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Abstract
Stimuli-responsive hydrogel could respond rapidly to environmental changes, whereas the limitation of gel scale usually led to 
a single route of drug delivery and restricted application. Herein, a pH and temperature dual responsive nanogel CS/P(MAA-
co-NIPAM) was successfully prepared by radical polymerization. The change of both turbidity and hydration diameter at 
different conditions indicated that the nanogel possessed obvious pH and temperature sensitive properties. Specifically, the 
hydration diameters of the nanogel were 234 nm at T = 20 °C and 145 nm at T = 45 °C. The schematic flowable characteristic 
by injection experiment indicated that CS/P(MAA-co-NIPAM) might have the potential application possibility of injectable 
drug delivery. In addition, with doxorubicin as the model drug, the drug loading efficiency of the nanogel was 84.00% and 
the maximum release efficiency reached 66.30% at pH = 2.0 & T = 20 °C. The nanogel was able to realize drug delivery 
process in physiological environment according to in-vitro controlled releasing experiments.
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Introduction

Nanogels were cross-linked polymeric particles with three-
dimensional structure, which usually had strong stability, 
considerable water content, good biocompatibility, and high 
specific surface area [1–3]. Owing to the dual characteristics 
of nanocarriers [4] and hydrogels, nanogels could not only 
exhibit excellent loading capability and chemical stability 
of nanocarriers, but also possess swelling and stimulation 
responsive properties similar to hydrogels [5–7]. Their 
nanoscale provided the possibility of deep tissue diagno-
sis and treatment as well as multiple routes of drug deliv-
ery compared with traditional hydrogels, hence nanogels 
had certain application prospects and research value in the 
biomedical field [8–10]. Azadia et al. [11] prepared nano-
gels loaded with methotrexate (MTX) using chitosan (CS) 
and sodium tripolyphosphate, and the results showed that 
the nanogels significantly increased the concentration of 
MTX at the patient site. Rudmianeh et al. [12] developed 

pH-responsive nanogels by adding sodium polyanionic algi-
nate to CS and proved that CS could effectively enhance pH-
sensitive properties of the nanogels. Although many research 
works on nanogels had been reported, the high price of pre-
pared materials, imprecise targeting of nanomaterials, and 
inferior effect of therapy were still the serious problems to be 
urgently solved [13, 14]. With the aim to realize more intel-
ligent drug loading and releasing behaviors, researchers had 
been continuing to develop stimulus-responsive nanomate-
rials, based on the idea that stimulus-responsive nanogels 
would undergo dissolution or conformational transformation 
in response to different stimuli in the environment compared 
to ordinary nanogels [15, 16]. For example, Manchun et al. 
[17] developed two types of pH-responsive nanogels, which 
exhibited slow release at neutral pH and significantly faster 
release under acidic condition. In addition, due to the com-
plexity of external environment, multiple stimulus-respon-
sive nanogels [18] were more effective than single stimu-
lus-responsive nanogels in achieving accurate therapeutic 
effects [19–21]. If special functional units or groups were 
introduced into hydrogel system, it was expected to improve 
the biocompatibility of hydrogel, achieve the controllable 
release of drugs in different environments, and enrich the 
routes of drug delivery for nanogels [22].

 * Hui Liu 
 liuhui@csu.edu.cn

1 College of Chemistry and Chemical Engineering, Central 
South University, 932 South Lushan Road, Changsha, 
410083 Hunan, People’s Republic of China

/ Published online: 17 April 2023

Colloid and Polymer Science (2023) 301:879–891

http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-023-05103-3&domain=pdf
http://orcid.org/0000-0002-4792-9285


1 3

N-isopropylacrylamide (NIPAM)-based functional 
hydrogels had strong stimulus responsiveness and control-
lable drug release, but the large-scale hydrogel carriers 
often encountered difficulty in penetrating into specific 
human tissues due to the morphology of the gel itself 
[23, 24]. As a kind of natural cationic alkaline polymer 
polysaccharide, CS, also called as deacetyl chitin, had the 
advantages of low price and abundant source [25–27]. 
If CS functional components were introduced into the 
NIPAM-based hydrogel system, nanoscale hydrogels could 
be developed by utilizing the biocompatibility advantage 
of natural polymer [28, 29]. The nanogels could enter 
human body through various drug delivery paths (e.g., 
oral, intravenous, etc.), and break through the biological 
barriers to achieve relatively deep patient site treatment as 
well as controlled drug releasing under different environ-
mental conditions [30, 31].

