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Graphene-Assisted Synthesis of 2D Polyglycerols as 
Innovative Platforms for Multivalent Virus Interactions

Ehsan Mohammadifar, Vahid Ahmadi, Mohammad Fardin Gholami, Alexander Oehrl, 
Oleksandr Kolyvushko, Chuanxiong Nie, Ievgen S. Donskyi, Svenja Herziger, Jörg Radnik, 
Kai Ludwig, Christoph Böttcher, Jürgen P. Rabe, Klaus Osterrieder, Walid Azab, 
Rainer Haag,* and Mohsen Adeli*

2D nanomaterials have garnered widespread attention in biomedicine and 
bioengineering due to their unique physicochemical properties. However, poor 
functionality, low solubility, intrinsic toxicity, and nonspecific interactions at 
biointerfaces have hampered their application in vivo. Here, biocompatible 
polyglycerol units are crosslinked in two dimensions using a graphene-assisted 
strategy leading to highly functional and water-soluble polyglycerols nanosheets 
with 263 ± 53 nm and 2.7 ± 0.2 nm average lateral size and thickness, respec-
tively. A single-layer hyperbranched polyglycerol containing azide functional 
groups is covalently conjugated to the surface of a functional graphene template 
through pH-sensitive linkers. Then, lateral crosslinking of polyglycerol units is 
carried out by loading tripropargylamine on the surface of graphene followed by 
lifting off this reagent for an on-face click reaction. Subsequently, the polyglycerol 
nanosheets are detached from the surface of graphene by slight acidification and 
centrifugation and is sulfated to mimic heparin sulfate proteoglycans. To high-
light the impact of the two-dimensionality of the synthesized polyglycerol sulfate 
nanosheets at nanobiointerfaces, their efficiency with respect to herpes simplex 
virus type 1 and severe acute respiratory syndrome corona virus 2 inhibition is 
compared to their 3D nanogel analogs. Four times stronger in virus inhibition 
suggests that 2D polyglycerols are superior to their current 3D counterparts.

DOI: 10.1002/adfm.202009003

1. Introduction

Synthetic 2D nanomaterials (2DNs) have 
attracted wide attention in the past sev-
eral years, due to the possibility of tuning 
their physicochemical and optoelectronic 
properties by manipulating their structure 
and functionality.[1] They are emerging as 
new vectors for different biomedical appli-
cations because of their unique mechan-
ical and physicochemical characteristics 
including mechanical strength, flexibility, 
high surface area, high loading capacity, 
and photothermal, photodynamic, and 
antimicrobial properties.[2] However, major 
concerns regarding health risks, poor 
functionality, and solubility as well as non-
specific interactions at biointerfaces are 
serious challenges for their in vivo applica-
tions.[3] The strong structure-property rela-
tionships of 2DNs open up new avenues 
to overcome the aforementioned chal-
lenges via controlled synthetic methods.[4] 
In order to synthesize new 2DNs with 
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diverse atomic structure, configurations, and alluring structure-
dependent properties, the mechanism of their synthetic route 
and reaction parameters should be fully understood. Examples 
of well-defined 2DNs obtained by known mechanisms were 
reported for special applications.[5] The template-assisted syn-
thetic strategies, including vat photopolymerization, electron 
beam lithography, nanocontact printing, dip-pen lithography, 
and photolithography, are well recognized as precise and reliable 
approaches to construct a wide range of 2DNs.[6] In spite of their 
efficiency, such approaches are expensive and in the most cases 
cannot be used for the high scale production of 2DNs. On-sur-
face reactions using colloidal templates, however, are straightfor-
ward, scalable, and cost-effective approaches by which a variety 
of 2DNs can be synthesized.[7] The efficiency of this approach 
strongly depends on the interactions between monomers and 
the template.[8] In this method, monomers are stabilized on 
the template by noncovalent interactions,[9] and the mobility of 
monomers facilitates their self-rearrangement as well as forma-
tion of defects or cracks during polymerization.[10] However, the 
monomers could also come off the template, which lead to side 
reactions in solution and by-products that are difficult to remove 
from the main product.[11] With this approach the interactions 
between the template and monomers should be much stronger 
than between the solvent and monomers. This challenge limits 
the versatility of on-surface reactions using colloidal templates.

