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A B S T R A C T   

Hydroxychloroquine sulfate (HCQ) is a well-established antimalarial drug that has received considerable 
attention during the COVID-19 associated pneumonia epidemic. Gelatin is a multifunctional biomacromolecule 
with pharmaceutical applications and can be used to deliver HCQ. The effect of HCQ on the gelation behaviors, 
water mobility, and structure of gelatin was investigated to understand the interaction between the drug and its 
delivery carrier. The gel strength, hardness, gelling (Tg) and melting (Tm) temperatures, gelation rate (kgel), and 
water mobility of gelatin decreased with increasing amounts of HCQ. The addition of HCQ led to hydrogen 
bonding that interfered with triple helix formation in gelatin. Fourier transform infrared spectroscopy (FTIR) and 
X-ray diffractometer (XRD) analysis further confirmed that the interaction between HCQ and gelatin is primarily 
through hydrogen bonding. Atomic force microscopy (AFM) revealed that higher content of HCQ resulted in 
more and larger aggregates in gelatin. These results provide not only an important understanding of gelatin for 
drug delivery design but also a basis for the studying interactions between a drug and its delivery carrier.   

1. Introduction 

Hydroxychloroquine sulfate (HCQ) is a 4-aminoquinoline drug with 
antimalarial activity [1] that has been used to treat diseases, such as 

lupus erythematosus and rheumatoid arthritis [2,3]. Orally adminis-
tered chloroquine and its derivative hydroxychloroquine result in 
adverse side effects, such as loss of appetite, nausea, and diarrhea. 
Similar adverse side effects occurred for the treatment of COVID-19 
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associated pneumonia. Previous studies have shown that biocompatible 
and degradable biomacromolecules (e.g., dextran, gelatin, etc) can be 
used as delivery carriers for HCQ improve its efficacy and reduce its 
toxicity and side effects [4–6]. For example, Bajpai et al. [4] prepared 
gelatin nanoparticles using water/oil emulsion technology and added a 
glutaraldehyde crosslinking agent to carry hydroxychloroquine phos-
phate. The results showed that loading the hydroxychloroquine phos-
phate onto a carrier could reduce the side effects and lower the release 
rate of HCQ. 

Gelatin is a natural, highly biocompatible, biodegradable, bio-
macromolecule, with low immunogenic potential, that has a long history 
of applications in the food, cosmeceuticals, pharmaceutical, and medical 
fields and has been recognized as a safe biomaterial by the Food and 
Drug Administration (FDA) of the United States [7,8]. The physical and 
chemical properties of gelatin, especially its crosslinking density, 
degradation kinetics, and gel properties, provide many possibilities for 
designing drug delivery carriers. Therefore, their (either alone or in 
support of any other polymer) application in the field of medicine is 
attracting increasing attention [9–11]. At present, research on the use of 
gelatin in the field of medicine is primarily focused on the encapsulation 
and targeted delivery of compounds, such as anticancer and miscella-
neous drugs, proteins, and vaccines to improve the in vivo degradation 
kinetic parameters, improve therapeutic effects, and reduce toxicity and 
side effects [12–16]. However, research on how drugs and excipients 
interact with gelatin and alter their structure and properties in complex 
delivery systems is still limited. Therefore, to develop more pharma-
ceutical applications for gelatin, it is necessary to study the interaction 
between gelatin and drugs. 

Herein, the effect of different contents of HCQ on the gel strength, 
texture, gelation temperature (Tg), melting temperature (Tm), gelation 
kinetics, and water distribution of gelatin is reported, along with 
changes in the gelatin structure and interaction mechanism between 
gelatin and HCQ. 

2. Materials and methods 

2.1. Materials and reagents 

Gelatin from porcine skin (type A, 300 bloom) was purchased from 
Sigma Chemical Co. Ltd. (St. Louis, MO, USA). Hydroxychloroquine 
sulfate (HCQ) was purchased from Jinlan Pharmaceutical Technology 
Development Co., Ltd. with a purity of 99.55%. Potassium bromide 
(KBr) was purchased from Shanghai Shanyue Scientific Instrument Co., 
Ltd. Ultrapure water used in the experiment was prepared by a Millipore 
Milli-Q system (Millipore, Bedford, MA, USA). 