Based on the discussion above, a nanoscale hydrogel 
CS/P(MAA-co-NIPAM) with both pH and temperature 
responsiveness was synthesized by introducing CS into 
the methacrylic acid (MAA) and NIPAM gel system and 
utilizing the intermolecular force between CS and MAA 
to reduce the scale of the resulting gel. The structure and 
scale of the gels were analyzed by various characteriza-
tion means, and their stimulus response properties were 
also explored. Finally, the potential application possibility 
of drug delivery route by injection for the nanogel was 
investigated by the flowable property experiment, and the 
application in loading and controlled releasing process 
was studied with doxorubicin (DOX) as the model drug. 
Compared with the numerous literatures on hydrogels in 
biomedical field reported to date [32, 33], the CS/P(MAA-
co-NIPAM) nanogel prepared in this work broke through 
the scale limitation of hydrogel-based drug carriers and 
made it possible to deliver drugs by injection. This nano-
gel with both pH and temperature responsiveness could 
controllably release drugs depending on the pathological 
environment, improve drug efficacy, and reduce drug side 
effects.

Experimental section

Materials

Chitosan (CS, 95% deacetylation), N-isopropylacrylamide 
(NIPAM, 99%), ammonium persulfate ((NH4)2S2O8, 98%), 
and acetic acid  (CH3COOH, 99%) were purchased from 
Adamas (China). Methacrylic acid (MAA, 99%), N,N- 
methylenebisacrylamide (MBA, 99%) and doxorubicin 

(DOX, 98%) were purchased from Aladdin (China). NIPAM 
and MAA were passed through a 300 mesh alkaline alumina 
column to remove the internally contained inhibitors, and 
other chemicals were used as received.

Synthesis of CS/P(MAA‑co‑NIPAM) nanogel 
by classical radical polymerization

The nanogel was prepared in acetic acid solution of CS using 
ammonium persulfate to initiate radical polymerization of 
the two monomers, and the typical procedure was as follows. 
Firstly, 0.5 g CS and 100 ml deionized water were added into a 
reaction bottle and ultrasonically dispersed for 5 min, and then 
1 ml glacial acetic acid was added under magnetic stirring. 
Then, 2.26 g NIPAM (20 mmol) and 860 μl MAA (10 mmol) 
were added into the system and stirred overnight under 
nitrogen atmosphere. After the dissolution was completed, 
60 mg MBA as the crosslinker was added to the bottle. After 
recharged with nitrogen, the reaction bottle was placed in an 
oil bath of 70 °C and magnetically stirred for 1 h. 5 ml ammo-
nium persulfate solution (containing 57 mg ammonium per-
sulfate) with the concentration of 0.05 mol/L was added using 
a syringe to initiate the polymerization reaction. Within a few 
minutes, the reactant mixture changed from colorless to milky 
white. 3 h later, the solution was centrifuged at 10,000 rpm 
for 40 min, followed by washing with deionized water three 
times to remove the residual CS and monomers. After cen-
trifugal purification, the precipitate was freeze-dried for 36 h 
to obtain the targeted nanogel CS/P(MAA-co-NIPAM). The 
specific preparation process was shown in Fig. 1.

Samples with different monomer ratios were pre-
pared depending on the amount of reactants used, and 
detailed descriptions were listed in Table 1. Unless spe-
cifically stated, the sample used in each experiment was 
CS/P(MAA-co-NIPAM)-3.