Covalent attachment of monomers on the surface of a tem-
plate decreases the side reaction of template-desorbed mono-
mers and results in more defined products with less impurity. 
This approach is, in particular, useful for functional (macro)
monomers, which is difficult to deploy on the surface of a 
template. The critical point in the covalent approach is the 
attachment of monomers on the surface of the template by 
easily cleavable bonds, allowing for later detachment of the 
2DNs from the template by external factors. Hyperbranched 
polyglycerol (hPG) is a polyfunctional, biocompatible, and 
water-soluble macromolecule with low non-specific interac-
tions at biointerfaces. hPG is used for many biomedical appli-
cations ranging from drug delivery to pathogen interactions.[12] 
According to a previous in vivo toxicology study of intravenous 
injection of hPG with a molecular weight of 10  kDa demon-
strated a serum half-life of the compound of 12 days.[13] Recently, 
it was shown that the attachment of this polymer on the surface 
of 2D templates resulted in functional 2D platforms with a high 
potential in biomedical applications.[12c,14] For example, their 
sulfated analogs were used as extracellular matrix mimics for 
the efficient virus binding and inhibition.[15]

They are 2D heparan-mimicking scaffolds with high sur-
face area that attach to viral glycoproteins through electro-
static interactions and inhibit virus attachment, which is the 
first step of infection. Accordingly, heparan-mimicking com-
pounds have been proposed as potential infection inhibitors 
against a number of pathogens, including SARS-CoV-2, which 
is currently causing a pandemic of historic proportions.[16] The 
electrostatic interaction of angiotensin-converting enzyme 2  
and heparan sulfate with a positively charged patch on the receptor 
binding domain of the SARS-CoV-2 spike glycoprotein lends sup-
port to this hypothesis.[17] However, the toxicity of the graphene 
template on which polyglycerol branches are attached is a chal-
lenging issue which negates the advantages of these systems.[15a] 

Therefore, production of template-free 2D polyglycerols is a big 
step toward water soluble and highly functional 2DNs with high 
biocompatibility and great potential for virus inhibition.

In this work, graphene sheets were used as flexible templates 
to construct 2D polyglycerols in solution. In this synthetic 
strategy, polyglycerol branches with 10% azide groups (hPG-
N3(10%)) were conjugated to the surface of graphene sheets 
by pH sensitive linkers and they were laterally crosslinked 
by a copper-catalyzed click reaction. Tripropargylamine was 
adsorbed on the surface of polyglycerol-functionalized gra-
phene sheets and used as a crosslinker. The association of 
tripropargylamine with the graphene surface and lifting off this 
reagent by a controlled heating diminished the risk of inter-
sheet crosslinking and resulted in 2D polyglycerol upon acidifi-
cation and centrifugation. Virus-nanosheet interactions showed 
that sulfated polyglycerol nanosheets are more active than 
their 3D nanogel analogs, which highlights the critical role of 
topology in virus inhibition and steric shielding. Sulfated polyg-
lycerol nanosheets as heparan sulfate mimics were also able to 
strongly inhibit SARS-CoV-2.

