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Abstract

Nanoflowers (NFs) are flowered-shaped particles with overall sizes or features in the nanoscale. 

Beyond their pleasing aesthetics, NFs have found a number of applications ranging from catalysis, 

to sensing, to drug delivery. Compared to inorganic based NFs, their organic and hybrid 

counterparts are relatively underdeveloped mostly because of the lack of a reliable and versatile 

method for their construction. We report here a method for constructing NFs from a wide variety 

of biologically relevant molecules (guests), ranging from small molecules, like doxorubicin, to 

biomacromolecules, like various proteins and plasmid DNA. The method relies on the 

encapsulation of the guests within a hierarchically structured particle made from supramolecular 

G-quadruplexes. The size and overall flexibility of the guests dictate the broad morphological 

features of the resulting NFs, specifically, small and rigid guests favor the formation of NFs with 

spiky petals, while large and/or flexible guests promote NFs with wide petals. The results from 

experiments using confocal fluorescence microscopy, and scanning electron microscopy provides 

the basis for the proposed mechanism for the NF formation.
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INTRODUCTION

Nanoflowers (NFs) are flower-like nano/microparticles with nanoscale features (e.g., petals) 

that enable applications such as catalysis,
1
 sensing and drug delivery.

2–4
 Relative to 

inorganic-based NFs, their organic and hybrid counterparts are relatively underdeveloped.
5 

The lack of a general method for the preparation of NFs hinders their technological 

applications, since currently their preparation relies mostly on serendipity, followed by the 

concurrent optimization of multiple parameters like solvent, concentration, and temperature. 

The methodology presented here provides an alternative to fill this gap, and it illustrates the 

importance of using a supramolecular scaffold to seed the growth of complex flower-like 

structures from a wide variety of biomolecules.

The parallels between nanoflowers and their macroscopic biological/natural counterparts go 

beyond simple morphological characteristics. Although the basic building blocks are notably 

different (i.e., cells vs molecules), their ultimate morphological features depend on 

parameters such as the growth, anisotropy, direction, and rotation of such building blocks.
6 

NFs can be classified by their size (nano/micro), and/or their morphology: rose-like, 

carnation-like, and dandelion-like. Alternatively, they could be classified more generally by 

two broad categories based on the shapes of their petals: spiky petalled or wide petalled. A 

common classification scheme for NFs rely on their composition, as inorganic, hybrid, and 

organic. Inorganic NFs are most commonly made from a wide variety of metals and other 

inorganic salts,
5
 and the overwhelming majority of examples described in the literature are 

of this type. Hybrid NFs are those that contain significant proportions of both organic and 

inorganic components, or more commonly, those in which the main component is organic, 

but coordination bonds are one of the main driving forces in their formation.
1,7–10

 Organic 

NFs are those composed exclusively of organic molecules, or those in which organic 

molecules are the main component and inorganic elements (e.g., salts) are present as part of 

the medium from which the NFs are made, but their coordination is not the main driving 

force to form the resulting NFs.
3,4,11–13

 Hybrid and organic NFs could be further classified 

by the nature of the organic component. Specifically, those made from small molecules
11–15 

and those made from macromolecules.
1,4,9,10

While the formation of macrogels by guanosine and related compounds has been recognized 

for over a century,
16

 the corresponding colloidal micro- or nanogel versions have not been 

described until recently. A few years ago we discovered that the thermally triggered 

assembly (i.e., lower critical solution temperature, a.k.a., LCST) of supramolecular G-

quadruplexes (SGQs) made from 8-aryl-2′-deoxyguanosine (8ArG) derivatives (Figure 1)
17 

led to the formation of hierarchically organized colloidal particles with a gel-like interior we 

termed supramolecular hacky sacks (SHS). Furthermore, we demonstrated that the SHS 

particles are suitable for the encapsulation of guest molecules like the fluorescent anticancer 

drug doxorubicin (Dox).
17b

 Recently, while characterizing this and other encapsulation 

complexes in the solid state we discovered that the SHS served as a versatile template for the 

formation of organic NFs. While this initial discovery was serendipitous like that of most 

reported NFs, the subsequent studies described in this article demonstrate that the resulting 

methodology (Figure 1) provides a viable alternative to prepare NFs containing a wide 

variety of molecules of biological importance.
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EXPERIMENTAL SECTION