Characterization methods

The resulting CS/P(MAA-co-NIPAM) nanogel was charac-
terized using Fourier transform infrared spectroscopy (Nico-
let Is50) to determine corresponding characteristic functional 
groups. The surface element composition and chemical bonding 
status of CS/P(MAA-co-NIPAM) were analyzed using an X-ray 
photoelectron spectrometer (Escalab 250XI). The thermal sta-
bility of CS/P(MAA-co-NIPAM) was determined by a thermo-
gravimetric analyzer (TGA-2) under nitrogen atmosphere. The 
crystal structure of CS/P(MAA-co-NIPAM) was examined by 
using an X-ray powder diffraction spectrometer (Advance D8) 
to analyze the physical phase and crystallinity. The microscopic 
morphology of CS/P(MAA-co-NIPAM) was observed by using 
a scanning electron microscope (Tescan Mira3).
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Stimuli‑responsive performance testing

pH‑responsive property experiment

The pH-responsiveness of CS/P(MAA-co-NIPAM) nanogels 
was indirectly reflected by the turbidity change of nanogel 
dispersions in different pH solutions. The typical procedure 
was as follows: 10 mg dry nanogel sample was ultrasonically 
dispersed in 15 ml aqueous solution with different pH values 
(pH was adjusted by using 0.1 mol/L HCl and NaOH solu-
tions). The sample was placed in a water bath with a constant 
temperature oscillator at 20 °C for 12 h. The turbidity of 

nanogel dispersion was then measured using a turbidimeter 
(LH-NTU3M), and the variation curves of turbidity with 
pH were obtained.

Temperature‑responsive property experiment

A dynamic light scattering nanoparticle size analyzer (DLS, 
Zetasizer Nano ZS90) was used to determine the hydration 
diameter of CS/P(MAA-co-NIPAM) nanogel in aqueous dis-
persion at different temperatures to indirectly explore their 
temperature responsive property. The testing procedure was 
as follows: 100 mg dry nanogel was dispersed and swollen in 

Fig. 1  Schematic diagram for the preparation of CS/P(MAA-co-NIPAM) nanogel

Table 1  Specific reactant 
formulation for synthesis 
of CS/P(MAA-co-NIPAM) 
nanogel

Samples CS(g) NIPAM(mmol) AA(mmol) MBA(mg) (NH4)2S2O8(mg)

CS/P(MAA-co-NIPAM)-1 0.5 10 6 60 57
CS/P(MAA-co-NIPAM)-2 0.5 10 10 60 57
CS/P(MAA-co-NIPAM)-3 0.5 20 10 60 57
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10 ml deionized water for 12 h. The particle size distribution 
and hydration diameter were measured at 20 °C and 45 °C 
by using DLS, and the temperature-responsive performance 
was assessed by the change of hydration diameter.

Drug loading and releasing experiments

Drug loading performance testing

DOX was selected as a model drug to evaluate the loading 
capacity of the prepared samples, and the typical procedure 
was as follows. A certain amount of dry gel was immersed 
in 20 ml aqueous DOX solution with a concentration of 
1 mg/ml. The mixture was placed in a water bath thermo-
stat shaker for 24 h at constant temperature to achieve ample 
loading of the drug. The concentration of unloaded DOX 
was determined by measuring the absorbance of residual 
drug solution at the wavelength of 480 nm by a UV–Vis 
spectrophotometer (T-2600), and the drug loading efficiency 
(DLE) was calculated according to Eq. (1) [34].

where  MT was the total mass of initially added DOX, mg, 
 V1 was the volume of residual drug solution after loading, 
ml, and  C1 was the concentration of DOX in residual drug 
solution after loading, mg/ml.

In‑vitro drug controlled releasing behaviors testing

According to the result of drug loading testing, the most 
suitable sample was selected to test its in-vitro drug con-
trolled releasing behaviors under different environmental 
stimulation conditions. The procedure was as follows: a cer-
tain mass of drug-loaded gel was put into the media under 
different environmental conditions (pH was adjusted by HCl 
solution and PBS solution, and temperature was controlled 
as 20 °C and 45 °C). The initial volume of control solution 
was 20 ml, and 2 ml supernatant was taken out at certain 
time interval. The absorbance of the supernatant at the wave-
length of 480 nm was measured by UV–Vis spectrophotome-
ter, and then the supernatant was poured back to the original 
mixture to keep the constant volume. The concentration of 
DOX was determined according to the absorbance, and the 
release efficiency (RE) of nanogel toward DOX was calcu-
lated according to Eq. (2) [35].

where  M0 was the total mass of the initial DOX in the nano-
gel, mg,  V0 was the volume of dissolved medium, ml, and 

(1)

Drug Loading Eff iciency (DLE) =
(MT − V

1
C
1
)

MT

× 100%

(2)Release Eff iciency (RE) =
V

0
Ct

M
0

× 100%

 Ct was the concentration of DOX in dissolved medium at 
time t, mg/ml.

