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Abstract 

Chiral metal-organic frameworks (MOFs) have gained rising attention as ordered nanoporous 
materials for enantiomer separations, chiral catalysis, and sensing.  Among those, chiral MOFs are 
generally obtained through complex synthetic routes by using a limited choice of reactive chiral 
organic precursors as the primary linkers or auxiliary ligands.  Here, we report a template-
controlled synthesis of chiral MOFs from achiral precursors grown on chiral nematic cellulose-
derived nanostructured bio-templates. We demonstrate that chiral MOFs, specifically, zeolitic 
imidazolate framework-8 (ZIF-8), can be grown from regular precursors within nanoporous 
organized chiral nematic nanocelluloses via directed assembly on twisted bundles of cellulose 
nanocrystals. The template-grown chiral ZIF-8 possesses tetragonal crystal structure with chiral 
space group of P41, which is different from traditional cubic crystal structure of I-43m for freely 
grown conventional ZIF-8. The uniaxially compressed dimensions of the unit cell of templated 
ZIF-8 and crystalline dimensions are signatures of this structure. We observe that the templated 
chiral ZIF-8 can facilitate the enantiotropic sensing.  It shows enantioselective recognition and 
chiral sensing abilities with a low limit of detection of 39 µM and the corresponding limit of chiral 
detection of 300 µM for representative chiral amino acid, D- and L- alanine. 
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Introduction 

The development of materials for next-generation biomedical sensors, quantum information, and 

energy storage is a leading driving force of the new era. Chiral materials such as chiral metal-

organic frameworks (MOFs) have been rarely demonstrated despite their potentially fascinating 

properties. MOFs are promising porous and organized materials for energy and gas storage, 

separation membranes, drug delivery, catalysis, sensors, and bio-preservation.[1,2,3,4,5,6,7] These 

organic–inorganic hybrids have garnered wide attention owing to their high porosity, designable 

topologies, and rich chemical functionality.  

Control of material’s chirality is pivotal in a wide range of fields from chemistry to physics and 

biology.[8,9]  Chiral organic materials have been extensively studied since the first discovery of 

molecular chirality by Louis Pasteur.[10,11]  Recently, there has been a burgeoning interest in chiral 

organic-inorganic hybrids owing to their unique physical properties.[11] The preservation and 

extension of chirality from the molecular and nanoscale scales to micro/macroscopic scales in 

biology still remains elusive. In nature, there are many hierarchical chiral structures, such as 

exoskeletons of beetles (e.g., Chrysina gloriosa)[12] and crustaceans[13], all of which show 

homochirality.[14] The origin of homochirality in nature has been recognized as one of the 125 

most compelling questions thus far, noted by Science magazine.[15] One of the critical challenges 

in preparing chiral MOFs is synthesizing novel chiral structures from achiral building blocks and 

achieving homochirality.[16,17] Typically, chiral MOFs are assembled from chiral molecular 

building blocks. The general route to synthesizing chiral MOFs is using chiral organic molecules 

as one of the primary linkers or auxiliary ligands as depicted in Figure 1a (left arrow).[16] However, 

this method has a significant drawback in that, mostly, expensive and privileged chiral building 

blocks are required from a limited pool of chiral building blocks.[16,18]  

In contrast, synthesizing chiral MOFs from achiral precursors, illustrated in Figure 1a (right arrow), 

possesses the advantages of overcoming the generally established method: higher availability of 

abundant achiral precursors, synthetic simplicity, and mostly, lower cost.[16,18]  MOFs have been 

subjected to diverse crystal structure engineering through various methods.[2,19].  In some cases, 

chirality is transferred into the MOF via a chiral additive or chiral solvent environment, which 

mostly employs synthetic chiral reagents that require complicated synthetic steps thus resulting in 

limited and retarded development of chiral MOFs.[16,18] It has been shown that biomacromolecules 
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can directly initiate the crystallization of MOFs.[20,21] Additionally, Che and co-workers 

demonstrated that chiral lipid fiber template can transfer chirality to the achiral precursor of TiO2, 

enabling synthesis of chiral TiO2 from the achiral precursor.[22] Accordingly, we envision that if 

naturally abundant and sustainable biologically chiral materials such as cellulose nanocrystals 

(CNCs) can transfer chirality to achiral materials, this can bring exponential generations of chiral 

MOFs by replacing traditionally employed synthetic chiral reagents. Novel synthesis methods to 

realize chiral MOFs materials from achiral building blocks will facilitate scalable chiral porous 

organized materials enantiomer separations, catalysis, and sensors.[16,17]  Despite MOF-CNC 

composites have been reported,[23,24] chirality of the MOFs in the composites has not investigated 

to date.   