Scanning Electron Microscopy (SEM)

These experiments were performed in a high-resolution field emission JEOL JSM-7500F 

SEM. The instrument probe was used in low current (LC) mode 10, acceleration (Accel) 

voltage of 2.00 kV, and emission current of 10.0 μA. The walking distance (WD) was 8.8 

± 0.1 mm at 9.5 × 10−5 Pa of vacuum with column mode used in gentle beam low (GB-L) 

and low magnification (LM) modes. The software used to obtain the SEM images was JEOL 

Serving Advanced Technology, PC-SEM Ver2, 1, 0, 3 (2006–2010).

Confocal Laser Scanning Microscopy (CLSM)

These images were obtained in a Confocal Zeiss LSM 510 META on an Axiovision Z1 

microscope with an excitation range of (405 nm, 458 nm, 477 nm, 488 nm, 514 nm, 561 nm, 

633 nm) and emission range of (400–730) nm. The samples were measured at 561 nm with 

beam splitters MBS at HFT 488/561, DBS1 at mirror and DBS2 NFT 565. The objective 

used for all the samples was EC Plan-Neofluar 40X/0.75, except for f-SHS@DTR-3, f-
SHS@mCh, and beads@DTR-3 in which the objective used was Plan-Apochromat 63X/

1.40 oil DIC M27. The emission filter of BP (Band Pass) 575–615 nm IR was used for f-
SHS, f-SHS@DTR-3, f-SHS@DTR-10, f-SHS@DTR-70, beads, and beads@DTR-3. In the 

case of f-SHS@Dox, f-SHS@Cyt, f-SHS@RhB, and f-SHS@mCh, the emission filter was 

LP (long pass) 575 nm.

Dynamic Light Scattering (DLS)

The hydrodynamic size of the particles at 25.0 ± 0.1 °C was obtained using a Zetasizer Nano 

ZS (model ZEN3600) from Malvern Instruments Ltd. with a 4 mW laser of 632.8 nm 

wavelength and a backscatter angle of 173°. The dispersant used was PBS 1X at pH 7.4 with 

a dispersant refractive index (RI) of 1.332 and viscosity of 0.9074 cP at 30.0 °C. For all the 

samples of f-SHS, f-SHS with encapsulated cargo, doxorubicin control, and rhodamine b 

control alone, the material RI was chosen as 1.00 as the default. In the case of the controls of 

pGFP, pCrimson, mCherry, DsRed, Cytochrome c, and Ovalbumin, the material RI used was 

1.45 for the protein model. In the case of each control of dextrans (3 kDa, 10 kDa, and 70 

kDa) conjugated with Texas red, the material RI model used was 1.47 from the cellulose 

model. For the bead controls (alone and with encapsulated DTR-3), the material RI was 

1.590 using the polystyrene latex model. The DH values are an average from 11 runs with 

equilibration time of 60 s and an analysis model of multiple narrow modes at high resolution 

provided by the instrument software (Malvern Zetasizer Software version 7.10).

Zeta Potential

These measurements were performed in the Zetasizer Nano ZS (model ZEN3600) from 

Malvern Instruments Ltd. at zeta potential mode with the same material and dispersant RI 

values used for the DLS experiments at 25.0 ± 0.1 °C. The measurements were processed by 

the instrument software with an analysis auto mode model and the Smoluchowski equation 

with an F (κa) value of 1.50 at 25.0 °C.
18
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RESULTS AND DISCUSSION

