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Abstract
Two-dimensional polymeric networks are a new class of polymers with interesting physicochemical and biological properties. 
They promise a wide range of future biomedical applications including pathogen interactions, drug delivery, bioimaging, 
photothermal, and photodynamic therapy, owing to their unique features, such as high surface area and multivalent interac-
tions at nano-biointerfaces. In this work, a thermosensitive two-dimensional polymeric network consisting poly(N-isopro-
pylacrylamide) (pNIPAM) chains that are mechanically interlocked by a polyglycerol platform was synthesized and used 
for bacteria incapacitation. Two-dimensional hyperbranched polyglycerol (2D-hPG) was synthesized by a graphene-assisted 
strategy and used for encapsulation of azobisisobutyronitrile (AIBN). Radical polymerization of N-isopropylacrylamide by 
encapsulated AIBN resulted in thermoresponsive platforms with ~ 500 nm lateral size and 20–50 nm thickness. Due to its 
porous structure, 2D-PNPG was able to efficiently load antibiotics, such as tetracycline (TC) and amoxicillin (AMX). The 
rate of release of antibiotics from 2D-PNPG and the antibacterial activity of the system correlated with the variation of 
temperature as a result of the thermosensitivity of 2D-PNPG. This study shows that two-dimensional polymers are efficient 
platforms for future biomedical applications including drug delivery and bacteria incapacitation.

Graphical abstract

Thermoresponsive two-dimensional nanomaterials with the ability of loading therapeutic agents and antibacterial activity 
are synthesized and characterized.
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Introduction

Infectious diseases are endangering human health, and the 
discovery of new ways to treat these infectious diseases has 
attracted worldwide attention. Exploring new materials with 
antibacterial activity has become one of the most urgent 
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topics in the last two decades, as it negatively impacts public 
health worldwide [1–14]. The long-term and excessive use 
of antibiotics to treat these infectious diseases has caused 
the spread drug-resistant bacteria. Moreover, some of thera-
peutic agents degraded into inactive materials before getting 
into the target site, decreasing their efficiency and activity 
against infections and bacteria dramatically. Therefore, the 
development of smart systems to support and transport anti-
biotics has received high attention in the past decade. Smart 
antibacterial systems with the ability of specific interactions 
with bacteria induce fewer side effects and toxicity against 
human cells [15–22]. Stimuli-responsive polymers have 
attracted a great deal of attention in chromatography, bio-
medicine, and bioengineering, due to their ability to respond 
to various stimuli factors including pH, temperature, ionic 
strength, redox reactions, light, shear stress, and enzymes 
[23–26]. Among the stimuli-responsive polymers, thermore-
sponsive polymers have been intensively used for different 
biomedical applications. Poly(N-isopropylacrylamide) (pNI-
PAM) is a thermoresponsive linear polymer with a flexible, 
sponge-like structure and a lower critical solution tempera-
ture (LCST) of about 32 °C in water [27–31]. As a result 
of such features, this polymer has emerged as an attractive 
candidate for various medical applications ranging from 
drug delivery to bacterial interactions [32–34]. Moreover, 
this polymer has been successfully employed in the fabrica-
tion of a wide range of materials including hydrogels [35], 
nanoparticles [36], nanofibrous [29], etc. A recent study has 
shown a strong correlation between morphology and anti-
bacterial activity of this polymer [29].