2.2. Preparation of samples 

Ultrapure water (30 mL) was warmed in a 55 ℃ water bath for 10 
min and different amounts of HCQ were added to prepare aqueous so-
lutions containing 0%, 1%, 3%, 5%, 7% and 9% (w/v) HCQ. Gelatin was 
then dissolved in the HCQ solution at 55 ℃ to obtain samples with a 
mass fraction of 6.67% gelatin having different contents of HCQ (w/v). 

2.3. Determination of gel strength 

The gel strength of the samples was determined according to the 
method described by Kaewruang et al. [17]. The samples prepared in 
Section 2.2. were allowed to sit for 16–18 h at 4 ℃, and the gel strength 
was measured using a TA.XT Plus texture analyzer (Stable Micro Sys-
tems, Surrey, UK). The test mode used was pre-test speed: 1 mm/s; test 
speed: 0.5 mm/s; post-test speed: 0.5 mm/s; target mode: distance; 
distance: 8 mm (the height of gel was 25 mm); trigger type: auto (force); 
trigger force: 0.05 N. 

2.4. Texture profile analysis (TPA) 

TPA was performed according to the method proposed by Kae-
wruang et al. [17]. The samples prepared in Section 2.2. were allowed to 
sit at 4 ℃ for 16–18 h, and TPA was performed using a TA.XT Plus 
texture analyzer (Stable Micro Systems, Surrey, UK). The test mode used 
was pre-test speed: 1 mm/s; test speed: 0.5 mm/s; post-test speed: 0.5 
mm/s; target mode: distance; compression: 30%; trigger type: auto 
(force); trigger force: 0.05 N, tare mode: auto; and advanced options: on. 

2.5. Determination of gelling and melting temperatures 

The gelling (Tg) and melting (Tm) temperatures of the samples pre-
pared in Section 2.2. were measured using a rheometer (MCR 302, 
Anton Paar, Germany) according to the method of Liu et al. [18], with 
slight modifications. A small vibration shear mode, 0.5% strain, and 1 
Hz frequency were used for testing. All the measurements were carried 
out from 40 to 5 ℃ and 5–40 ℃, with cooling and heating rates of 0.5 
℃/min. The store modulus (Gˊ), loss modulus (G̋), and phase angle (tan 
δ) were recorded. The Tg and Tm were determined from the cross-over 
point of Gˊ and G̋ during cooling and heating, respectively. 

2.6. Gelation kinetics 

The gelation kinetics of the samples prepared as given in Section 2.2. 
were determined using a rheometer (MCR 302, Anton Paar, Germany), 
with slight modifications to the previous method [19]. All the samples 
were cooled from 25 to 4 ℃ at a rate of 1 ℃/min and then maintained at 
4 ℃. The Gˊ and G̋ values of the samples were recorded for 3 h at a 
constant strain of 0.5% and frequency of 1 Hz. The evolution of Gˊ over a 
fixed time period of gelation was fitted to the following logarithmic 
equation:  

Gt = kgel ln(tgel) + C                                                                              

where Gt is the value of Gˊ at a given time (min), C is a constant, kgel 
is the gelation rate, and tgel is the gelation time. The value of Gˊ of the 
sample without HCQ was used as the model to obtain the target Gˊ (Gˊref) 
after 3 h cooling and gelling at 4 ℃. The time (tmodel) required for a 
gelling system to reach Gˊref with different HCQ contents was calculated 
using the following equation:  

tmodel =e(Gˊref – C)/kgel                                                                              

2.7. Fourier transform infrared spectroscopy (FTIR) 

The samples prepared in Section 2.2. were freeze-dried (2 mg), 
mixed with KBr powder, ground, and pressed into pellets. The FTIR 
spectra of the samples were recorded using a FTIR spectrophotometer 
(Nicolet 380, Thermo Fisher Scientific, USA) in the wavenumber range 
of 600 – 4000 cm− 1. 

2.8. Low-field nuclear magnetic resonance (LF NMR) 

A 3 mL aliquot of the sample solution prepared in Section 2.2. was 
withdraw, placed in a 15 mm diameter NMR tube, and maintained at 4 
℃ for 12 h. The water mobility and distribution of each sample was 
determined using LF NMR (NMI20-015 V-I, Niumag (Shanghai) Electric 
Corporation, China). The parameters used were as follows: CPMG pulse 
sequence, duration between successive scans is 6000 ms, number of scan 
is 4, spectral width is 250 kHz, time of echoes is 0.5 ms, and number of 
echoes is 15,000. 
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2.9. X-ray diffraction measurement (XRD) 

The samples prepared in Section 2.2. were freeze-dried (2 mg) and 
analyzed using a X-ray diffractometer (Ultima IV X, Rigaku, Japan) at 2θ 
values ranging from 5◦ to 45◦ at a rate of 2◦/min. The voltage was 40 kV, 
and electric current was 40 mA. 