2. Results and Discussion

Graphene sheets with polyglycerol coverage have recently 
shown great potential as antimicrobial and antitumor 
systems.[15b,d,18] The toxicity of the graphene platform and 
related health risks are challenging issues for future devel-
opments. Accordingly, we have designed a synthetic strategy 
to produce graphene free 2D polyglycerol as a new class of 
2D functional nanomaterials for future biomedical applica-
tions. In our current work, graphene was used as a platform 
for the synthesis of 2D polyglycerols due to the following the 
rationale: i) graphene surfaces are inert against usual reactions 
under mild conditions and, therefore, do not interfere with 
the reactions in our study; ii) the loading and lifting-up of the 
cross-linker through which lateral crosslinking is performed 
in a controlled manner is based on structure and π- conju-
gated system of graphene; iii) graphene can be functionalized 
by straightforward organic reactions; and iv) graphene is a col-
loidal template and dispersible in solvents. Therefore, we can 
take advantage of both solution and solid states of graphene. 
Thermally reduced graphene oxide with a lateral size in the 
range of 500 nm to 2 µm bearing dichlorotriazine functional 
groups (G-Trz) was synthesized[19] and post-functionalized by 
3-(4-(dimethoxymethyl)phenoxy)propan-1-amine (DMPA) to 
obtain a platform (G-linker) with the ability of covalent attach-
ment to the diol groups of polyglycerol through acid cleav-
able acetal bonds (Figure  1).[20] Then hPGol with 10% azide 
functionalization (hPG-N3 (10%)) was conjugated to the pH 
sensitive linkers to create a polyglycerol coverage on the sur-
face of graphene sheets (G-hPG). Crosslinking of polyglycerol 
coverage by Cu-catalyzed azide/alkyne click reaction and sepa-
ration of the crosslinked coverage by acidification resulted 
in graphene-free 2D hPG (2D-hPG). The key point in this 
synthetic strategy was to adsorb the crosslinker on the sur-
face of hPG-functionalized graphene sheets and exclude any 
free tripropargylamine to avoid inter-template crosslinking 
(Figure 1).
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In order to synthesize a graphene template with pH-sensi-
tive linkers, 2,4,6-trichloro-1,3,5-triazine was conjugated on the 
surface of thermally reduced graphene oxide (G) by a nitrene 
[2+1] cycloaddition reaction at ambient conditions.[19] The ratio 
of dichlorotriazine functional groups to the number of carbon 
atoms of graphene, the so-called density of functional groups, 
was 1/45 and 1/49 according to elemental and thermogravi-
metric analysis, respectively (Equation S1, Supporting Infor-
mation). These results are consistent with our previous data, 
indicating the reproducibility of this functionalization method. 
The peak components ranging from 285 to 289 eV in the highly 
resolved C1s X-ray photoelectron spectroscopy (XPS) spectrum 
of G-Trz were assigned to the contribution of CN and CCl 
bonds of dichlorotriazine groups (Figure 2b).[14b,15b,19b,21] In the 
IR spectrum of G-Trz, the absorbance bands at 1450–1550 cm−1 
are assigned to CC and CN bonds of dichlorotriazine rings, 
which is another indication for the functionalization of gra-
phene (Figure S4c, Supporting Information).[19b]

DMPA, as a pH-sensitive linker, was synthesized according 
to the reported method in literature with a slight modification 
(Scheme S1a, Supporting Information).[20b] A nucleophilic reac-
tion between DMPA and G-Trz resulted in the G-linker template 
with the ability to covalently attach to the hPG through acid 
cleavable bonds (Scheme S1b, Supporting Information). Survey 
XPS spectra showed that the G-linker was composed of carbon, 
nitrogen, and oxygen elements (Figure  2a). An increased 
oxygen/carbon ratio in the XPS survey spectrum and decreased 
CC/CC component in the C1s spectrum of the G-linker were 
indications for the attachment of DMPA to the surface of G-Trz. 
Elemental analysis showed a decrease in the nitrogen content 

upon attachment of DMPA to the surface of G-Trz. Since 
the carbon content of DMPA is higher than its nitrogen con-
tent, this result is a further indication of the post-modification 
of G-Trz by DMPA (Table S1, Supporting Information). The 
infrared (IR) spectrum of G-linker showed absorbance bands 
at 1100 and 2900 cm−1, which are assigned to the CO and ali-
phatic CH bonds of DMPA moieties, respectively, conjugated 
to the surface of G-Trz (Figure S4d, Supporting Information).

