compared to 4.6 and 7.4, demonstrated the
potential and high swelling index of the prepared nanogels at
pH 4.6 and 7.4 as compared to pH 1.2 with the increasing
concentration of Al and AMPS, while a decrease in swelling
was observed with the increase in MBA content.42

3.8. Drug Loading. The loading of drug was completely
dependent on the swelling of the fabricated nanogels.72 Due to
the high swelling index of the nanogels in the phosphate buffer
solution of pH 7.4, a maximum loading of drug was achieved,
as indicated in Table 2. Drug loading was affected by the
different combinations of the nanogel contents. An increase in
loading of drug was detected with the increasing feed ratios of
Al and AMPS. Unlike the Al and AMPS, the loading of drug
was decreased with the incorporation of high MBA contents
due to the low swelling degree of the fabricated nanogels. The
pore size of the nanogels was decreased with high MBA feed
ratios, which retarded the movement of the nanogel networks,
and as a result, less penetration of water into the nanogel
network occurred. Thus, a reduction in loading of the drug
occurred in the end.72,73

3.9. In Vitro Drug Release Studies. Drug release studies
were carried out for the prepared nanogels in three different
buffer solutions, i.e., pH 1.2, 4.6, and 7.4. Like swelling, the
drug release was also influenced by the pH of the medium as
relatively low swelling was achieved at pH 1.2, while maximum
drug release was detected at pH 4.6 and especially at pH 7.4, as
indicated in Figure 8A. The low release of the drug at pH 1.2

was due to the protonation of COOH and SO3H groups of the
Al and AMPS, which decreased the overall charge density of
the nanogel network. Thus, a decline in drug release was
perceived. On the other side, the drug release was increased
with the change in the pH of the medium from 1.2 to 4.6 and
7.4. The reason may be related with the deprotonation of
functional groups of the Al and AMPS, which results in high
swelling and release of drug.32,33,74

Nanogel contents have also influenced the drug release for
the developed nanogels (Figure 8B−D). Drug release was
improved as the feed ratios of the Al and AMPS were
increased.67 The charge density of the functional groups of Al
and AMPS increased, which results in high swelling and release
of drug. Contrary to polymer and monomer contents, as the
feed ratio of MBA was increased, a reduction in the drug
release was noticed. The reason may be linked with the low
swelling of the nanogel, and thus a decrease in drug release was
achieved and vice versa.75 Ali and co-workers prepared
hydrogels of polyvinyl alcohol and reported an increase in
drug release with the high composition of Al and AMPS, while
MBA revealed the opposite effect.57

The analysis of linear regression was carried out for the
kinetic of CFN from the prepared nanogel. “r” values
determined the order of the drug release from the fabricated
nanogels. The “r” values of the Korsmeyer−Peppas model for
all formulations of the nanogels were found to be very close to
1 as compared to the “r” values of others models. Thus, the
Korsmeyer−Peppas model is considered as the best fit and
most applicable model of kinetics. Diffusion types for the
Korsmeyer−Peppas model include Fickian diffusion (n ≤
0.45) and non-Fickian transport (n > 0.45).76 Both the “r” and
“n” values of the developed nanogels are shown in Table 3.
The “n” values were found within the 0.2575−0.4252 range,
indicating Fickian diffusion of the developed nanogels.

3.10. HET-CAM Test. The toxicological analysis of the Al
and prepared nanogels is indicated in Figure 9 and Table 4.
The chorioallantoic membrane of the chicken egg was treated
with Al and the prepared nanogels at predetermined time
intervals, i.e., 0, 0.5, 1, 5, and 30 min. The negative control
must show no toxic effect, while the positive control must
show toxic effects or vascularization signs of hemorrhage,
vasoconstriction, and coagulation phenomena after application.
Thus, 1% sodium lauryl sulfate (SLS) was used in the current
investigation as a positive control and 0.9% NaCl as a negative
control. The irritation index for the negative control was found
to be zero (0), while for the positive control, a very high index
of irritation was achieved (6.92) after application. Likewise, the
irritation index for Al and the prepared nanogels scored 0.02
and 0.01, respectively. Hsieh and co-workers demonstrated the
same results as our investigation, which supports further our
findings.77 Finally, we can demonstrate that the prepared
nanogel network had no adverse effects and can be used as a
promising drug delivery system.

Figure 8. Effect of (A) pH, (B) Al, (C) AMPS, and (D) MBA on the
drug release from Al-g-pAMPS nanogels.

Table 3. Kinetic Modeling Release of KT from Al-g-pAMPS
Nanogels

zero order first order Higuchi Korsmeyer−Peppas

F. code r2 r2 r2 r2 n

AMF-1 0.6759 0.8702 0.9138 0.9840 0.2875
AMF-2 0.6983 0.9907 0.9848 0.9940 0.2575
AMF-3 0.6273 0.9146 0.9643 0.9819 0.3230
AMF-4 0.8836 0.9895 0.9703 0.9922 0.4069
AMF-5 0.6442 0.8821 0.9553 0.9835 0.4252
AMF-6 0.6673 0.9572 0.9641 0.9707 0.3790
AMF-7 0.7163 0.9185 0.9850 0.9873 0.3147
AMF-8 0.9306 0.9357 0.9905 0.9943 0.2930
AMF-9 0.9092 0.9732 0.9543 0.9932 0.3234
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4. CONCLUSIONS
Polymerization among nanogel contents resulted in the
prepared nanogels. FTIR proved the preparation and
compatibility of the crosslinked nanogels. SEM indicated a
dense surface with few pores. An average particle size of 408
nm was found, which is most suitable for high swelling,
loading, and release of drug. High swelling and drug release
were seen at pH 7.4 and 4.6 as compared to pH 1.2.
Crosslinked nanogels exhibited to a low sol fraction with a high
gel fraction with the increasing composition of Al, AMPS, and
MBA. Drug loading was affected by the various compositions
of nanogel contents. A decline was seen in drug loading with
high MBA incorporation, while Al and AMPS presented direct
effects on drug loading contrary to MBA. Similarly, safety of
the prepared nanogels was investigated by the HET-CAM test,
which proved the safe use of nanogels for oral administration
of CFN. Conclusively, results show that the fabricated
nanogels could be considered the most suitable agent for
sustained drug delivery systems.
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