Results and discussion

Structure confirmation of the nanogel

Internal molecular structure analysis of the nanogel (FT‑IR)

In order to clarify the specific molecular structure of the 
nanogel, CS and the synthesized CS/P(MAA-co-NIPAM) 
nanogel were subjected to FT-IR characterization testing, 
and the results were shown in Fig. 2a. As could be observed, 
several new characteristic absorption peaks appeared in the 
curve of CS/P(MAA-co-NIPAM) (Fig. 2a-ii) compared to 
CS (Fig. 2a-i). For example, the characteristic peaks of O–H 
and C = O stretching vibrations in carboxyl groups were 
found at 3200–2800  cm−1 and 1710  cm−1, [36] respectively, 
indicating the existence of MAA unit in the nanogel. The 
characteristic peaks of C-H distorted vibrations in isopro-
pyl (-CH(CH3)2) appeared at 1388  cm−1 and 1368  cm−1, 
[37] meaning the presence of NIPAM unit. The absorption 
peaks at 1648  cm−1 and 1543  cm−1 could be assigned to 
C = O stretching vibration and N–H distorted vibration in 
acylamine group (-CO–NH-) [38], respectively. The absorp-
tion peak of -CH2- distorted vibration at 1460  cm−1 could 
verify the presence of MBA unit in the nanogel. Notably, 
the absorption peak of the C–O–C stretching vibration was 
shifted from 1149  cm−1 to 1171  cm−1, which was possibly 
owing to the interaction between CS and the copolymer [39]. 
In summary, FT-IR result tentatively confirmed the success-
ful synthesis of CS/P(MAA-co-NIPAM) nanogel.

Surface elemental composition analysis of the nanogel (XPS)

X-ray photoelectron spectroscopy (XPS) was used to ana-
lyze the surface elemental content and binding status of 
CS and CS/P(MAA-co-NIPAM). The survey XPS curves 
were demonstrated in Fig. 2b, and the surface elemental 
composition was listed in Table 2. It was clearly seen that 
the relative content of carbon and nitrogen elements on the 
surface of CS/P(MAA-co-NIPAM) increased compared to 
that of CS, while the relative content of oxygen element 
decreased to a larger extent [40]. The result could be attrib-
uted to the encapsulation of CS segments by the polymeric 
network with long carbon chains after polymerization. Based 
on the above results, it might be reasonably speculated that 
CS/P(MAA-co-NIPAM) nanogels had been successfully 
synthesized by radical polymerization.

To further determine the molecular structure of 
CS/P(MAA-co-NIPAM) nanogel, the characteristic peaks 
of C1s, O1s, and N1s in the XPS survey spectra of CS and 
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CS/P(MAA-co-NIPAM) were split-peak fitted, and the 
results were displayed in Fig. 3. As could be seen from the 
split-peak fitting curves of C1s in Fig. 3a and b, the C1s of 
the nanogel changed from a single peak to a duplex peak, 
and all the binding energies of five bonds decreased after the 
polymerization, which might be attributed to the formation 
of interactive force during the polymerization. Furthermore, 
compared to those of CS, the fitting peak intensities of C–C 
and C = O bonds of CS/P(MAA-co-NIPAM) were signifi-
cantly increased, and the fitting peak intensities of C–OH 
and C–O–C bonds of the nanogel were markedly decreased.

As a comparison of O1s fitting for CS in Fig. 3c, a new 
fitting peak corresponding to carboxyl group was observed 
in the split-peak fitting curve of O1s for CS/P(MAA-co-
NIPAM) in Fig. 3d. Moreover, dramatic increase in fitting 
peak of acylamine group and obvious decrease in fitting 
peak of C–OH also proved the possible interaction between 
the polymeric layer and CS unit.

According to the fitting curves of N1s in Fig. 3e and 
Fig. 3f, the fitting peak intensity of C-NH2 decreased and 
peak intensity of acylamine group increased. Compared to 
that in CS, the binding energy of acylamine group in the 
nanogel was obviously shifted to a low position. From XPS 
results, it was also concluded that CS/P(MAA-co-NIPAM) 
nanogels had been successfully synthesized.

