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1. Synthesis of poly (N-(4-aminophenyl)methacrylamide)) (PAPMA-CNOs = f-CNOs)
The synthesis of f-CNOs was achieved by using previous report.1 The procedure was slightly
modified.
(a) Synthesis of N-(4-aminophenyl)methacrylamide (APMA): p-Phenylenediamine (1.0 g, 9.25
mmol) and triethylamine (1.3 mL, 9.25 mmol) were dissolved in anhydrous DCM, and the reaction
mixture was probe sonicated for 50 min. Subsequently, 903 μL (9.25 mmol) of methacryloyl
chloride was added dropwise into the above reaction mixture, and the probe sonicated for
an additional 60 min. Then, the reaction mixture was washed twice with NaOH solution followed
by water to neutralize the pH. The resulting crude product was purified by silica gel column
chromatography with a gradient solvent system of ethyl acetate/hexane (2:1) and 2.0 vol.% of
trimethylamine. The obtained APMA was characterized by using NMR spectroscopy. 1H NMR
(500 MHz, DMSO-d6) δppm: 9.33 (br, 1H), 7.29 (d, 2H), 6.61 (d, 2H), 5.80 (s, 1H), 5.43 (s, 1H),
4.86 (s, 2H), 2.01 (s, 3H);
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C NMR (125 MHz, DMSO-d6) d (ppm): 166.92, 144.60, 141.61,

128.25, 124.21, 119.91, 114.80, 18.03.
(b) Synthesis of poly (N-(4-aminophenyl)methacrylamide)) (PAPMA): 1.0 g of APMA (5.68
mmol), 1.0 wt.% of AIBN, and 15 mL of anhydrous THF were transferred into a Schlenk tube (50
mL). Four freeze-pump-thaw cycles were made, and the reaction mixture was stirred at 65 °C for
60 min. Then, around 100 mL of diethyl ether was added into the above reaction mixture to
precipitate the polymer. The resulting precipitate was filtered and carefully washed with excess
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dichloromethane (DCM) to yield PAPMA. Finally, PAPMA was analyzed by NMR. 1H-NMR
(500 MHz, DMSO-d6): δppm: 7.43 (2H, br s, o,o′-ArH), 6.33 (2H, br s, m,m′-ArH), 2.05 (2H, br
peak, CH2 polymeric), 1.10-0.93 (3H, br peak, CH3 aliphatic). 13C-NMR (125 MHz, DMSO-d6):
δppm: 164.30, 153.41, 131.81, 124.50, 123.31, 121.93, 119.41, 116.85, 45.38, 18.70.
(c) Synthesis of PAPMA-CNOs (f-CNOs):
Initially, COOH-CNOs (50 mg), EDC (285 mg), and NHS (175 mg) were dissolved in 50 mL of
anhydrous DMF, and probe sonication was continued for 60 min to incite the carboxyl groups of
CNOs. Then, 100 mg of PAPMA in anhydrous DMF was added into the above mixture, and probe
sonication was continued for a further 120 min. After that, the reaction was stopped and
centrifuged at 15,000 rpm to obtain PAPMA-CNOs (f-CNOs) as black cake. The f-CNOs were
thorough with DMF/trimethylamine (9.9:0.1) and stored in a refrigerator at 4 °C. The f-CNOs were
analyzed by NMR. 1H-NMR (500 MHz, DMSO-d6): δppm: 7.10 (2H, br s, o,o′-ArH), 6.42 (2H, br
s, m,m′-ArH), 2.01-1.21 (2H, br peak, CH2 polymeric), 1.39-0.90 (3H, br peak,
CH3 polymeric). 13C-NMR (125 MHz, DMSO-d6): δppm 174.50, 167.41, 153.73, 131.82, 124.10,
123.21, 122.30, 119.02, 117.30, 44. 10, 18.92.

Scheme S1. Synthesis of poly (N-(4-aminophenyl)methacrylamide)) (PAPMA-CNOs = f-CNOs)
from (N-(4-aminophenyl)methacrylamide)) and COOH-CNOs.
2. Size, Surface Area and Pore Distribution Measurements of f-CNOs
The physicochemical properties of f-CNOs are essential characteristics for hybrid hydrogel
material. Therefore, hydrodynamic size, N2 sorption, and pore distribution of f-CNOs were
measured, and the results were presented in Figure S1. As revealed by DLS analysis, f-CNOs
2

exhibited the hydrodynamic size of 87 ± 4 nm (Figure S1a). As shown in Figure S1b, f-CNOs
showed a type IV adsorption isotherm with an apparent hysteresis loop, illuminating a diversity of
pores and the presence of mesopores and micropores.2 The surface area within the nanoparticles
was found to be 358.3 m2.g-1 for f-CNOs. The pore-size distribution of f-CNOs illustrated in Figure
2c designates that the pore size is mostly between 1.81 and 4.11 nm.