Here, we report scalable and effective methods for achieving chiral MOFs from achiral precursors 

by using nanocellulose materials, abundant and sustainable biopolymers. We anticipate that this 

strategy will exponentially generate chiral MOFs, followed by their effective usage in diverse 

applications such as enantiotropic biomedical sensors. In this study, chiral zeolitic imidazolate 

framework-8 (ZIF-8) MOF is synthesized from achiral building blocks by utilizing chiral nematic 

organization of CNCs as hierarchical bio-templates for growth of MOFs from infiltrated precursors 

(Figure 1). CNC materials chosen as bio-templates possess three-levels of chirality: i) molecular 

level: asymmetric carbon atoms of D-glucose unit; ii) nanoscale: spindle-shaped individual 

nanocrystals; and iii) macroscale: left-handed chiral nematic liquid crystal organization.[25,26,27,28] 

Overall, template-grown ZIF-8 reported here displays anisotropic shapes and a chiral tetragonal 

unit cell with a = b = 12.1 Å, c = 8.6 Å, α = β = γ = 90o, and the P41 chiral space group.  It possesses 

high specific surface area of 828 m2/g, having both fine nanopores (d < 2 nm) and greatly expanded 

mesopore content (dimensions 2 < d < 50 nm) due to the removal of dominating CNCs (83 wt.%) 

from the chiral CNC-ZIF-8 composite.  Moreover, chiral ZIF-8 shows strong positive circular 

dichroism and selective recognition ability, which facilitates active enantioselective ability for 

fabricated field-effect chemoresistive sensor.  Very high enantioselective recognition and chiral 

sensing abilities are characterized by a low limit of detection (LOD) of 39 µM and a limit of chiral 

detection (LOCD) of 300 µM for representative chiral amino acid, L- and D- alanine. 

Results and Discussion 

To verify the central synthetic hypothesis, achiral precursors of ZIF-8, zinc nitrate and 2-methyl 
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imidazole, were infiltrated and reacted in a porous, chiral nematic CNC film with well-developed 

helicoidal twisted organization with nanoscale pitch length (Figure 1b). Specifically, the 

precursors are infiltrated into the CNC film using vacuum filtration, followed by their growth in 

the swollen state (see Methods). It has been shown that diverse molecules can be adsorbed on the 

chiral CNC surface via hydrogen bonding, including amine-containing molecules and 

silicates.[27,29,30,31] Since there are a large number of hydrogen bonding donors and acceptors in the 

chiral CNCs, especially the D-glucose unit, it is possible for 2-methyl imidazole to asymmetrically 

interact with the chiral D-glucose unit of CNC via multiple hydrogen bonding. The asymmetrically 

arranged 2-methyl imidazole on the surface of CNC could be propagated and preserved due to the 

sandwiched CNC structure in the self-assembled chiral nematic structured CNCs. At the same time, 

it has been demonstrated that chiral MOFs can be synthesized from achiral precursors using chiral 

induction additives that are not incorporated in the chiral MOF products. Regarding this 

phenomenon, it has been proposed that the asymmetric crystallization of achiral precursors is 

originated from the cooperative interactions between chiral induction additives and achiral 

precursors.[17,18,32,33,34] Specifically, organic chiral induction additives can coordinate with metal 

precursor and can participate in the nucleation, enabling the control of the chirality of the MOFs.  

Our ZIF-8-CNC composite shows the S-O peak shift from 816 cm-1 of pristine CNC to 810 cm-1, 

indicating interaction happens between the S-O group of CNC with ZIF-8. Thus, we can infer that 

the possible coordination S-O group of chiral D-glucose in CNC between Zn ion provides different 

coordination geometry for Zn compared to Zn only coordinated with 2-methyl imidazole. Overall, 

we suggest that newly introduced coordination geometry for Zn and the asymmetrically positioned 