2.10. Atomic force microscopy (AFM) 

The sample prepared in Section 2.2. were diluted 100-fold with 
deionized water, and the nanostructure of the samples were character-
ized by atomic force microscopy (Multimode 8, Bruker, Germany) ac-
cording to the method described by Huang et al. [19], with some 
modifications. In short, 10 μL of each sample was dripped on the 
freshly-cleaved mica surface and dried for more than 12 h in a desic-
cator. The imaging was conducted in a tapping mode to characterize the 
nanostructure in air at ambient temperature. 

2.11. Statistical analysis 

All the experiments were conducted in duplicate and the data were 
expressed as means ± standard deviation (SD). Statistical data were 
analyzed using GraphPad Prism 8 (GraphPad Software) and SPSS soft-
ware version 26 (IBM software). One-way analyses of variance (ANOVA) 
were carried out and mean comparisons were run by Duncan’s Multiple 
Range Tests (p < 0.05). 

3. Results and discussion 

3.1. Gel strength analysis 

The effect of different HCQ contents on the gel strength of gelatin is 
shown in Fig. 1A and Table S1. The gel strength of the gelatin decreased 
significantly with the increase in HCQ content (p < 0.05), from a gel 
strength of 302.3 g (control) to a gel strength of 145.2 g (9% HCQ). The 
gel strength of gelatin depends on the hydrogen bonds formed between 
the gelatin hydroxyl groups and free water as well as hydrogen bonds 
formed between the interchain carbonyl groups [17,20,21]. HCQ re-
duces the gel strength of gelatin, as it competes with the gelatin hydroxyl 
groups for water molecules, thereby weakening the hydrogen bonding 
between the gelatin hydroxyl groups and free water. HCQ also destroys 
the intramolecular hydrogen bonds within gelatin, thus reducing 
self-aggregation of the gelatin molecules and consequently gel strength. 

3.2. TPA analysis 

The effect of different contents of HCQ on the gelatin hardness is 
shown in Fig. 1B and Table S1. The gelatin hardness decreased with the 
increase in HCQ content (p < 0.05), from a hardness of 1127.6 g (con-
trol) to a hardness of 741.6 g (9% HCQ), which was consistent with the 
gel strength results (Fig. 1A). The content of HCQ had no significant 
effect on the cohesiveness of the gelatin (Fig. 1C, p > 0.05), which is the 
gel’s ability to maintain a complete network structure [22]. The gum-
miness of the gelatin, which is related to hardness, decreased with the 
increase in HCQ content (Fig. 1D, p < 0.05), consistent with the hard-
ness results. The springiness of the gelatin increased significantly 
(p < 0.05) when it contained 3% HCQ, but there was no significant 
difference between the other HCQ contents (Fig. 1E, p > 0.05). The 
springiness is determined by the degree of breakage of the gel structure 
during the first TPA compression process, which can be used to indicate 
the "rubber" of the gel in the mouth [22]. The chewiness of the gelatin 
was also consistent with the hardness results, it decreased significantly 
with the increase in HCQ content (Fig. 1F, p < 0.05). Previous studies 
have shown that the hydrogen bonding within the gelatin systems and 
the size of gelatin molecular chains can affect the textural properties of 
gelatin [23]. Therefore, the effect of HCQ on the gelatin texture is 

probably due to the decrease in the intramolecular hydrogen bonding 
and length of the molecular chains of the gelatin in the system. These 
results are consistent with the gel strength analysis results. 

3.3. Gelling and melting temperature analysis 

The storage (Gˊ) and loss (G̋) moduli of gelatins having different 
contents of HCQ are presented in Fig. 2A-B and Fig. S1. Gelatin samples 
with different HCQ contents behaved as liquids initially at 40 ℃, with Gˊ 
lower than G̋, whereas Gˊ was higher than G̋ for the gelatin without 
HCQ. The values of Gˊ and G̋ sharply increased as the temperature 
gradually decreased, indicating the formation of the gel. The tempera-
ture at the cross-over point of the Gˊ and G̋ values during cooling is 
defined as the gelling temperature (Tg). During the heating process, Gˊ 
was much larger than G̋ at the initial temperature (5 ℃), which shows a 
solid behavior. The value of Gˊ and G̋ both sharply decreased as the 
temperature continuously increased and finally G̋ exceeded Gˊ, which 
shows a liquid behavior. The temperature at the cross-over point of Gˊ 
and G̋ during the heating process is defined as the melting temperature 
(Tm). 