Thermal stability analysis of the nanogel (TGA)

Thermogravimetric analysis (TGA) testing was performed 
on the CS/P(MAA-co-NIPAM) nanogel sample to analyze 
its thermal stability, and the result was shown in Fig. 4a. 
From the thermogravimetric curve, it could be seen that the 
weight loss process of CS/P(MAA-co-NIPAM) could be 
divided into three stages. The first stage was from room tem-
perature to about 105 °C with a weight loss of 10.2%, and 
the weight loss at this stage was caused by the evaporation 
of free water remaining in the nanogel. The second stage was 
from 105 °C to around 360 °C with a weight loss of 21.4%, 
and the reason was that the continuous increase of tempera-
ture led to the deep volatilization of internal binding water 
inside the nanogel. The total weight loss (68.4%) of the third 
stage from 360 °C to 800 °C could be attributed to thermal 
decomposition of both organic backbone and CS chain seg-
ments. It was suggested that CS/P(MAA-co-NIPAM) nano-
gel could effectively maintain its structural stability in the 
temperature range of the physiological environment, and be 
potentially applied in the biomedical field.

Crystallinity analysis of the nanogel (XRD)

XRD was employed to analyze the crystallinity difference 
of CS and CS/P(MAA-co-NIPAM), and the result was dem-
onstrated in Fig. 4b. The curve of CS showed that two char-
acteristic peaks appeared at 2θ = 12° and 20.1°, owing to 
two crystalline states of CS, hydrated crystalline and anhy-
drous crystalline, respectively [41]. In contrast, in the pat-
tern of CS/P(MAA-co-NIPAM), the characteristic peak at 
2θ = 12° had disappeared and the diffraction peak originally 
at 2θ = 20.1° had been shifted to low diffraction angle. This 

Fig. 2  a FT-IR absorption spectra of (i) CS and (ii) CS/P(MAA-co-NIPAM) nanogel; b XPS survey spectra of CS and CS/P(MAA-co-NIPAM) 
nanogel

Table 2  Results of XPS analysis on surface elemental composition of 
CS and CS/P(MAA-co-NIPAM) nanogel

Samples C (atomic%) O (atomic%) N (atomic%)

CS 60.29 31.97 7.74
CS/P(MAA-co-

NIPAM)
73.93 16.45 9.62
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result indicated that strong interaction took place between the 
polymer and CS during the synthetic process, which led to 
a certain degree of decrease in crystallinity of the resulting 
nanogel.

Surface morphology analysis of the nanogels (SEM)

The morphology of nanogels was observed by scanning 
electron microscopy (SEM), and the results were presented 
in Fig. 4c. It could be seen from Fig. 4c-i that CS/P(MAA-
co-NIPAM)-1 exhibited relatively regular spherical mor-
phology with the diameter slightly less than 100 nm, and 
the particles were stacked with each other and adhered 

closely. As could be observed in Fig. 4c-ii, CS/P(MAA-
co-NIPAM)-2 also showed a spherical shape with a 
particle size around 100 nm, but the nanogel was more 
granular than CS/P(MAA-co-NIPAM)-1. In Fig. 4c-iii, 
CS/P(MAA-co-NIPAM)-3 exhibited a regular block shape 
with uniform particle size, and the particle size of particles 
was slightly larger than 100 nm as clearly displayed in 
the partial enlargement as demonstrated in Fig. 4c-iv. On 
one hand, as the amount of MAA monomer increased, the 
enhancement of electrostatic repulsion between CS and 
hydrogel network made gel particles move more freely, 
leading to the improvement of the dispersibility. On the 
other hand, with the increasing usage of NIPAM monomer, 

Fig. 3  XPS split-peak fitting 
plots: a C1s, c O1s, and e N1s 
fitting curves of CS; b C1s, d 
O1s, and f N1s fitting curves of 
CS/P(MAA-co-NIPAM)
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the hydrophobic isopropyl content in the hydrogel net-
work was also increased correspondingly, and the subse-
quent hydrophobic effect gave rise to even distribution of 

internal water in the nanogel during the synthetic process, 
which endowed the finally prepared nanogel with rela-
tively regular morphology.