Figure S1. (a) Hydrodynamic size distribution of f-CNOs determined by using DLS at room
temperature. (b) N2 gas adsorption/desorption isotherms, and (c) pore size dissemination of fCNOs, respectively. Data are connoted as mean ± SD, (n = 3).
3. Synthesis of critric acid cross-linked γ-cyclodextrin
The synthesis of critric acid cross-linked γ-cyclodextrin was synthesized using the previous
protocol.3 “Briefly, 1 g of γ-cyclodextrin (γ-CD), 3 g of citric acid monohydrate, 0.3 g of sodium
dihydrogen phosphate, and 70 mL of deionized (DI) water were mixed in a beaker and stirred in
a hot water bath to attain homogeneity. Then, the reaction mixture was poured into a Petri dish
followed by heating in a drying oven at 140 °C for 30 min to form yellowish gel material. After
3

cooling to room temperature, the crude product was purified by soaking in 300 mL of water (5-6
times). Then, suction filtration was performed followed by dried at 60 °C for overnight. Then,
the cross-linked γ-CD was characterized using FTIR spectroscopy”.
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Scheme S2. Synthesis of citric acid cross-linked γ-cyclodextrin from citric acid monohydrate
and γ-cyclodextrin in the presence of sodium dihydrogen phosphate.

Figure S2. (a) DOX loading efficiency of γ-CD at pH 4.5 to 9.0, and (b) percentage of DOX
retained on γ-CD at pH 4.5, 7.4, and 9.0. Data implied as mean ± SD, n = 3.
4. Stability DOX in acidic and basic pH solutions
“We measured drug release under pH 4.5, pH 6.0, and pH 7.4. Therefore, we have recorded UVVis spectra of DOX in different pH solutions (4.5, 6.0, 7.4, 8.0, 9.0, and 9.5) and we did not find
any degradation of DOX. The absorption band at 485 nm shows the presence of DOX and its
stability in different pH solutions (Figure S3). The molar concentration (1.6 x 10-4 M) of DOX
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was kept constant in PBS (pH 4.5 – 9.5). Similar results were also absorbed in the previous research
reports”.4-6

Figure S3. Absorption spectra of DOX (1.6 x 10-4 M) in PBS in the range of pH 4.5 – 9.5.
5. Confirmation Studies of Inclusion Complex (DOX@γ-CD IC)
“It is known that the drug/cyclodextrin inclusion complexes (Drug@CD ICs) can be confirmed by
FTIR, NMR, XRD, DSC, TGA, UV-Vis, Fluorescence, Association constants determination by
Benesi-Hildebrand method and molecular modeling (Gaussian model).7-11 In the part of current
study, we have used FTIR, DSC, TGA, fluorescence and Benesi-Hildebrand equation to confirm
the formation of DOX@γ-CD IC. The results were presented in Figure S4. Initially, the formation
of DOX@γ-CD IC was confirmed by using FTIR measurements. The major characteristic peaks
of citric acid cross-linked γ-CD were observed at 3271, 2926, 1735, 1284, and 1018 cm-1
corresponding to the O-H stretching, C-H stretching, C=O stretching of ester groups, C-O-C
glycosidic bridge, and C-O stretching vibrations of γ-cyclodextrin, respectively (Figure S4a). The
FTIR spectrum of neat DOX showed characteristic bands at 1680, 1568, 1440, 1340, 1252 and
1050 cm－1 corresponding to quinone, anthracyclines, and C-O stretching vibrations, respectively.
Bsesides, two broad peaks were observed at 3268, and 2929 cm-1 for -NH2/O-H stretching, and
C-H stretching of DOX, respectively. The FTIR spectrum of DOX@γ-CD IC was illustrated in
Figure 1a, and DOX@γ-CD IC exhibited the overlapping of FTIR peaks of γ-CD and DOX.
However, the absorption peaks of DOX at 1653, 1530, 1287 observed for DOX@γ-CD IC, which
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revealed the presence of DOX in the inclusion complex. Furthermore, characteristic absorption
peaks of DOX and γ-CD were somewhat shifted for DOX@γ-CD IC when compared to neat DOX
and γ-CD, which suggesting the host-guest interactions between DOX and γ-CD in the inclusion
complex. Similar results were observed for most of the CD IC systems.12
The DOX@γ-CD IC was further characterized by DSC to verify whether the DOX was
incorporated inside the γ-CD cavity or not (Figure S4b). It is known that the melting point (Tm)
and decomposition (Td) temperatures of CD molecules would be observed if there were any uncomplexed CD molecules present in the CD ICs.13 Thus, DSC analysis was performed for neat
DOX, γ-CD, and DOX@γ-CD IC, and all curves were illustrated in Figure S3b. Neat DOX showed
three major peaks at 205, 217, and 237 ℃ corresponding to the Tm of different crystalline structures
and Td of DOX.14 Whereas the thermogram of DOX@γ-CD IC did not display any melting for
neat DOX, which demonstrates that the DOX molecules were fully complexed with the γ-CD.
Thus, the absence of DOX in the DSC thermogram of DOX@γ-CD IC comprises noteworthy
evidence for the complete inclusion complexation of DOX with γ-CD.
Besides, TGA analysis was performed for DOX@γ-CD IC to explore the thermal stability as well
as evaporation of DOX incorporated inside the γ-CD cavity (Figure S4c). It is worth mentioning
that the thermal stability, as well as the evaporation of the volatile guest molecules, change to high
temperature upon inclusion complexation due to host-guest interactions.15 The TGA thermogram
of neat DOX showed a major weight loss in the range of 175–235 °C, indicating that DOX has a
slight volatile behavior. DOX@γ-CD IC exhibited three weight losses, the first weight loss around
105 °C corresponds to the water loss, and the second weight loss between 195 to 300 °C is due to
the evaporation of DOX. The main weight loss above 300 °C corresponds to the thermal
decomposition of γ-CD.16 Thus, the TGA curve of DOX@γ-CD IC displayed that the thermal
degradation of DOX occurred over a higher temperature range (195 to 300 °C), conforming to the
thermal stability of DOX was augmented due to the inclusion complexation with γ-CD. Overall,
the TGA results demonstrated that the thermal stability of DOX was shifted to a much higher
temperature because of the strong interactions between DOX and the γ-CD cavity in the DOX@γCD IC.
As shown in Figure S4d, fluorescence titration of DOX (1.0×10－5) was conducted using different
concentrations of γ-CD ranging from 5.0 × 10－4 to 9.0 × 10−3. As the γ-CD concentration was
6