The Tg and Tm values of gelatin with different contents of HCQ are 
shown in Table 1. The Tg and Tm of the gelatins decreased as the HCQ 
content increased. The gelatin gels are formed by the transition of a 

Fig. 1. Gel strength (A), hardness (B), cohesiveness (C), gumminess (D), 
springiness (E) and chewiness (F) of gelatin (6.67%, w/v) with different con-
tents (0%, 1%, 3%, 5%, 7%, and 9%, w/v) of HCQ. 

H. Wang et al.                                                                                                                                                                                                                                   



Colloids and Surfaces A: Physicochemical and Engineering Aspects 633 (2022) 127849

4

Fig. 2. Storage modulus (Gˊ) of gelatin with different contents of HCQ upon cooling from 40 ℃ to 5 ℃ (A) and upon heating from 5 ℃ to 40 ℃ (B). Control: 6.67% 
gelatin (w/v); 1% HCQ, 3% HCQ, 5% HCQ, 7% HCQ, 9% HCQ (w/v): 6.67% gelatin prepared by the different contents of HCQ solutions. 

Table 1 
Gelling (Tg) and melting (Tm) temperature points, and parameters for the analogue function model used to fit the gelation profiles of gelatin with different contents of 
HCQ.  

Samples Control 1% HCQ 3% HCQ 5% HCQ 7% HCQ 9% HCQ 

Tg (℃) 26.11 ± 0.17a 25.40 ± 0.66ab 24.06 ± 0.58b 23.42 ± 0.16bc 23.06 ± 0.66bc 22.83 ± 0.33c 

Tm (℃) 32.01 ± 0.00a 31.36 ± 0.41b 30.37 ± 0.17c 30.02 ± 0.17 cd 29.84 ± 0.08d 29.61 ± 0.08d 

Values are mean ± SD. Values with different letter whithin the same column are significantly different (p < 0.05). Control: 6.67% gelatin (w/v); 1% HCQ, 3% HCQ, 5% 
HCQ, 7% HCQ, 9% HCQ (w/v): 6.67% gelatin prepared by the different contents of HCQ solutions. 

Fig. 3. Evolution of storage (Gˊ) and loss (G̋) modulus during cooling and gelling of gelatin with different contents of HCQ. Control: 6.67% gelatin (w/v); 1% HCQ, 
3% HCQ, 5% HCQ, 7% HCQ, 9% HCQ (w/v): 6.67% gelatin prepared by the different contents of HCQ solutions. 
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single-strand structure to a triple-helix via hydrogen bonding, van der 
Waals force, self-assembly, and ionic interaction [24,25]. Naftalin et al. 
[26] and Kuan et al. [27] suggested that changes in the Tg and Tm of 
gelatin in the presence of sugar were caused by the interaction between 
sugar molecules and gelatin through hydrogen bonds, and that the ex-
istence forms of the water molecules in the system, were differ from its 
normal involvement with sugars or gelatin individually. The decrease in 
Tg and Tm can be explained by HCQ breaking the hydrogen bonds be-
tween the gelatin molecular chains and weakening the hydrogen bonds 
between the gelatin hydroxyl groups and free water, thus preventing 
formation of the gel’s triple helix structure. 

3.4. Gelation kinetics 

The formation kinetics and mechanical stability of the gelatin gels 
were evaluated by the changes in Gˊ and G̋ during cooling and gelling of 
the gelatin. The kinetics results of gelatins with different HCQ contents 
are shown in Fig. 3 and Table S2. The G̋ values were larger than the Gˊ 
values at the initial temperature (25 ℃). However, the value of Gˊ 
rapidly exceeded that of G̋ during the cooling process, suggesting gel 
formation. The value of Gˊ increased with time during the cooling pro-
cess and when the gel was maintained at 4 ℃, but the rate of increase in 
the Gˊ value with time decreased in all samples after 30 min owing to the 
formation of the gel network. These results indicate that the gel strength 
of all the samples increased with time due to the formation of a helical 
structure at 4 ℃, consistent with the report by Huang et al. [19] and 
Renato et al. [28]. 