Fig. 4  a Thermogravimetric curve of CS/P(MAA-co-NIPAM) nano-
gel; b XRD patterns of CS and CS/P(MAA-co-NIPAM) nanogel; c 
SEM images of (i) CS/P(MAA-co-NIPAM)-1, (ii) CS/P(MAA-co-

NIPAM)-2, (iii) CS/P(MAA-co-NIPAM)-3, and (iv) partial enlarge-
ment of CS/P(MAA-co-NIPAM)-3

885Colloid and Polymer Science (2023) 301:879–891



1 3

Stimuli‑responsive properties of the nanogels

pH‑responsive property analysis

The pH-responsiveness of the samples was indirectly 
assessed by the turbidity change in aqueous dispersions with 
different pH values. The testing results of turbidity at differ-
ent pH conditions and the appearance change of the aqueous 
dispersion were shown in Fig. 5a and c, respectively. It could 
be seen from Fig. 5a that the turbidity of aqueous disper-
sion of the nanogel in acidic environment was significantly 
higher than that in neutral and alkaline environments, which 
was consistent with the appearance change observed from 
Fig. 5c. Due to the protonation of carboxyl groups in MAA 
unit and amine groups in CS unit of the nanogel under acidic 
condition, the whole polymeric network shrunk hydrophobi-
cally and the overall particle size decreased, leading to poor 
hydrophilicity of the nanogel. And then the nanogel "precipi-
tated" from the solution on a macroscopic scale, resulting in 
a high turbidity of the aqueous dispersion. Under the alkaline 

condition, influenced by the repulsive force of OH- in the 
solution, the whole polymer network underwent swelling and 
expansion, leading to a good dispersion of the nanogel in 
solution and a decrease in turbidity. pH-responsive testing 
results showed that CS/P(MAA-co-NIPAM) had an obvious 
pH-responsive property.

Temperature‑responsive property analysis

Dynamic light scattering (DLS) testing was performed on 
the aqueous dispersion of CS/P(MAA-co-NIPAM) nanogel, 
and the result was demonstrated in Fig. 5b. It was obvious 
from Fig. 5b that hydration diameter  (Dh) of the nanogel at 
45 °C (145 nm) was smaller compared with that at 20 °C 
(234 nm). Meanwhile, the polydispersity indexes of particle 
size at 20 °C and 45 °C were calculated as 0.056 and 0.075, 
respectively, indicating that the prepared nanogel had uni-
form size and narrow particle size distribution. It should be 
noted that the hydration diameter obtained from DLS was 
larger than the size of dry gel particles observed in SEM 

Fig. 5  a Turbidity of CS/P(MAA-co-NIPAM) nanogel in aqueous dispersion at different pHs, b DLS analysis result of CS/P(MAA-co-NIPAM) 
nanogel at (i) 45 °C and (ii) 20 °C, and c the appearance of CS/P(MAA-co-NIPAM) nanogel in aqueous dispersions with different pHs
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(Fig. 4c). The reason was that the nanogel would undergo 
swelling in aqueous dispersion and absorb water to make 
the particle size larger. Therefore, it could be concluded that 
CS/P(MAA-co-NIPAM) nanogel had strong temperature-
responsive performance.

Exploring the drug delivery route 
of CS/P(MAA‑co‑NIPAM) nanogel

CS/P(MAA-co-NIPAM) nanogel had the potential to be 
administered by injection in addition to the oral route due 
to its nanoscale advantage. As shown in Fig. 6, the nanogel 
dispersion before and after drug loading could be smoothly 
extruded by using a simple syringe, and the injected hydro-
gel could spread out automatically, which was an advan-
tageous flowable feature not possessed by large-scale gel 
carriers. Therefore, CS/P(MAA-co-NIPAM) nanogel was 
expected to achieve the drug delivery process by intravenous 
injection, thus expanding application domain and targeting 
performance of the gel carriers.