Recently, two-dimensional nanomaterials (2DNs) have 
received much attention due to their exceptional properties 
and potential applications. 2DNs with flat topology and high 
surface area are interesting materials for different biomedical 
applications [1–3, 37–40]. Due to their sheet-like structure, 
and accessible functional groups, they can strongly interact 
with pathogens and destroy them by different mechanisms 
[4, 5, 7, 41–43]. We have shown that morphology, function-
ality, and hydrophobicity are important factors, dominating 
interactions of these materials at nano-biointerfaces [2, 4, 
32, 44]. Recently, we have implemented a new method for 
the construction of two-dimensional polyglycerols (2D-hPG) 
using a graphene template via Cu(I)-catalyzed click reaction 
[44]. The sulfated version of 2D-hPG, as a heparan mimic 
compound, showed an IC50 value of 3 nm for inhibition of 
SARS-CoV-2 [45, 46]. The strong virus interaction and low 
IC50 of this compound were assigned to the high surface 
area and accessible negatively charged functional groups. 
Hydrophobic interactions are one of the main driving forces 
for the incapacitation of viruses and bacteria [4, 32, 42, 47]. 
To boost the antibacterial activity of 2D-hPG with hydro-
phobic forces, N-isopropylacrylamide was polymerized 
inside the pores of this compound, and two-dimensional 

pNIPAM-interlocked-polyglycerol was obtained. Different 
spectroscopy and microscopy analyses showed that pNI-
PAM chains were entangled with 2D-hPG platform, induc-
ing a thermosensitivity for the whole system. The obtained 
thermoresponsive two-dimensional compound was able to 
load antibiotics. A change in the temperature of the medium 
triggered the release of loaded antibiotics and resulted in 
antibacterial activity.

Experimental

Materials

N-isopropylacrylamide (NIPAM), tetracycline (TC), and 
amoxicillin (AMX) were purchased from Sigma-Aldrich. 
Azobisisobutyronitrile (AIBN) and methanol (99.9%) were 
provided by Merck and used without further purification. 
Dialysis bag100 kDa, 14 kDa and 2 KDa cutoff was provided 
by spectrum company. E. coli strain (E. coli) (PTCC 1330) 
and staphylococcus aureus (S. aureus) (PTCC 1112), were 
obtained from the Pasteur Institute, Tehran–Iran.

Methods and instrumentations

IR spectra of the synthesized materials were obtained by 
FT-IR spectrometer (Tensor 320, Bruker, Germany) at ambi-
ent conditions and in4000–400 cm−1 range using KBr pellet 
at a weight ratio of 5/200 mg. The size and morphologies 
of materials were investigated by dropping a solution of 
materials on silica substrate and recording image by LEO 
440i scanning electron microscope (FESEM, Tescan, Czech) 
equipped with energy dispersive X-ray spectrometer (EDX) 
under at 10 kV. Composition of materials, elemental analy-
sis (CHNS), was investigated by an CHNS apparatus (ECS 
4010, NC technologies (Costech), Italy) with detectors for 
carbon, hydrogen, and nitrogen. Proton nuclear magnetic res-
onance (1H NMR) spectra were obtained using a 400 MHz 
NMR spectrometer (Avance 400MHZ, Bruker, Germany). 
AFM images were recorded using a AFM apparatus (full 
plus, ARA–AFM, Iran), operated in tapping mode.

Synthetic procedures

Sample preparation for SEM at 25 °C and 40 °C

An aqueous dispersion of 2D-PNPG, 2D-PNPG14 and 
2D-PNPG300 (0.1 mg/ml) was dropped on a lamellar surface 
and dried at two different temperatures (25 °C and 40 °C). 
Then, they were coated with a thin layer of gold by sputter-
ing for 15 s.
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Sample preparation for AFM at 25 °C and 40 °C

An aqueous dispersion of 2D-PNPG14 and 2D-PNPG300 
(0.1 mg/ml) was dropped on a mica substrate and solvent was 
evaporated at two different temperatures (25 °C and 40 °C). 
Measurements were performed using a full plus AFM appa-
ratus, operated in tapping mode.