As seen in Table S2, kgel was negatively correlated with the HCQ 
content. The same trend was observed for the time needed for the gelling 
system to reach the value of Gˊref from gelling the gelatin under the same 
conditions. The kgel of gelatin decreased from 1792.1 without HCQ to 
1727.0, 1646.7, 1582.3, 1500.4, and 1425.0 upon the addition of 1%, 
3%, 5%, 7%, and 9% HCQ, respectively. Previous studies demonstrated 
that the kgel of gelatin is related to the distance between the molecular 
chains and formation of hydrogen-bonded triple-helix junctions during 
gelation [19,24,29]. Therefore, the decrease in kgel and increase in 
gelling time in the presence of HCQ further demonstrated that the 
typical hydrogen-bonded triple-helix junctions of gelatin that form 
during cooling were gradually disrupted by the addition of HCQ. HCQ 
prevented the gelatin chains from approaching each other during gela-
tion, thereby reducing kgel. 

3.5. FTIR analysis 

FTIR is based on biomolecular maps of various compounds, which 
primarily depends on their molecular structure and composition [30]. 
The FTIR spectra and locations and assignments of each peak for gelatins 
with different contents of HCQ are presented in Fig. 4 and Table S3. The 
locations and assignments of each peak were analyzed according to the 
method described by shurvell [31]. All the gelatin samples had a strong 
peak in the 3520 – 3320 cm− 1 range, which is the N-H stretching vi-
bration or O-H stretching vibration of the amide A band, indicating the 
existence of hydrogen bonds in the gelatin [32,33], HCQ peak was 
observed at 3389 cm− 1. Compared with amide A band of the control 
(3422 cm− 1), the corresponding peak for gelatins containing 1% or 3% 
HCQ shifted to a higher wavenumber (3422 and 3442 cm− 1, respec-
tively), whereas the corresponding peak shifted to a lower wavenumber 
when HCQ was increased to 5%, 7%, or 9% (3405, 3385, and 
3401 cm− 1, respectively). These changes indicate that the addition of 
HCQ can affect the hydrogen bonding in the gelatin system. In addition, 
when 7% or 9% HCQ was added, a small peak was observed at 
3111 cm− 1 that corresponded to a HCQ peak at 3102 cm− 1, which is the 
stretching vibration of an O-H group. The peaks in the 2990–2850 cm− 1 

range for all the gelatin samples are C-H antisymmetric and symmetric 
stretching vibrations of the amide B band. The peaks appear at different 
wavenumbers depending on the concentration of HCQ. The peak at 

1648–1638 cm− 1 is the amide I band, which is the stretching vibration 
absorption peak of the C––O group and related to the secondary struc-
ture of proteins. This peak can be used to characterize the triple helix 
and irregular coil structure in gelatin [34]. The addition of HCQ makes 
the peak move to a higher wavenumber. A HCQ peak is at 1614 cm− 1. 
The amide II band (1470–1570 cm− 1) is also used to characterize 
changes in the secondary structure of gelatin [34], and the position of 
the amide II band shifted to a longer wave number depending on the 
content of HCQ added. Thus, based on the change in the peak positions 
of the amide I (1648 cm− 1) and amide II (1543 cm− 1) bands, the addi-
tion of HCQ changed the -N = CH- structure of gelatin, possibly by 
forming a new secondary amide bond, which affected the triple helix 
and irregular coil structure of gelatin. In addition, the effect of HCQ on 
the peak position of the amide III band was not noticeable, except when 
1% HCQ was added the peak position moved to a lower wavenumber. In 
the fingerprint region, when 3%, 5%, 7% or 9% HCQ was added, an 
absorption peak appeared at 620 cm− 1, which corresponded to a C-O 
stretching vibration absorption peak. These peak shifts indicate that 
HCQ interacts with gelatin by influencing the formation of hydrogen 
bonds and the triple helix structures. 

3.6. LF NMR analysis 

The water content and distribution in gelatin influence the gelation 
properties and quality of the gelatin. LF NMR is a non-destructive and 
fast technique to measure the water content and distribution state in the 
food materials [35]. The relaxation time map can show three states of 
water: the bound water in a hydrate (T21:0–10 ms), such as a 
water-protein conjugate, the immobile water in the material network 
structure (T22:10–200 ms), and the free water in the system (T23: 
200–10,000 ms) [35,36]. The relaxation patterns of different contents of 
HCQ in the gelatin system are presented in Fig. 5 and Fig. S2, and the 
relaxation times and related peak area for all the samples is shown in 
Table S4. 