Then hPG-N3(10%) units were conjugated to the surface 
of G-linker by benzacetal moieties in the presence of catalytic  
amount of PTSA and G-hPG with a polyglycerol coverage was 
obtained (Scheme S1b, Supporting Information).[20a] The non-
attached polyglycerols were removed by a 100 kDa ultrafiltration 
membrane to avoid undesired 3D crosslinking. An intense oxygen 
peak at 530.0 eV in the survey XPS spectra of G-hPG was due to 
the polyglycerol branches attached to the surface of the graphene 
template (Figure 2a). In the highly resolved C1s XPS spectrum, the 
peak components at 286.1 and 284.6 eV correspond to the CO and 
CC bonds of polyglycerol and graphene fragments (Figure 2d). 
Thermogravimetric analysis (TGA) and XPS showed 73% and 75% 
poly glycerol content for G-hPG, respectively (Figures 2d and 3a).  
The IR spectrum of G-hPG showed absorbance bands at 1100, 
2100, 2900, and 3400 cm−1, which are assigned to the CO, azide, 
aliphatic CH, and hydroxyl groups, respectively (Figure  3b). 
In the proton nuclear magnetic resonance (1H NMR) spectrum 
of G-hPG, signals at 3.2–4.2, 7.3, and 7.8  ppm were assigned to 
the protons of backbone of polyglycerol and aromatic protons of 
DMPA, respectively (Figure 3e).

The reversibly linked polyglycerol-azide on G-hPG was 
then crosslinked via CuI-catalyzed click reaction between 

Figure 1. Schematic illustration and synthetic route for 2D hyperbranched polyglycerol. 2D-hPG can be formed on both sides of graphene but for 
simplification it is shown only on one side. Vial in the bottom-left shows the aqueous dispersion of graphene sheets with a polyglycerol coverage. Vial 
in the top-middle displays the aqueous solution after click reaction and acidification. While the graphene template is precipitated in the bottom of 
vial upon centrifugation, 2D polyglycerol remains in the supernatant. Finally, the 2D-hPG is sulfated and the inset shows an SFM image of the final 
multivalent 2D-hPGS nanosheets.
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Figure 3. a) TGA thermograms of G, G-Trz, G-linker, G-hPG, and 2D-hPG. IR spectra of b) G-hPG and c) 2D-hPG. d) Raman spectra of G-hPG and 
2D-hPG. 1H-NMR spectra of e) G-hPG and f) 2D-hPG.

Figure 2. a) Survey XPS spectra of the synthesized materials. Highly resolved XPS C1s spectra of b) G-Trz, c) G-linker, d) G-hPG, e) 2D-hPG, and  
f) 2D-hPGS. The main components are denoted on each spectrum. For further details of the assigned components see Table S4, Supporting Informa-
tion. Inset: (d and e) are photographs of aqueous solutions of G-hPG and 2D-hPG, respectively.
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tripropargylamine and the azide groups selectively at the gra-
phene interface. Tripropargylamine was loaded onto the surface 
of the graphene platform by π–π interactions. After loading, the 
product was purified to exclude free tripropargylamine that had 
not adsorbed onto the template. Confining tripropargylamine 
between the polyglycerol coverage and the graphene platform 
diminished the risk of inter-sheet crosslinking (Figure 1).

The click reaction was monitored by recording the IR spectra 
of the reaction mixture at intervals and checking the inten-
sity of the azide band at 2100 cm−1 (Figure S5f, Supporting 
Information). The end point of reaction was realized by the 
disappearance of the azide band in the IR spectra. 2D polyg-
lycerol (2D-hPG) sheets were subsequently detached from the 
graphene template by cleaving the acetal bonds in acidic 
solution (pH 4) and separated by subsequent centrifugation 
(Figure 1; Scheme S1, Supporting Information). Raman spectra 
of 2D-hPG did not show the D and G peaks of graphene, signi-
fying the complete removal of template from the final product 
(Figure  3d). However, TGA showed ≈25% of hPG left on the 
surface of graphene after acid cleavage of 2D polyglycerol 
(Figure S7, Supporting Information).