increased, the fluorescence intensity of DOX was gradually increased (Figure S4d). The apparent
formation constant (Kf) of DOX@γ-CD IC was determined by exploring fluorescence intensity at
555 nm in terms of the modified Benesi-Hildebrand equation for 1:1 stoichiometry:10,11
1
1
1
=
+
(𝐹 − 𝐹 )𝐾 [𝛾 − 𝐶𝐷] 𝐹 − 𝐹
𝐹−𝐹
Where F is the observed fluorescence intensity of the DOX at each γ-CD concentration performed.
F0 and 𝐹 indicates the fluorescence intensity in the absence and presence of γ-CD, respectively.
At a concentration of (1.0×10－5) of DOX, using a plot of 1/F - F0 versus 1/[γ-CD], the linear
relationship that describes the stoichiometric coefficient, and subsequently, Kf value is obtained.
When values of 1/(F - F0) were plotted as a function of 1/[γ-CD], a nonlinear curve was perceived
that revealed a complex stoichiometry ratio of 1:1 (Figure S4e).10,11 The analysis of the plot
provides the Kf value of 3.35 x 104 mol-1L. Based on these results, it is hypothesized that the DOX
molecules are assembled within a cavity of γ-CD through van hydrophobic interaction, der Waals
forces, and hydrogen bonding interactions between DOX and γ-CD, which confirm the formation
DOX@γ-CD IC”.

7

Figure S4. (a) FTIR, (b) DSC, (c) TGA, (d) fluorescence titration of DOX (1.0 x 10－5 mol/L) with
various concentration of γ-CD, and (e) Benesi-Hildebrand plot of 1/F - F0 versus 1/[γ-CD] at room
temperature, λex＝480 nm.
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6. The Influence of Crosslinking Density on Properties of Hydrogels
It is known that the degree of crosslinking density significantly influences the physicochemical
characteristics of GelMA based hydrogels.17 For this, degradation, swelling, porosity, and
mechanical properties of GelMA and NCST hydrogels were studied with a function of UV
exposure times (100, 250, and 500 sec). The results were presented in Figure S5. As seen in Figure
S5a, the degradation rate of GelMA was gradually decreased, and it was inversely proportional to
the crosslinking density and the concentration of f-CNOs. To confirm the crosslinking density of
neat GelMA and NCST hydrogels, the swelling ratio was evaluated, which could be directly
reflected the crosslinking density of the hydrogels.