Fig. 4. FTIR spectra of gelatin with different contents of HCQ. (a), 6.67% 
gelatin (w/v); (b), HCQ; (c-g), 6.67% gelatin prepared by the content of 1%, 
3%, 5%, 7%, 9% HCQ (w/v) solution, respectively. 
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All samples showed relaxation peaks in the ranges of 8–150 ms (T22) 
and 850–3200 ms (T23), while the samples containing 9% HCQ also had 
a weak relaxation peak in the range of 0–2.378 ms (T21), although the 
peak area ratio of water bound in a hydrate (S21%) was only 0.55%. 
Compared with the gelatin sample without HCQ, the relaxation time T22 
increased in gelatin sample with 1% HCQ, but the ratio of T23 and the 
corresponding peak areas of the immobile water (S22%) and free water 
(S23%) almost unchanged. This may be because 1% HCQ only reduced 
the binding capacity of gelatin to the hydrogen protons of water, but had 
no influence on the ratio of immobile water to free water. When 3%, 5%, 
or 7% HCQ was added, the relaxation time T22 increased with the in-
crease in HCQ content, whereas T23 decreased with the increase in HCQ 
content. However, when 9% HCQ was added, the relaxation times T22 
and T23 were lower than those of the 7% HCQ sample. These results 
show that the binding ability of gelatin to the hydrogen protons of water 
was reduced by the adding HCQ. The corresponding peak area ratios had 
opposite trends: S22% increased with the increase in HCQ content and 
S23% decreased with the increase in HCQ content. This may be because 
the addition of HCQ to the gelatin systems can destroy the hydrogen 
bonds between the gelatin molecular chains, thus reducing the avail-
ability of hydrogen bonds that are required for formation of the gelatin 
triple helix structure and hindering the formation of the gelatin triple 
helix structure. This in turn reduces the size of the gelatin molecular 
chains and increases the content of small molecules in the system, thus 
exposing more hydrophilic groups that can combine with free water. 

3.7. XRD analysis 

XRD can be used to determine the crystallinity of the carrier 

materials (such as alginate, pectin, and gelatin) and biological com-
plexes [32]. The XRD patterns of HCQ and gelatins having different 
contents of HCQ are shown in Fig. 6A and B. The gelatin without HCQ 
has a diffraction peak at 2θ = 8.12◦ and a wider diffraction peak at 2θ 
= 19.59◦, which indicates that gelatin is a semi-crystalline substance, 
and is consistent with the report by Liu et al. [34]. Compared with 
gelatin, HCQ has stronger crystallinity, with sharp and obvious crys-
tallization peaks at 2θ = 8.6◦, 10.8◦, 13.3◦, 17.0◦, 19.9◦, 21.8◦, 23.9◦, 
26.7◦ and 28.9◦. When the gelatin contained HCQ, the diffraction peak 
intensity at 2θ = 8.12◦ decreased and the peak shape widened with the 
increase in HCQ content. When the content of HCQ increased to 5%, 7% 
or 9%, there was only a weak diffraction peak near 2θ = 8.12◦. These 
results may be in term of the existing interactions of gelatin surface with 
HCQ. Similar results were reported by García-Guzmán et al. [37]. The 
intensity of the diffraction peak at 2θ = 19.59◦ first decreased and then 
increased with an increase in the HCQ content, and the peak shape 
widened with the increase in HCQ content. This indicates that the 
addition of HCQ can change the crystallization characteristics of gelatin. 

Furthermore, the diffraction peak of gelatin at 2θ = 8.12◦ is an in-
dicator of the triple helix structure in gelatin, and its intensity corre-
sponds to the triple helix content [38,39]. As seen in Fig. 6A, the 
intensity of the diffraction peak at 2θ = 8.12◦ decreased with increasing 
HCQ content, which suggested that the triple helix content in gelatin 
decreased. Because the formation of the triple helix structure in gelatin 
involves hydrogen bonding [34,40], the decrease in the intensity of the 
diffraction peak at 2θ = 8.12◦ indicates that the addition of HCQ can 
inhibit the formation of the triple helix structure of gelatin by disrupting 
hydrogen bonding, which further affects the gelation behaviors and 
structure of the gelatin. In addition, the XRD results further indicate that 

Fig. 5. The relaxation time curves of gelatin with different contents of HCQ. (A), Immobile water; (B), free water. Control: 6.67% gelatin (w/v); 1% HCQ, 3% HCQ, 
5% HCQ, 7% HCQ, 9% HCQ (w/v): 6.67% gelatin prepared by the different contents of HCQ solutions. 