Synthesis of two‑dimensional polyglycerol (2D‑hPG)

Two-dimensional polyglycerol (2D-hPG) was prepared 
according to our previously reported procedure in literature 
[44]. Briefly, hyperbranched polyglycerol with ~ 10% azide 
functional groups (hPG-N3) was covalently attached to the 
surface of reduced graphene oxide containing acetal dichlo-
rotriazine functional groups (G-Trz) through pH-sensitive 
linkers. Tripropargylamine was then loaded onto the sur-
face of polyglycerol-functionalized graphene and moved 
toward azide functional groups for a lateral crosslinking via 
Cu(I)-catalyzed click chemistry. Afterward, polyglycerol 
sheets were separated from the surface by acidification and 
centrifugation.

Synthesis of two‑dimensional 
poly(N‑isopropylacrylamide)‑interlocked‑polyglycerol 
(2D‑PNPG)

2D-hPG (200 mg) was dissolved in water (3 ml) and the 
obtained solution was stirred for 30 min at room tempera-
ture. AIBN (2 g, 12.179 mmol) was added to this solution 
in a 100 ml round-bottom flask and mixture was stirred at 
room temperature for 48 h to incorporate the initiator into the 
2D-hPG pores. Free AIBN was removed by filtering and cen-
trifugation at 2000 rpm for 10 min three times. N-isopropy-
lacrylamide was added to this solution and stirred at 75 °C for 
10–12 h. The reaction mixture was cooled dwon and product 
was precipitated by addition of MeOH. The obtained product 
was dialyzed (14 KDa cutoff) against water/methanol for 1 day 
at room temperature and stored in fridge. 2D-PNPG with dif-
ferent compositions were synthesized using 14/1 and 300/1 
w/w ratios of NIPAM/2D-hPG.

Loading and release of antibiotics by 2D‑PNPG

2D-PNPG (0.1 g) was dispersed in PBS by sonication. Then, 
tetracycline and amoxicillin (0.05  g) were added to the 
obtained dispersion slowly and mixture was stirred at 27 °C 
for 24 h. The obtained product was dialyzed (2 KDa cutoff) 
against water/ethanol and purified. The drug loading effi-
ciency of the 2D-PNPG was calculated using the following 
equations:

The release of antibiotics from 2D nanomaterials was 
evaluated using a dialysis bag (2 KDa) in PBS with pH 7.4 
at 27 °C and 37 °C. 2D-PNPG/antibiotic (10 mg) in PBS 
(5 ml) was added to a dialysis bag and it was incubated in a 
beaker containing PBS (20 ml) at 27 °C and 37 °C. At specific 
time intervals, a part of the outer solution of the dialysis bag 
(2.5 ml) was taken out and its UV absorption was measured 
and then returned to the medium. The concentration of the 
released drug was calculated by measuring the UV absorption 
of excluded solution using a calibration curve.

Antibacterial activities

Antibacterial activity of 2D nanomaterials was tested against 
Staphylococcus aureus (S. aureus) and Escherichia coli (E. 
coli) bacteria by agar diffusion assay. Bacteria were cultured 
on nutrient agar plates and inoculated for 24 h. The suspen-
sion of bacterial was diluted using PBS to 1.5 × 108 CFU/ml. 
Afterward, the suspension of bacteria (100 μl) was added on 
agar and the aqueous solution of the samples (192, 96, and 48) 
μg/disc was poured on the surface of the discs and the discs 
were placed on the plates at 27 °C and 37 °C for 24 h. The 
tetracycline and amoxicillin (48 μg/disc) were used as positive 
control and distilled water was considered as negative control 
in antibacterial tests. Finally, the bacterial growth in the plates 
was evaluated by measuring the inhibition zone.