Figure S5. Degradation, swelling, mechanical, and porosity of hydrogels under different
crosslinking time intervals: (a) Degradation, (b) swelling, (c) pore diameter, and (d) tensile stress
of neat GelMA, NCST1, NCST2, and NCST3 hydrogels under 100, 250, and 500 sec UV exposure
time, respectively.
As showed in Figure S5b, pristine GelMA hydrogels showed a higher swelling ratio compare to
the NCST hydrogels when exposed to UV light for 100, and 250 sec, respectively. This could be
due to the high number of MA groups of GelMA are cross-linked under UV light, whereas with
9

the incorporation of f-CNOs into GelMA, the MA groups of GelMA might have involved in
electrostatic interactions with f-CNOs networks, which shielded MA groups of GelMA from UV
light. Therefore, the swelling ratio of NCST hydrogels somewhat lower than that of GelMA
hydrogel. However, under longer time (500 sec) UV exposure, all the hydrogels displayed
comparable swelling profiles. As showed in Figure S5c, the porosity of hydrogels was greatly
influenced by the crosslinking density as well as the content of f-CNOs. Besides, the tensile stress
of GelMA and NCST hydrogels was improved by increasing the crosslinking density and f-CNOs
concentrations (Figure S5d).
7. Determination of Crosslinking Degree
The calculation of the crosslinking degree was performed by modifying TNBS (2,4,6trinitrobenzene sulphonic acid) method.18,19 The perception of this method is to enumerate the
non-crosslinked amide ends of gelatin through their chemical reactions with TNBS. Briefly, 4 mg
of crosslinked hydrogel scaffold was taken into a test tube. Then, 1 mL of 0.5% w/v TNBS
solution, and 1 mL of 4% w/v NaHCO3 solution (pH 8.5) were added. The resulting solution was
heated at 40 °C for 120 min followed by 2 mL of 6N HCl was added, and the temperature was
raised to 60 °C for 90 min. The obtaining solution was diluted with 4 mL of deionized water, and
the absorbance of the solution was measured by using UV spectroscopy. The degree of
crosslinking of scaffolds was calculated by using the following equation, and the percentage values
were presented as mean ± standard deviation (n = 3).

Degree of crosslinking (%) = (1 −

) × 100

Where Ac denotes the absorbance of the crosslinked and An represent non-crosslinked samples,
respectively.
Initially, GelMA and NCST scaffolds were cross-linked by UV irradiation by varying the exposure
time from 100 to 600 sec. The degrees of crosslinking of hydrogel scaffolds crosslinked by UV
irradiation were illustrated in Figure S6. The degree of crosslinking of neat GelMA was gradually
increased along with UV exposure times. Specifically, pristine GelMA hydrogel showed a
maximum of 76 and a minimum of 15% of the degree of crosslinking in 600 and 100 sec,
respectively (Figure S6). Whereas 72, 70, and 69% of degrees of crosslinking were found from the
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NCST1, NCST2, and NCST3 hydrogels over 600 sec, respectively (Figure S6). These results
demonstrated that the NCST hydrogels exhibited somewhat lower degrees of crosslinking
compared with neat GelMA hydrogel. This could be due to the high number of cross-linking sites
(MA groups) present on the surface of GelMA were exposed to the UV light, whereas cross-linking
sites present in NCST hydrogels might have not been completely exposed to UV light.

Figure S6.

Degrees of crosslinking (%) of pristine GelMA, and NCST hydrogels after

crosslinking under UV light.
8. Raman Spectroscopy
To validate that NCST hydrogels are useful hybrid composites for drug delivery and cellular
measurements, it is essential to endorse that augmenting the mechanical properties by f-CNOs
inclusion does not affect the favorable features of pristine GelMA. Raman spectroscopy was
employed to compare the main characteristic graphite peaks of neat f-CNOs and NCST hydrogels
before and after degradation (Figure S7). Raman spectra of NSCT1 and CNCST3 hydrogels before
and after degradation have exhibited similar D and G bands. Particularly, the D band
corresponding to the disorder in carbon systems was observed at 1357 cm-1, whereas the G band
for vibration modes of SP2 bonded carbon atoms was observed at 1581 cm-1. These results of
CNST1 and CNST3 hydrogels demonstrating the structural integrity of f-CNOs seemed unaffected
after the integration with GelMA and CD or by the degradation measurements. Similar results
were observed from the GelMA-GO and GelMA-CNTs hydrogels under collagenase
degradation.20,21
11

Figure S7. Raman spectra of Neat f-CNOs, and NCST hydrogels before and after degradation test
for 48 h.
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