Fig. 6. XRD pattern of gelatin with different contents of HCQ (A) and HCQ (B). (a), 6.67% gelatin (w/v); (b), HCQ; (c-g), 6.67% gelatin prepared by the content of 
1%, 3%, 5%, 7%, and 9% HCQ (w/v) solutions, respectively. 
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adding HCQ could reduce the gel strength and hardness of gelatin, pri-
marily because the addition of HCQ hindered the triple helix structure of 
the gelatin molecules [41]. However, when the HCQ content increased 
to 5%, the gel strength and hardness continued to decrease, probably 
owing to the addition of excessive HCQ. 

3.8. AFM analysis 

The underlying mechanism of the changes in gelatin properties can 
be analyzed by AFM [25]. According to previous studies, the nano-
structure of gelatin was related to the extraction method, concentration, 

Fig. 7. Nanostructure of gelatin solution at 0.0667% (w/v). A, B, C, D, E, F: gelatin contained various HCQ content (0%, 0.01%, 0.03%, 0.05%, 0.07%, and 0.09%), 
respectively. 
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modification method and experimentation [19,25,42]. Yang and Wang 
[42] reported that gelatins with high concentrations (1–6.67%) 
exhibited fibril nanostructure while most of the spherical structure for 
the low concentration gelatin (less than 1%). Huang et al. [19] found 
that longer time of phosphorylation led to looser gel network with more 
aggregation. However, limited studies used AFM to investigate the 
interaction between gelatin and drugs. Therefore, the effect of HCQ on 
the gelatin nanostructure was analyzed using AFM in the current study 
(Fig. 7). 

As shown in Fig. 7A, the sample without HCQ contained some 
spherical aggregates. There was no significant difference in the nano-
structure of the gelatin containing 0.01% and 0.03% HCQ. It was found 
that the mean surface roughness parameters of mean roughness (Ra) 
were decreased from 0.435 (control) to 0.379 (0.01% HCQ) and 0.368 
(0.03% HCQ). However, larger aggregates on the surface were also 
noticed in the gelatin sample with 0.05% HCQ, which were previously 
not observed in the samples containing 0%, 0.01% and 0.03% HCQ, and 
the Ra increased to 0.499. On increasing HCQ content further, smaller 
but more aggregates could be found on the sample in the presence of 
0.07% and 0.09% HCQ, also the Ra was 0.270 (0.07% HCQ) and 0.417 
(0.09% HCQ), respectively. Furthermore, the conglomerate was also 
observed in the presence of 0.07% and 0.09% HCQ of gelatin sample. 
Farris et al. [43] reported that gelatin molecules could assemble into 
aggregates containing short segments. Huang et al. [25] found that the 
gelatin can form aggregates strongly via hydrogen bonds and electro-
static interaction. Therefore, the changes in the gelatin nanostructure 
with different content of HCQ might be attributed to the hydrogen 
bonding and the electrostatic repulsion interaction between gelatin and 
HCQ in the system. 

4. Conclusion 

The addition of HCQ decreased the gel strength, hardness, Tg, Tm, 
kgel, and water mobility of gelatin by destroying the hydrogen bonding 
necessary for the formation of triple-helix junctions of gelatin during 
gelation. FTIR and XRD analyses further confirmed that the interaction 
between HCQ and gelatin primarily prevents the formation of the 
hydrogen-bonded triple-helix junctions. AFM revealed that higher con-
tent of HCQ (0.05%− 0.09%) produced more and larger aggregates. 
These results can provide a better understanding of the effects of drugs 
on the gelation behaviors and structure of gelatin, which is beneficial for 
developing more applications of gelatin in the pharmaceutical industry. 
Moreover, this study can provide a reference for preparing HCQ-loaded 
gelatin to decrease the adverse effects of HCQ on the human body and 
also provide a basis for further studies on the interaction between a drug 
and its delivery carrier. 
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