Results and discussion

2D polyglycerol was synthesized according to our reported 
procedure in literature [41] and used for the construction 
of thermosensitive two-dimensional polymeric networks 
consisting pNIPAM chains interlocked by this platform 
(Fig. 1b). 2D-hPG was constructed using a graphene-assisted 
and copper(I)-catalyzed click strategy (Fig. 1a). The porous 
structure of in aqueous solution. Initiating and propagating 
pNIPAM chains inside porous 2D-hPG resulted in thermore-
sponsive two-dimensional networks with the ability of load-
ing therapeutic agents. The mass ratio of pNIPAM inside 
2D-hPG was adjusted using different mass ratios of NIPAM 
monomer to two-dimensional polyglycerol (NIPAM/2D-hPG). 
NIPAM/2D-hPG ratios of 14/1 and 300/1 resulted in two prod-
ucts called 2D-PNPG14 and 2D-PNPG300, respectively. The 
2D-PNPG14 with short pNIPAM chains was synthesized to 
enable us to detect signals of both 2D-hPG and pNIPAM com-
ponents in the 1H NMR spectrum for an easy characterization 
and monitoring the synthesis process (Fig. 2B).

2D-PNPG300 with the long pNIPAM chains was synthe-
sized to improve the thermosensitivity of the platform and 

Drug loading efficiency

=

amount of a drug in the nanoparticle

total amount of drug applied in the formulation
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manipulate its hydrophilicity for drug release and bacterial 
interactions.

The synthesized two-dimensional nanomaterials were 
characterized using different spectroscopy and microscopy 
methods. IR spectrum of 2D-hPG displays absorbance bands 
at 1100 cm−1, 2900 cm−1, and 3400 cm−1 corresponding 
to C–O, aliphatic C–H, and hydroxyl functional groups of 
polyglycerol, respectively (Fig. 2Aa) [44]. After polymeri-
zation of NIPAM monomer by encapsulated AIBN, absorb-
ance bands of carbonyl groups of pNIPAM were appeared at 
1649 cm−1 (Fig. 2Ab). In the IR spectrum of 2D-PNPG300, 
absorbance bands at 3440 cm−1, 2970 cm−1, 2860 cm−1, and 
1649 cm−1 were corresponding to N–H, CH3, CH2, and car-
bonyl groups of pNIPAM chains, respectively (Fig. 2Ac). 
These absorbance bands indicated successful polymeriza-
tion of NIPAM monomer inside pores of 2D-hPG. The 1H 

NMR spectrum of 2D-PNPG14 exhibited signals of pro-
tons of pNIPAM chains at 4.16–4.11 ppm (NHCH(CH3)2), 
1.27–1.23  ppm (CH3), 1.70–1.46  ppm (–CH2CH3), 
2.18–1.90 ppm (–CH–), 2.53–2.49 ppm and 7.12–7.06 ppm 
(NH–) (Fig. 2B). In addition, signals at 3.83–3.49 ppm 
corresponding to protons of polyglycerol and signals at 
5.40–5.31 ppm and 7.70–7.67 ppm related to protons of 
methylene group and triazole ring, respectively, confirming 
the successful synthesis of this compound (Fig. 2B) [32].

In the 1H NMR spectrum of 2D-PNPG300, signals related 
to the 2D-hPG platform were not observed due to the thick 
pNIPAM shell. However, signals of pNIPAM segment were 
detected at 4.16–4.11 ppm (NHCH(CH3)2), 1.27–1.23 ppm 
(CH3), 1.70–1.46 ppm (–CH2CH3), and 2.18–1.90 ppm 
(–CH–)(Fig. 2C). To explore the thermoresponsive behavior 
and LCST of 2D-PNPG300, 1H NMR spectra were recorded 

Fig. 1   a Schematic representation of the reaction process for the 
preparation of 2D-hPG. 2D-hPG was synthesized using a graphene-
assisted and copper(I)-catalyzed click reaction. b Synthesis of two-

dimensional polymeric networks consisting pNIPAM chains inter-
locked by polyglycerol platform and finally loading and release of 
(TC) and (AMX) at lower critical solution temperature (LCST)
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at different temperatures. Signals of pNIPAM chains were 
slightly broadened at 25–35 °C and disappeared at 40 °C 
(Fig. 2C). This experiment indicated LCST between 35 and 
40 °C and our ability to switch between hydrophobic and 
hydrophilic states by changing the temperature[32].