The composition, size, and the morphology of 2D-hPG 
were investigated by different spectroscopic and microscopic 
methods as well as elemental and thermal analysis. A change 
in the component corresponding to CC/CC bonds in 
the highly resolved C1s XPS spectrum of 2D-hPG confirmed 
successful detachment of the graphene template from the 
polyglycerol nanosheets (Figure  2e; Tables S3 and S4, Sup-
porting Information). Moreover, the triazole proton signal at 
8  ppm in the 1H NMR spectrum of 2D-hPG is an indication 
for the crosslinking of polyglycerol branches via click reaction 
(Figure  3f). Next the 2D-hPG was sulfated to obtain 2D-hPG 
sulfate (2D-hPGS) as an extracellular matrix mimic for the 
pathogen interactions. Elemental analysis showed 7.9 wt% 

sulfur content for 2D-hPGS, which had been correlated to the 
sulfation of 58% of the hydroxyl groups of its precursor. A S2p 
peak component in the XPS survey spectrum (Figure 2a) and a  
change in the highly resolved C1s XPS spectrum of 2D-hPGS 
(Figure 2f) as well as absorbance bands of SO bonds at 1200 cm−1  
in the IR spectrum of this compound (Figure S5g, Sup-
porting Information) indicated the successful sulfation of 
2D-hPG.[15a,22] The negative surface charge of 2D-hPGS also 
corresponded to the sodium sulfate groups which are created 
upon sulfation (Figure 5h).

Scanning force microscopy in quantitative imaging mode 
(SFM-QI) and in tapping mode (TM-SFM) were used in order to 
investigate the lateral size, precise thickness, and morphology 
in addition to other properties of 2D-hPGS, such as stiffness 
and energy dissipation. We used freshly cleaved muscovite 
mica as a substrate of atomically flat and clean support for dep-
osition of the 2D-hPGS. SFM-QI was used for precise height 
measurements and TM-SFM height images for lateral and 
morphological measurements at ambient conditions (22–25 °C 
and 30–35% rH). Those SFM methodologies demonstrated 
sheet-like structures distributed on the substrate (Figure 4a–c). 
These islands showed a typical average height of 2.7 ± 0.2 nm 
(Figure 5b,d) and 263 ± 53 nm average lateral dimension (error 
being standard  deviation) (Figure  4; Figure S7g, Supporting 
Information). Since the hydrodynamic diameter of a single 
hPG macromolecule, measured by dynamic light scattering 
in water, is 5.34  ± 0.29  nm (Figure S8a, Supporting Informa-
tion), we counted this thickness for a single layer 2D-hPG at 
ambient conditions. The observed average height for 2D-hPGS 
was assigned to the monolayer nanosheets at their partially 
compressed state due to lower water content at the mica sur-
face compared to aqueous solution. To further quantify the 
two-dimensionality of the synthesized 2D-hPGS, their aspect 
ratio was calculated via dividing the maximum lateral length 

Figure 4. Characterization of polyglycerol nanosheets by different microscopic methods. a–c) SFM images of 2D-hPGS, deposited onto muscovite 
mica surface with different magnifications. Inset of Figure 4b,c is height profiles and aspect ratios of 2D-hPGS sheets, respectively. d–f) Transmission 
electron microscopy (TEM) images of 2D-hPGS. Inset of Figure 4f is lateral size of 2D-hPGS.
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Figure 5. SFM and height profile of a,c) 3D-hPGS and b,d) 2D-hPGS. e–h) Comparison of the properties of sulfated and non-sulfated 2D and 3D poly-
glycerols in terms of lateral size, height, surface charge, and functional groups. In Figure 5e, athe surface charges were measured by Zetasizer.b The 
percentage of hydroxyl groups, which were converted to sulfate groups, were calculated by elemental analysis based on the sulfur content.
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by thickness. Considering the spherical or ellipsoidal structure 
and an aspect ratio close to one for hPG, a mean aspect ratio 
of 77 was achieved for the 2D-hPGS. (Figure  4c inset). Trans-
mission electron microscopy showed sheet-like structures with 
clear edges and perforated surface for 2D-hPGS (Figure 4d–f). 
Additionally, scanning electron microscopy showed a bumpy 
surface with 250 ± 65  nm average lateral size for 2D-hPG 
(Figure S6, Supporting Information).