Although the formation of the SHS particles is reversible (e.g., by cooling the solution below 

the LCST), lowering the ionic strength of the colloidal suspension leads to the formation of 

kinetically stable or “fixed” SHS (f-SHS) that tolerates a wide range of physical 

manipulations (e.g., dilution, deposition). The porous gel-like architecture of the f-SHS is 

revealed by SEM measurements of freeze-dried samples (Figure 2i–o), which explains the 

facile diffusion and encapsulation of guest molecules like the fluorescent anticancer drug 

doxorubicin (Dox) as previously reported by our group.
17b

In order to understand the diffusion through the f-SHS, we studied the encapsulation of 

dextran labeled with Texas Red (DTR) in three different sizes (molecular weights: 3 kDa, 10 

kDa, 70 kDa).
19

 CLSM revealed these f-SHS complexes to be similar to those described 

earlier using Dox (in situ method; Figure 2a).
17b

 We then evaluated how DTR encapsulation 

affected the morphology of the f-SHS in the solid state by drop-casting the samples over a 

copper grid (air-dried at 36 °C) and visualizing them by SEM, which resulted in the 

discovery of flower-like structures like those in Figure 2.

Control experiments revealed that NFs are not formed in the absence of f-SHS (e.g., DTRs 

alone; see Figures S26–29) or by empty f-SHS (Figure 2i) in samples treated under 

otherwise identical conditions to those reported earlier for f-SHS@DTRs. Furthermore, the 

presence of polystyrene beads (PSBs), which have size, porosity, and zeta potential (ZP) 

similar to that of the f-SHS, was not effective in promoting the formation of NFs. 

Considering the PSBs can encapsulate DTR-3 (PSBs@DTR-3; Figure 3), we hypothesize 

that the fact that they are not suitable templates for NF formation is, at least in part, due to 

their different internal organization relative to the f-SHS, which suggests that the 

supramolecular structure of the latter is a key feature of the system.

Intrigued by the aforementioned observations, we set out to determine the scope and 

limitations of this phenomenon via the encapsulation in the f-SHS, and subsequent surface 

deposition methodology, of a broad variety of molecules with a wide range of sizes, shapes, 

and other physicochemical properties. First, we examined the construction of NFs from 

fluorescent small molecules suitable for biologically relevant applications in drug-delivery 

such as Dox and imaging probes elaboration like rhodamine B (RhB).
17b,20 Both molecules 

lead to the formation of spiky-petalled (sp) NFs, instead of the wide-petalled (wp) NFs 

formed by f-SHS@DTRs (Figure 2), despite their different ZP values (RhB −25.3 mV; DOX 

+ 9.5 mV; Supplementary Table S4). Nevertheless, both NFs show some differences, most 

saliently, the spiky shaped petals of the f-SHS@Dox NFs have a helical morphology, while 

the f-SHS@RhB NFs are better described as bundles of straight fibers (Figure 2).

The two families of guest compounds tested up to this point left molecular size and 

flexibility as the potential key parameters driving the final morphological transformation of 

the f-SHS particles, with small/rigid (e.g., DOX) and large/flexible (e.g., DTR) promoting 

sp-NFs versus wp-NFs, respectively. In order to clarify this, we tested the complexes of 

proteins of increasing sizes, which span a relatively large size range but with little flexibility 

relative to DTR polymers. At the lowest and highest values of sizes we evaluated 
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cytochrome c (Cyt) and DsRed2 (DsR), with mCherry (mCh) and Ovalbumin (Ova) in the 

intermediate range. We also chose these set of proteins because of their use in biomedical 

applications
19

 like molecular probes (e.g., mCh, DsR)
21–23

 vaccine development studies 

(e.g., Ova),
24

 and experimental anticancer treatments (Cyt).
25,26

The f-SHS@Cyt formed NFs with fibrillar (nonhelical) spiky petals resembling those 

formed by f-SHS@RhB NFs. Larger proteins such as mCh and DsR lead to the formation of 

wp-NFs, resembling those induced by the DTR guests, but with a different petalled surface 

pattern (Figure 4b). Ova, on the other hand, lead to the formation of different type of “brain-

like” structures (Figure 4c), but increasing the drying temperatures to 65 °C resulted in 

irregularly shaped “carnation-like” NFs (Figure 4h) with surface patterns similar to those 

induced by DTR-3 and DTR-10. We hypothesize that the increase hydrophobicity of Ova 

could be responsible for its preferential deposition on the glassy carbon regions of the grid 

after drying at 36 °C.