Drug loading and in‑vitro controlled releasing

Loading of model drug

The drug loading efficiencies of the three nanogel sam-
ples with different monomer ratios were shown in Table 3. 
As could be seen, the CS/P(MAA-co-NIPAM)-2 and 

CS/P(MAA-co-NIPAM)-3 samples with higher amount 
of MAA unit exhibited higher loading efficiency for DOX 
than CS/P(MAA-co-NIPAM)-1. The difference might be 
explained by the viewpoint that the drug loading process of 
CS/P(MAA-co-NIPAM) toward DOX was intrinsically driven 
by the electrostatic interaction between negatively charged 
carboxyl groups in MAA unit and positively charged DOX 
molecules. Meanwhile, the higher MAA content, the higher 
drug loading efficiency for DOX molecules. From previous 
SEM characterization results in Fig. 4c, it could be seen that 
the increase of MAA content was beneficial to the enhance-
ment of dispersion degree for nanogel particles. Thus, the 
contact area between the independent gel particles and DOX 
molecules was expanded, and the drug loading efficiency was 
further increased. Therefore, the CS/P(MAA-co-NIPAM)-3 
sample with the highest drug loading efficiency was selected 
for the subsequent in-vitro controlled releasing experiments.

Fig. 6  Schematic diagram 
of CS/P(MAA-co-NIPAM) 
nanogel used in simulative drug 
delivery by injection

Table 3  Comparison of drug loading efficiency in different CS/P(MAA-
co-NIPAM) nanogel samples

Samples Loaded drug 
(mg)

Drug Loading 
Efficiency (%)

CS/P(MAA-co-NIPAM)-1 8.35 41.75
CS/P(MAA-co-NIPAM)-2 16.38 81.90
CS/P(MAA-co-NIPAM)-3 16.80 84.00 Fig. 7  Release profiles of CS/P(MAA-co-NIPAM) nanogel with 

DOX as the model drug under different stimulation conditions
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In‑vitro controlled releasing behavior of model drug

The in-vitro drug releasing profiles of CS/P(MAA-co-
NIPAM) hydrogel loaded with the model drug DOX at dif-
ferent temperatures and pH conditions were shown in Fig. 7. 
As could be seen, the final drug release efficiency was very 
low at pH = 7.4 regardless of the solution temperature, 

indicating that temperature change had no obvious effect 
on release efficiency of the nanogel. When pH was 5.0, the 
ultimate release efficiency at 20 °C reached 63.73%, which 
was higher than that at 45 °C (RE = 50.36%). At the same 
temperature, the release efficiency at pH = 5.0 was slightly 
higher than that at pH = 2.0 at the beginning of drug releas-
ing process, but the final equilibrium release efficiency was 
lower than that at pH = 2.0. The possible reason for this 
phenomenon was related to molecular conformation of the 
nanogel and the drug delivery mechanism. For CS/P(MAA-
co-NIPAM) nanogel, both pH and temperature would affect 
the drug releasing process mainly by changing overall con-
formation of the nanogel, while temperature change might 
also alter the hydrophilic and hydrophobic equilibrium of 
polymeric network in the nanogel. Moreover, the highest 
drug release efficiency of 66.30% was observed at pH = 2.0 
& T = 20 °C. In summary, the drug releasing behaviors of 

Table 4  Original and rewritten formula of the drug releasing kinetic 
models

Kinetic Models Original Formula Rewritten Formula

Zero order F = k
0
t F = k

0
t

First order F = 1 − e−k1t −ln(1 − F) = k
1
t

Higuchi F = kHt
0.5 F = kHt

0.5

Korsmeyer-Peppas F = kKPt
n lgF = nlgt + lgkKP

Fig. 8  Results of fitting pharmacokinetic models for the drug releasing behaviors of CS/P(MAA-co-NIPAM) with a zero-level kinetic model, b 
first-level kinetic model, c Higuchi model, and d Korsmeyer-Peppas model
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the nanogel could be accurately controlled by adjusting pH 
and temperature conditions of the environment to achieve 
the controllable drug delivery in physiological environment.

Kinetic model fitting of drug releasing

Four kinetic models (Zero order, First order, Higuchi, and 
Korsmeyer-Peppas models) were used to mimic the releas-
ing behaviors of CS/P(MAA-co-NIPAM) toward DOX 
under different conditions from the data level. The original 
and rewritten formulas of the four models were listed in 
Table 4, and the final fitting straight lines were shown in 
Fig. 8. Besides, the corresponding  R2 was labeled next to 
the corresponding straight lines.