The morphology and size of 2D nanomaterials were 
investigated by scanning electron microscopy (SEM) and 
atomic force microscopy (AFM). SEM images of 2D-hPG 
demonstrated sheet-like structures with an average size of 
200–500 nm at 25 °C and 40 °C (Fig. 3a–d). After polymeri-
zation of NIPAM within the pores of 2D-hPG, the obtained 
materials showed sheet-like morphologies similar to 
2D-hPG platform. The SEM images recorded after increas-
ing temperature (Fig. 3e–l) did not indicate a significant 
changes in the morphology and lateral sizes of 2D-PNPG14 
and 2D-PNPG300.

However, in some cases and upon increasing the concen-
tration agglomerations were observed at 40 °C. AFM images 
showed flat topologies with 20 and 50 nm thickness for 
2D-PNPG14 and 2D-PNPG300 at 25 °C, respectively (Fig. 4a, 
c). When temperature of solution was increased to 40 °C, 
AFM showed agglomerations with 90 and 200 nm height 
for 2D-PNPG14 and 2D-PNPG300, respectively (Fig. 4b, 
d). Agglomeration of two-dimensional nanomaterials upon 
increasing the temperature was another indicator for their 
thermoresponsive property (Fig. 4a–d).

It is well-known that pNIPAM is a thermosensitive 
polymer and it collapses at higher than lower critical 
solution temperature (LCST). Figure 4e shows the tem-
perature-dependent transmittance of 2D-PNPG300 in water. 

2D-PNPG300 showed LCST around 32 °C. The transparent 
2D-PNPG300 aqueous solution gradually becomes opaque 
with increasing temperature. The color of the 2D-PNPG300 
aqueous solution became quite opaque near 35 °C. This is 
a simple method to measure the thermosensitive behavior 
of pNIPAM and its derivatives.

The composition of two-dimensional nanomaterials 
was investigated by Energy Dispersive X-Ray Analysis 
(EDX) and elemental analysis (Tables 1 and 2). The car-
bon and nitrogen content of 2D-PNPG300 was significantly 
increased in comparison with 2D-hPG. Moreover, the 
oxygen content of 2D-hPG significantly decreased upon 
polymerization of NIPAM monomers. These results indi-
cated the production of pNIPAM chains inside pores of 
2D-hPG and creation of a two-dimensional nanomaterial 
with physically crosslinked segments.

To demonstrate the suitability of thermosensitive two-
dimensional polymeric networks for drug delivery applica-
tions, amoxicillin (AMX) (Fig. 5e) and tetracycline (TC) 
(Fig. 5f) were loaded in their pores and the rate of their 
release at 27 °C and 37 °C was studied.

Using the drug loading efficiency equation, the loading 
efficiency of 2D-PNPG300 for AMX and TC was found to 
be 70 wt% and 80 wt%, respectively.

The high loading efficiency of 2D-PNPG300 is attrib-
uted to its porosity and high surface area. In vitro release 
experiment was conducted in PBS solution at pH 7.4 for 
24 h to assess the drug release behavior of 2D-PNPG300 
scaffolds. temperature, 37 °C, The release rate of both 

Fig. 2   A IR spectra of a 
2D-hPG, b 2D-PNPG14 and 
c 2D-PNPG300. 1H NMR 
spectra of B 2D-PNPG14 and 
C 2D-PNPG300 at different 
temperatures (25–40 °C). 
While signals of pNIPAM 
were slightly broadened from 
25 to 35 °C, they disappeared 
at 40 °C, indicating LCST for 
this compound at this range of 
temperature

(a) (b)

(c)
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drugs AMX and TC was higher at 37 °C, above the LCST 
of 2D-PNPG300, than that at 27 °C.