The sizes of the f-SHS particles and the various complexes studied (f-SHS@guest) remain 

fairly constant for the first 2 h after their preparation (Figure S34). While there does not 

appear to be broad trends between the sizes (or molecular weights) of the various f-
SHS@guest particles, there seem to be a number of tendencies within family of guests. The 

clearest tendency is that within DTR series, where the size of the resulting f-SHS@guest 

particles is inversely proportional to that of the guest (DTR-3: 1246 nm; DTR-10: 949 nm; 

DTR-70: 679 nm; Tables S3 and S4). There is in fact a propensity for smaller guests to 

promote larger particles, perhaps as a consequence of greater swelling due to increased 

penetration of the smaller guests. Nevertheless, while the smallest protein (Cyt) does result 

in the largest particle of the protein series (3892 nm; Tables S3 and S4), the second largest 

corresponds to f-SHS@DsR (2275 nm; Tables S3 and S4), which is the largest protein 

studied. These results indicate that other parameters, beyond guest size (e.g., hydrophobic 

character, geometry) likely play an important role in determining the sizes of the resulting 

particles. The zeta potential (ZP), however, does not seem to be a critical parameter 

determining the size of the particles, given that the f-SHS seems to neutralize the ZPs of the 

resulting complexes considering their values to a relatively narrow range (Tables S3 and S4).

A higher air-drying temperature (i.e., 65 °C instead of 36 °C) could be used to modify the 

surface morphology of the resulting NF as described for f-SHS@Ova. Under the same 

conditions the NFs promoted by DTRs, mCh, DsR, and pDNAs preserve the wide-petal-

shaped surface patterns, albeit with expanded groove sizes and with distorted globular 

shapes relative to their counterparts at 36 °C (Figures S8–S24). Both f-SHS@Dox and f-
SHS@Cyt were transformed into NFs with straight spikes, in contrast to the helical spikes 

observed at 36 °C (Figures 2j, S4). By contrast, the f-SHS@RhB went from straight to 

helical sp-NFs (Figure 4i). Interestingly, air-drying of the f-SHS at 65 °C with no added 

guests, led to their transformation from spherical particles (Figure 2i) to dandelion-like NFs 

(Figure 4g). We hypothesize that, at this higher temperature (just below the disassembly 

temperature for these SGQs in solution),
17a

 this transformation results from the transition of 

the f-SHS constituent SGQ structures from stacks of planar tetramers to ribbon-like 

assemblies as has been described for related lipophilic guanosine derivatives.
27
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Finally, we tested the complexation of plasmid DNA (pDNA) because, relative to all other 

tested macromolecules, it has a unique topology, larger size, polyanionic character, and 

importance for biological applications. We used f-SHS to complex plasmids encoding for 

fluorescent proteins like E2-Crimson (pCrimson; pCri) and green fluorescent protein 

(pGFP). Both of the resulting complexes, f-SHS@pCri and f-SHS@pGFP, formed rose-like 

NFs after air-drying at 36 °C (Figure 4e,f).
28

 While polycationic DNA nonviral delivery 

systems
23,24 are known to induce the formation of toroids, rods, and tangled fibers (some of 

which are reminiscent of a 2D-flower),
29

 the rose-like morphology presented here is 

unprecedented for a pDNA complex.

While the specific surface patterns of these NFs show some variety, all the aforementioned 

NFs fall in two broad categories: spiky-petalled (acute-shaped elongated petals like those of 

dandelions, dahlias, and globe thistles) and wide-petalled (e.g., petals with oblong, or ovate/

obovate shapes like carnations, peonies, and roses).
6
 We propose that the geometry of wp-

NFs results from guest clustering into 2-D crystalline domains, while the sp-NFs result from 

the corresponding guest clustering into spiky 1-D crystalline domains. The experimental 

evidence shows that the former are favored by larger and/or flexible guests while the latter 

are promoted by smaller and/or rigid guests (Figure 5).