The successful production of 2D-hPG sheets by click reac-
tion was further investigated by setting up a control experi-
ment, where the G-hPG (without the crosslinking agent) was 
stirred in acidic solution at room temperature for 24 h and then 

centrifuged. The supernatant was dialyzed by a 100 kDa mem-
brane but no detectable compound was obtained. Because the 
cleaved polyglycerol branches were not crosslinked, they were 
small enough to leave the dialysis tube (Figure S3c, Supporting 
Information).

In order to highlight the role of graphene as the template in 
the synthesis of 2D-hPG, a control reaction was performed. In 
this reaction, hPG-N3 (10%) units were crosslinked by tripro-
pargylamine but in the absence of the graphene template 
(Figure S3d, Supporting Information). This control reaction 
resulted in small clusters of the hPG with random dimensions 
from 2 to 6 nm and aspect ratio close to unity, confirming the 

Figure 6. Representation of the key role of temperature in the synthesis of 2D-hPG. a) At 80 °C tripropargylamine molecules were able to leak from 
the polyglycerol coverage sublayers and inter-sheet crosslinking resulted in 3D structures. b) TM-SFM height images showed 3D objects with heights 
between 5 and 70 nm. c) The optimized temperature to produce 2D-hPG was 50 °C, where tripropargylamine molecules caused lateral crosslinking. 
d) SFM-QI height images showed successful crosslinking of polyglycerol macromolecules and production of 2D-hPG (height 2.7 nm). e) At 25 °C, 
the tripropargylamine molecules were not released from the graphene surface and crosslinking did not occurred. SFM experiments did not show any 
detectable object after acidification, centrifugation, and dialyzing the supernatant of the reaction.
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critical role of graphene template for the production of 2D-hPG 
(Figure S3e, Supporting Information).

In order to prove the key role of temperature in releasing 
tripropargylamine molecules from the graphene surface, two 
additional control reactions were performed at room tempera-
ture and 80  °C. In these reactions, G-hPG with the loaded 
tripropargylamine molecules were stirred at the above-men-
tioned temperatures and they were monitored by spectros-
copy and microscopy methods. While no significant decrease 
of the azide band in the IR spectrum of reaction mixture was 
observed at room temperature, it completely disappeared at 
80 °C after 6 h (Figure 6a,b; Figure S5b, Supporting Informa-
tion). However, SFM measurements showed a non-regular 
3D morphology for the reaction product at 80  °C with a par-
ticle height between 5 and 70 nm (Figure 6b and inset). These 
control reactions confirmed the key role of the temperature in 
the production of 2D-hPG. At room temperature, tripropar-
gylamine molecules were not released from graphene template 
significantly. Therefore an efficient click reaction and lateral 
crosslinking did not occur (Figure  6e; Figure S5a, Supporting 

Information). However, at 80  °C tripropargylamine molecules 
were able to leak from the polyglycerol coverage into the reac-
tion environment, leading to inter-sheet crosslinking and 3D 
objects (Figure 6b). These results are supported by our previous 
reports, in which increasing the temperature to 50–60 °C trig-
gered the release of small molecules from the surface of gra-
phene sheets.[14b]

In order to highlight the critical role of two dimensionality 
in bio-nano interactions, 3D analogs of 2D-hPG and 2D-hPGS 
(3D-hPG and 3D-hPGS, respectively) with similar average 
sizes were synthesized.[23] The detailed synthetic procedure 
and characterization are explained in the Supporting Infor-
mation. SFM-QI mode was used to investigate 3D-hPGS at 
their hydrated state by immobilizing them within DI water at 
the mica interface (coated with poly-l-lysine layer). The cross 
section images of the 3D-hPGS nanogels revealed structures 
with 100 ± 50 nm and 230 ± 100 nm average height and lateral 
sizes, respectively (Figure  5a,c; Figure S8, Supporting Infor-
mation). The difference between the morphology of 2D-hPG 
and 3D-hPG can be visually and quantitatively understood by 