This is because, at 27  °C, below the LCST of 
2D-PNPG300, the pNIPAM chains are in a hydrophilic state, 
and pores of the two-dimensional platform are accessible 
to host drugs. The pNIPAM chains, however, switch to a 
hydrophobic state at 37 °C and collapse into the pores of 
the polyglycerol platform, subsequently causing the loaded 
drugs to be released (Fig. 5a, b). This temperature-dependent 
cargo release was more pronounced for AMX than TC. This 
can be assigned to the more hydrophilic structure of AMX, 
forcing it to stay inside the hydrophilic pores of the platform 
at low temperatures. In the case of TC with a hydrophobic 
structure, no significant interactions can occur between this 
drug and the hydrophilic pores of the platform and it cannot 
be associated with the system strongly. Taking advantage 
of this property, this compound can be potentially used to 
load and release therapeutic agents in biological systems 
(Fig. 1b).

The bacterial inhibition efficacy of the drug-loaded 
2D-PNPG300 was evaluated by qualitative analysis using a 
disk diffusion method. The antibacterial activity of produced 
polymers was tested at 27 °C and 37 °C after 24 h incu-
bation with Gram-negative Escherichia coli (E. coli) and 
Gram-positive Staphylococcus aureus (S. aureus) bacteria. 
As shown in Figs. 5c, d, and 6a, no inhibition of the bacterial 
growth by 2D-PNPG300 was observed at both temperatures 
and for both bacteria.

A slight antibacterial activity against E. coli can be 
assigned to mechanical stress from two-dimensional mate-
rial. Any significant effect for AMX against E. coli, due 
to drug resistance effect, was not observed (Figs. 5c and 
6b). Although, AMX/2D-PNPG300 did not show tem-
perature-dependent antibacterial activity against E. coli. 
2D-PNPG300 loaded with tetracycline (TC/2D-PNPG300) 
showed an efficient antibacterial activity against E. coli 
at both temperatures (Figs. 5c and 6c). Considering the 
slightly higher level of inhibition of bacteria at 27 °C com-
pared with 37 °C, and that the inhibition of bacteria does 
not increase with increasing the temperature, this can be 
indicate that TC is efficiently released at both tempera-
tures (Fig. 5c). Results showed that 40 wt.% release of 
the loaded TC at room temperature is enough to inhibit 
E. coli efficiently. Incubation of TC/2D-PNPG300 with S. 
aureus at 37 °C showed a good inhibition zone, which 
was significantly higher than that at room temperature 
(Figs. 5d and 6c). This can be due to a synergistic effect 
of the hydrophobic effect and drug release at this tempera-
ture. It is worth noting that TC/2D-PNPG300 with a low 
temperature-dependent release of cargo showed different 
activities against Gram-positive and Gram-negative bacte-
ria. A key reason for this is the differences in the structures 
of these types of bacteria, particularly their membranes, 
and their resistance to therapeutic agents. Incubation of 
AMX/2D-PNPG300 with S. aureus at 27 °C did not inhibit 
the bacteria growth but an efficient antibacterial activity 

Fig. 3   SEM images at two sizes 
of10 μm and 500 nm of a–d 
2D-hPG, e–h 2D-PNPG14 and 
i–l 2D-PNPG300 at 25 °C and 
40 °C. Samples were prepared 
by dropping an aqueous disper-
sion of materials (0.1 mg/ml) 
onto the lamellar surface and 
then drying at two different 
temperatures (25 °C and 40 °C). 
No significant changes in the 
morphology of two-dimensional 
materials were observed upon 
increasing the temperature

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)