Comparison of  R2 values in the fitting result indicated 
that Korsmeyer-Peppas model was the most suitable for 
describing the releasing behaviors of DOX at pH = 5.0 & 
T = 20 °C and pH = 5.0 & T = 45 °C. And Higuchi model 
was better fitted for the drug releasing process at pH = 2.0 & 
T = 45 °C. From the perspective of stimuli-responsive proper-
ties, CS/P(MAA-co-NIPAM) nanogel existed in aqueous dis-
persion mainly in the form of independent gel particles after 
sufficient dissolution. CS/P(MAA-co-NIPAM) nanogel could 
be approximately regarded as drug-loaded hydrogel micro-
spheres dispersed in dissolution medium. The fitting results 
contributed to a deep understanding of the drug releasing 
behaviors of CS/P(MAA-co-NIPAM) nanogel. It could be 

concluded from the data level that environmental stimulation 
conditions not only changed the drug release efficiency of 
CS/P(MAA-co-NIPAM) nanogel, but also exerted an effect 
on the drug releasing pattern of the nanogel.

Mechanism analysis of drug delivery

Through the characterization results of CS/P(MAA-co-
NIPAM) nanogel and the analysis of drug loading and 
releasing behaviors, schematic diagram of responsive 
behaviors, chemical structure of the nanogel, and the load-
ing and releasing mechanism was demonstrated in Fig. 9. 
The nanogel could be considered as a three-dimensional 
structure with polymeric network as the shell and CS chain 
segments as the core. The interaction inside the shell-core 
structure rendered the independent gel particles to present 
a morphological feature similar to a sphere. After the nano-
gel was dispersed in DOX solution, the positively charged 
DOX molecules entered the interior of the nanogel together 
with moisture, and then DOX molecules were combined 
with the negatively charged carboxyl groups through elec-
trostatic interaction to complete the loading process. Finally, 
under the stimulation of external environmental temperature 
and pH changes, the nanogel underwent different degrees 
of shrinking and swelling behaviors. The internally loaded 
DOX molecules were released to the outside of the gel sys-
tem by molecular diffusion under the influence of environ-
ment stimulus to realize the drug releasing process.

Fig. 9  Schematic diagram of 
responsive behaviors, chemical 
structure of the nanogel, and the 
loading and releasing mecha-
nism for DOX
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DOX
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T
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Conclusion

In summary, CS-functionalized pH and temperature dual-
responsive nanogel CS/P(MAA-co-NIPAM) was prepared 
by classical radical polymerization and applied in the load-
ing and releasing process of DOX. The molecular structure 
and elemental composition of CS/P(MAA-co-NIPAM) were 
determined by FT-IR and XPS. It was found that the nano-
gel had strong thermal stability by TGA testing, and the dry 
gel particle size was observed to be around 100 nm by SEM. 
CS/P(MAA-co-NIPAM) was proved to possess obvious pH 
and temperature responsive properties. The  Dh of CS/P(MAA-
co-NIPAM) in aqueous dispersion was 234 nm at 20 °C and 
154 nm at 45 °C, respectively. The schematic flowable char-
acteristic by injection experiment indicated that the nanogel 
possessed the possibility of drug delivery by injection. Drug 
loading efficiency of CS/P(MAA-co-NIPAM)-3 sample could 
attain 84.00%, and the release efficiency of the nanogel was 
the highest at pH = 2.0 & T = 20 °C. It was suggested that 
changes in environmental conditions would not only affect the 
overall structure and drug release efficiency of the nanogel, 
but also cause the change in drug releasing pattern. Finally, 
the drug loading and releasing mechanism of the nanogel 
was analyzed, and it was found that DOX molecules were 
loaded into the nanogel network through electrostatic interac-
tions, and releasing driving force of the drug from the gel was 
owing to molecular diffusion. Based on this, CS/P(MAA-co-
NIPAM) nanogel was expected to achieve controllable release 
of loaded drugs under different physiological environments, 
which might provide promising application prospects in angi-
ography, tissue repair, and cellular therapy.
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