Figure 7. Comparative inhibition effects of 2D-hPG and their 3D analogs on viruses in susceptible cells. a) Concentration-dependent inhibition of HSV-1 
infection on Vero E6 cells. Cells were infected with HSV-1 at MOI of 1 using different concentrations of the compounds as indicated. After 20 h of infec-
tion, the percentage of infected cells was analyzed by flow cytometry. b) Reduction of HSV-1 infection in Vero E6 cells at 50 µg mL−1. HSV-1 (MOI = 1) was 
mixed with different compounds and added to cells. After 20 h of infection, the percentage of infected cells was analyzed by flow cytometry. c) Plaque 
reduction assay of HSV-1 with 3D-hPG, 3D-hPGS, 2D-hPG, and 3D-hPGS (concentration: 50 µg mL−1) on Vero E6 cells. Vero E6 cells were grown in a 
24-well plate and infected for 1 h with 50 PFU per well of HSV-1 in the presence or absence of 50 µg mL−1 of 2D and 3D compounds. At 48 h after infection, 
the number of plaques was quantified with inverted fluorescence microscope. d) Inhibitory effects of 2D compounds on enveloped and non-enveloped 
viruses. Reduction of tissue culture infection dose 50 (TCID50) was used to measure the effects of 2D-hPGS on two viruses, equine rhinitis A virus (ERAV) 
and equine arteritis virus (EAV). Serial tenfold dilution of ERAV or EAV was added to RK-13 or BD cells, respectively, in the presence or absence of 2D-hPG 
and 2D-hPGS (50 µg mL−1). Virus titer was determined after 4 days as described in the Supporting Information and Experimental Section.
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considering their aspect ratio and overall topography. While 
2D-hPG showed a sheet-like structure with average height of 
2.7 ± 0.2, the average height of 3D-hPG was 100 ± 50 nm in the 
hydrated state.

2D-hPGS and 3D-hPGS as heparan sulfate mimics were 
expected to show low toxicity and efficient interactions with 
HS-binding domains on viral glycoproteins; particularly 
herpes virus gB and gC. Accordingly, the cytotoxicity of these 
nanomaterials and their ability for virus inhibition was inves-
tigated. While 2D-hPGS and 3D-hPGS did not show a signifi-
cant cytotoxicity in vitro (Figure S9, Supporting Information), 
they efficiently inhibited infection of cells by enveloped viruses, 
including herpes simplex virus type 1 (HSV-1) on Vero E6 cells 
(Figure 7a–c) and equine arteritis virus (EAV) on bovine dermal 
(BD) cells (Figure 7d). Next, the efficiency of 2D-hPGS to inhibit 
HSV-1 infection on Vero E6 cells was determined. Different con-
centrations (ranging from 1 to 200 µg mL−1) of 2D-hPGS were 
incubated with HSV-1 (at a multiplicity of infection (MOI) of 1) 
and applied to Vero E6 cells. After 24 h, infected cells were quan-
tified using flow cytometry. A strong inhibition of infection at a 
concentration of 50 µg mL−1 with a half-maximal inhibitory con-
centration (IC50) of 20 µg mL−1 (≈1.3 nm) (Figure 7a,b) against 
HSV-1 was observed for 2D-hPGS. In contrast, the 3D-hPGS did 
not cause a significant inhibition of infection at 50 µg mL−1 and 
its IC50 was four times higher than the 2D analog (Figure 7a,b). 
Similar results of the inhibitory potential of the 2D-hPGS were 
determined by a plaque reduction assay. For a comparative 