251Journal of Nanostructure in Chemistry (2024) 14:245–255	

1 3

was observed upon switching to 37 °C. The higher activity 
of AMX/2D-PNPG300 against S. aureus at a higher tem-
perature is assigned to the efficient release of AMX at 
this temperature (Figs. 5c and 6b). In general, AMX/2D-
PNPG300 was more efficient and showed greater tempera-
ture-dependent activity when compared with its counter-
part bearing TC drug (Figs. 5 and 6). To demonstrate the 
interactions between AMX/2D-PNPG300 and S. aureus, 
this compound was incubated with this bacterium at 37 °C 
for 24 h. The results revealed considerable inhibition at 
this temperature (Fig. 6d). Regardless of the type of loaded 
drug, the prepared systems did not show a temperature-
dependent activity against E. coli. Antibacterial data at 
a concentration of 48 μg/disc are shown in Table 3. The 
concentration of the drug-loaded 2D-PNPG300 used in the 
antibacterial did not show significant effect on the zone 
inhibition of bacteria. Therefore, only 48 μg/disc was 

Fig. 4   a–d and the inset of a–d 
are AFM images and the height 
profiles of a, b 2D-PNPG14 
and c, d 2D-PNPG300 on mica 
at 25 °C and 40 °C. While 
individual sheets were observed 
at 25 °C, they were agglomer-
ated at 40 °C due to crossing 
LCST of system and changing 
to hydrophobic state. e The 
photograph of thermosensitive 
behavior of the 2D-PNPG300

Table 1   EDX analysis of 2D-hPG, 2D-PNPG14, and 2D-PNPG300

Compound C
[wt. %]

O
[wt.%]

N
[wt.%]

2D-hPG 48.84 32.04 19.12
2D-PNPG14 53.13 30.23 16.16
2D-PNPG300 61.19 17.04 21.77

Table 2   Elemental analysis of 2D-hPG, 2D-PNPG14, and 
2D-PNPG300

Compound C
[wt. %]

H
[wt.%]

N
[wt.%]

2D-hPG 43.35 5.31 12.85
2D-PNPG14 47.30 6.39 3.99
2D-PNPG300 59.85 14.34 13.85
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considered. The antibacterial experiments showed that 
different parameters including type of drug, type of bac-
teria, and temperature affect the antibacterial activity of 
the drug-loaded two-dimensional platforms.

The controlled release of therapeutic agents together with 
high loading capacity and thermosensitivity of the synthe-
sized platforms suggest them as new candidates for a wide 
range of biomedical applications ranging from drug deliv-
ery to tissue engineering and antibacterial activity. Intrinsic 
mechanical and chemical properties of two-dimensional 
nanomaterials, which is of high interest for the regenerative 
medicine, combined with the manipulated hydrophilicity can 
be formulated into a new vector in this field [48].

Conclusions

Thermosensitive two-dimensional polymeric networks 
comprising poly(N-isopropylacrylamide) chains that 
are mechanically interlocked by a polyglycerol platform 
were synthesized and characterized by different spectros-
copy and microscopy methods. Encapsulation of initiator 
inside the pores of two-dimensional polyglycerol followed 
by polymerization of NIPAM resulted in a hybrid two-
dimensional structure with thermosensitivity and high 
loading capacity properties. Thermoresponsive behavior 
of the synthesized material influenced the release of the 
loaded drugs and their biological activity. In this study, 
we demonstrated a new method for the polymerization of 
monomers inside the pores of a two-dimensional polymer 
to obtain a system with physically associated segments 
that affect the physicochemical properties of each other 
dramatically.

Fig. 5   In vitro release profiles 
of a AMX from 2D-PNPG300, 
and b TC from 2D-PNPG300 at 
27 °C and 37 °C. The release 
of drugs from two-dimensional 
materials showed a temperature-
dependence behavior. This 
was more effective for AMX 
than TC. Antibacterial activity 
as a function of the zone of 
inhibition upon incubation of 
AMX/2D-PNPG300 and TC/2D-
PNPG300 at a concentration of 
48 μg/disc at 27 °C and 37 °C 
with c S. aureus and d E. coli 
bacteria. e Chemical structure 
of amoxicillin (AMX) and f 
tetracycline (TC)

(a) (b)

(c) (d)

(e) (f)
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