Considering the wide variety of guest molecules (e.g., chemical composition, size, shapes) it 

is remarkable to obtain just two types of morphologies. But, what drives the formation of 

these NFs, in general, and how can we explain the two broad types of morphologies in 

particular? Our previous work
17a

 suggest that the gel-like interior of the f-SHS is composed 

of well-defined supramolecules (i.e., SGQs), which we hypothesize provide nucleation sites 

where noncovalent interactions promote the formation of the final morphology (Figure 5). In 

our proposed model, rigid guests small enough to freely diffuse deep into the f-SHS 

concentrate in the channels of the gel like interior (Figure 5a). Solvent evaporation in the 

channels promotes the formation of nanocrystalline domains of the encapsulated guest, 

which continue to grow beyond, and perpendicular to, the surface of the f-SHS. This 

putative process is reminiscent of the reported nucleation and perpendicular growth of 

supramolecular oligothiophene bundled fibers through a porous aluminum oxide 

membrane
30

 and the hierarchical self-assembly of dipeptides into dandelion-like 

microstructures.
31

 Furthermore, due to the supramolecular nature of f-SHS template, we 

hypothesize that guest crystallization in the channels induces a clustering and 

rearrangement
32

 of the entire complex (f-SHS@guest) in order to optimize noncovalent 

interactions (e.g., minimize repulsive and maximize attractive). Specific features such as the 

helicity of the spiky petals are likely due to the chirality of the molecular components of the 

f-SHS (i.e., 8ArG subunits) and most guests (all except RhB).

An alternative mechanism for the formation of the NFs could involve a guest-induced 

disassembly and subsequent rearrangement leading to an intertwined hybrid composition. 

This process would be driven by the evaporation of the solvent, mediated by attractive 

noncovalent interactions between the constituents of the f-SHS and the complexed guests. 

Further studies, such as real-time in situ atomic force microscopy (AFM),
33

 could provide 

useful insights to distinguish between this mechanism, the one described earlier (Figure 5), 

or some unforeseen alternatives.
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Larger and/or flexible guests seem to aggregate primarily on or near the surface as illustrated 

by time course CLSM measurements with f-SHS incubated with DTR-3 (Figure 6), where 

the crystallization seems to occur parallel to the surface, but still influenced by the 

supramolecular components that make up the f-SHS (Figure 5b). Here too, the resulting 

hierarchical organization, from the nano- to the microscale, is driven by a synergistic 

interplay between equilibrium and nonequilibrium self-assembly where molecule–water 

(dewetting), molecule–substrate (adsorption) and molecule–molecule (deposition) 

interactions play critical roles.
34,35 These phenomena have parallels in reports describing 

template directed crystallization by diblock copolymers,
36

 amyloid fibers,
37

 and copper(II) 

ions.
36

 The topography and curvature on the particle surface may also play a role in 

determining the interactions of the adsorbed guests as reported for other particle–protein 

systems (e.g., albumin, fibrinogen).
35,38

CONCLUSIONS

Herein, we describe a general method to construct organic NFs from a wide variety of 

molecules using f-SHS particles as templates. The methodology’s versatility is demonstrated 

by the mild conditions needed for the formation of NFs from a wide variety of biologically 

relevant molecules, with a large range of sizes, charges and other physicochemical 

characteristics. The gel-like interior enabled by the hierarchical supramolecular structure of 

the f-SHS seems to strike a balance between being flexible and rigid enough to adapt to such 

disparate guests, while supporting well-defined morphological features. We are currently 

evaluating how other parameters such as 8ArG structure, hydrophobicity, stronger charge–

charge interactions and different guest combinations affect the specific morphological 

features of these NFs. We expect these results to jump-start the development of organic NFs 

for applications in areas like biocatalysis,
1
 drug delivery

2
 and other biologically relevant 

applications. Recent results from our group indicate that the f-SHS@Dox as well as f-
SHS@pGFP and f-SHS@pCri are suitable for the delivery of anticancer drugs and genes 

into cells, respectively. A full account of these results will be published in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Preparative protocol for f-SHS and the corresponding nanoflowers (NFs). 8ArG self-

assembly into SGQs followed by the (i) formation of SHS by LCST, is followed by (ii) 