study all the candidates at a concentration of 50 µg mL−1 were  
mixed with HSV-1 (50 PFU (plaque-forming units)) and incubated  
with Vero E6 cells. To restrict virus spread from cell-to-cell,  
the cell monolayer was overlaid with 0.5% carboxy- 
methylcellulose medium. Only 2D-hPGS showed a strong and 
significant reduction in plaque numbers (Figure 7c). From this 
data, it can be clearly understood that the ability of 2D-hPGS  
to inhibit the infection is much higher than 3D-hPGS, high-
lighting the critical role of morphology and two-dimensionality 
in shielding this nano-biointerface. Interestingly, the 2D-hPGS 
did not inhibit infection of RK-13 cells by equine rhinitis A 
virus (EARV) a non-enveloped small RNA virus (Figure  7d). 
Although EARV has a heparan sulfate-binding motif, it seems 
that this virus enters into the cells through a sialic acid-medi-
ated pathway rather than HS-binding domains.[24] This may 
explain why the 2D-hPGS did not block EARV infection. Taken 
together, both 2D-hPGS and 3D-hPGS were able to specifically 
interact with HS-binding domains on viral proteins of envel-
oped viruses but 2D analogs showed stronger inhibitory effect 
than 3D-hPGS. This could be attributed to the 2D feature of 
2D-hPGS, because, at a similar weight, they have a higher sur-
face area than their 3D counterparts. In 2D-hPGS, more sul-
fate groups are accessible, which results in stronger interaction 
with the HS receptors on the surface of the virus. However, in 
3D-hPGS, many of sulfate groups are hidden because they are 
present inside the gel and not accessible for interaction with 
virions. In addition to the large available surface area, energy 

Figure 8. a) Representative images for the plaque reduction by 2D-hPGS. b) Plaque reduction ratios for the 2D-hPGS and 3D-hPGS at different con-
centrations. c) The obtained IC50 values from plaque reduction for 2D-hPGS and 3D-hPGS.
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requirement in creating multivalent interactions are often 
much smaller in the case of lower dimensionality.[15d,23,25]

The ability of the synthesized nanomaterials for coronavirus 
(SARS-CoV-2) inhibition was investigated by plaque reduction 
assay (Figure  8).  Recently it was reported that heparin could 
inhibit the interaction of the spike glycoprotein (S) of SARS-
CoV-2 with its cognate receptor.[17b,26] Consistent with the HSV-1 
inhibition data, 2D-hPGS showed an IC50 value of 47.34 ±  
8.24  µg mL−1  (≈3  nm, Equation S7, Supporting Information). 
This is likely due to binding of negatively charged 2D-hPGS to 
the positively charged patch at the receptor-binding domain of 
the S protein of SARS-CoV-2. This positively charged patch facil-
itated virus binding to cell surface heparan sulfate and explain 
the higher infectivity of SARS-CoV-2.[17b] Blocking the positively 
charged patch with a highly negative-charged inhibitor could 
decrease the binding of SARS-CoV-2 to the host cells surface 
and inhibit virus infection. The effective inhibition of SARS-
CoV-2 by 3D-hPGS was much lower than 2D-hPGS, which again 
indicated the key role of two-dimensionality at this interface. 
2D-hPGS showed no clear cellular toxicity at a concentration 
of 200  µg mL−1, which supports its potential application as an 
inhibitor for SARS-CoV-2 (Figure S9, Supporting Information).

3. Conclusion

We have developed a unique bottom-up approach to synthe-
size 2D-hPG using a graphene-assisted strategy. Sulfation of 
2D-hPG resulted in an extracellular matrix mimic with the 
ability of blocking the infection with representative enveloped 
viruses, including HSV-1 and SARS-CoV-2. Controlling the lat-
eral crosslinking of polyglycerol branches by noncovalent inter-
actions between the crosslinker and the graphene template was 
the key point of this synthetic approach. A salient aspect of this 
approach is that versatile polyfunctional 2DNs can be readily 
fabricated using different crosslinkers or through accurate post-
modification of the obtained 2D hPG. In addition, we showed 
how two-dimensionality plays a crucial role for virus interac-
tions by mimicking the cellular surface due to the high aspect 
ratio and multivalent interactions of 2D-hPGS.
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