decreasing the ionic strength to “fix” (i.e., kinetically stabilized) the SHS (identified as f-
SHS). (iii) The encapsulation method relies on an osmotic gradient to the form f-
SHS@Guest complexes, and is suitable for the complexation of sensitive guests like 

proteins, which could be denatured by the initial high ionic strengths. (iv–v) Drop casting 

the solutions of f-SHS@Guest followed by air-drying leads to the formation of two families 

of NFs, having either spiky or wide petals as a result of complexing small or large guests, 

respectively. Some groups in the space filling representation of 1 (e.g., imidazole moiety) are 

omitted for clarity. We represent complexed guests with an “@”, for example, f-SHS with 

encapsulated DTR 3 kDa is represented as f-SHS@ DTR-3 where “3” is the molecular 

weight of the DTR in kDa.
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Figure 2. 
Microscopy images of f-SHS@Guest: (a–h) in solution by CLSM, and in (i–o) the solid 

state by SEM. The guests corresponding to each image are (a) RhB; (b) Dox; (c) Cyt; (d) 

DsR; (e) DTR-3; (f) DTR-10; (g) DTR-70; (h) mCh. SEM images correspond to (i) f-SHS 

alone; (j) f-SHS@ Dox; (k) f-SHS@RhB; (l) lyophilized f-SHS; (m) f-SHS@DTR-3; (n) f-
SHS@DTR-10; (o) f-SHS@DTR-70. The SEM images were drop-casted from a solution of 

8ArG (0.303 mM, 121 mM KI, in 1X PBS, pH 7.4) and air-dried at 36 °C.
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Figure 3. 
SEM images of 0.303 mM polystyrene beads (PSBs) used for control experiments. (a) PSBs 

alone (X14000); (b) PSBs + DTR-3 (5 equiv; 0.07 mM; X7000); (c) PSBs + RhB (10 equiv; 

3.4 mM; X6000). (d–f) Zooms of a, b, and c at (d) X60000; (e) X30000; and (f) X30000, 

respectively. All the samples were air-dried at 36 °C after incubating for 1 h with the 

indicated guest molecule.
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Figure 4. 
SEM images of different organic NFs after air-drying at 36 °C (a–f) and 65 °C (g–i). Protein 

guests: (a) f-SHS@Cyt; (b) f-SHS@mCh; (c) f-SHS@Ova; (d) f-SHS@DsR. pDNA guests: 

(e) f-SHS@pCri, (f) f-SHS@pGFP; (g) f-SHS alone. Protein guest: (h) f-SHS@Ova; small 

molecule guest: (i) f-SHS@RhB. The NFs from f-SHS@Ova (c) were observed primarily on 

the carbon section of the SEM grid, in contrast to the rest of NFs studied, which formed on 

the copper section of the grid.
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Figure 5. 
Mechanistic hypothesis for the formation of organic NFs from the f-SHS@Guest complexes: 

(a) For small/rigid guests like RhB, the guest diffuses throughout the porous f-SHS by 

osmotic gradient until it fills the gel-like interior. Upon removing the solvent (e.g., 36 or 

65 °C), the concentration of guest increases, which lead to enhanced noncovalent 

interactions resulting in the spiky NFs from f-SHS@RhB. This seems to promote a 

crystallization growth perpendicular to the particle’s surface leading to the formation of 

spiky-petalled NFs. (b) Larger or more flexible guests like DsR are concentrated on or near 

the surface of the f-SHS favoring the formation of the wide-petalled NF surface in f-
SHS@DsR.
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Figure 6. 
Time course CLSM images of f-SHS incubated with DTR-3 (5 equiv., 0.07 mM). Images at 

0 s, 600 s (10 min), 1300 s (21.7 min), 2400 s (40 min), 2810 s (46.8 min), and 3990 s (1.1 

h). The images were taken with an EC Plan-Neofluar 40X/0.75 objective, excitation 

wavelength of 561 nm and an emission filter of LP 575 (25 °C). The f-SHS were prepared 

from following the conditions described in Figures 2 and 3.
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