2-methyl imidazole by chiral D-glucose of CNC lead to formation of chiral ZIF-8 (Figure 1c).  
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Figure 1. Templated ZIF-8 synthesis. a) Synthetic routes for chiral MOFs from i) chiral precursors and ii) 
achiral precursors. b) Schematic strategy to produce templated ZIF-8. The -OR is the sulfate group in this 
research. Green: oxygen, blue: nitrogen, red: zinc, and grey: carbon. c) Chiral ZIF-8 growth from achiral 
precursors in confined twisted geometry of chiral bio-template and on the chiral surface group. Pale and 
semi-transparent gold color in the middle of the scheme represents the possible asymmetrically arranged 2-
methyl imidazole between the twisted CNCs with chiral D-glucose unit and coordinated Zn ions with S-O 
group of chiral D-glucose of CNC which provides different coordination geometry for Zn compared to Zn 
only coordinated with 2-methyl imidazole. 
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Firstly, we observed that the needle-like structured ZIF-8-CNCs maintained the original chiral 

organization of CNCs (Figures 2a and 2b).  Importantly, the high-resolution scanning electron 

microscopy (HR-SEM) and transmission electron microscopy (TEM) images of the ZIF-8-CNCs 

in Figures 2b and 2e show their larger diameter of 40.0 ± 28.0 nm in contrast to the cellulose 

nanocrystals whose diameter is 5.6 ± 0.6 nm was measured with the atomic force microscopy 

(AFM) (Figures 2d and S10). 

 
Figure 2. Structure of templated ZIF-8. a-c) SEM images of CNC film, ZIF-8-CNC film, and templated 
ZIF-8, respectively. d) HR-AFM image of CNC with 12 nm Z-scale of (inset: TEM of ZIF-8. Scale bar: 
500 nm). e, f) TEM image of ZIF-8-CNC and templated ZIF-8, respectively. g, h) Energy dispersive X-
ray spectroscopy (EDX) mapping of templated ZIF-8: g) aggregated templated ZIF-8 and h) a bundle of 
templated ZIF-8. 
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Next, pure templated-grown ZIF-8 can be separated after full removal of the CNCs with N-methyl 

morpholine N-oxide monohydrate (NMMO⸱H2O) from the ZIF-8-CNC film (Figures S4 and S5). 

[35,36] It was reported that ZIF-8 shows high chemical stability toward the nitroxide compound.[37] 

Taking this fact into account, we can deduce that structure of chiral ZIF-8 after full removal of 

CNCs with nitroxide compound, NMMO⸱H2O, would be same with that of ZIF-8 in the composite 

film. As can be seen in Figures 2c, 2f to 2h, S9, and S10, the templated grown ZIF-8 has a needle-

like morphology with a broad distribution of diameters and lengths around 84 nm and 270 nm, 

respectively. We propose that the enlarged diameter of templated ZIF-8 is due to the aggregation 

of ZIF-8 nanocrystals during the CNC removal process. Additionally, templated ZIF-8 displays 

four-time increased mesopore volume than ZIF-8 with negligible difference in nanopore volume 

(effective dimensions of around 2 nm) (Figures S9, S12, and Table S1).   

The morphology of the templated ZIF-8 is different from freely grown ZIF-8s that have the typical 

rhombic dodecahedral shape with a diameter of 1100 nm (Figures 2d inset and S11).[38]   

Furthermore, EDX mapping images of the needle-like structured ZIF-8-CNC composite show a 

uniform distribution of zinc and nitrogen across the entire volume (Figure S1). Additionally, the 

characteristic Zn-N peak of ZIF-8 in ZIF-8-CNC composite shows at 420 cm-1 in attenuated total 

reflectance Fourier transform infrared spectra (ATR FTIR) that confirms the formation of ZIF-8 

in the composite (Figure S2). The blue shift of the SO3
- peak of CNCs indicates an ion interaction 

between CNC and ZIF-8 (Figure S2C). Moreover, thermogravimetric analysis (TGA) data shows 

that 17 wt.% of ZIF-8 is present in the ZIF-8-CNC materials (Figure S3).  

The solid-state 13C cross-polarization magic angle spinning nuclear magnetic resonance (13C 

CP/MAS NMR) spectrum in Figure S6 displays that both templated ZIF-8 and freely grown ZIF-

8 present characteristic resonances of ZIF-8. 13C NMR of templated-grown ZIF-8 and conventional 

achiral ZIF-8 show the carbon peak position difference of 2-methyl imidazole-organic ligand each 

other (Figure S). 13C NMR has been widely utilized for identifying chiral materials.[39,40] For 

instance, when the carbon atoms are positioned at different stereo environments, such as in a 

diastereoisomeric complex composed of i) one enantiomer (e.g., S) or ii) another enantiomer (e.g., 

R), they show the carbon peak position difference,[40] for instance, carbon peak position difference 

from 0.01 to 0.3 ppm for chiral solvating agents.[39] Therefore, the observed carbon peak position 

difference between templated-grown ZIF-8 and conventional ZIF-8 indicates that carbon atoms in 



Chiral MOFs 6/6/2023 8 

templated-grown ZIF-8 are positioned differently than in conventional achiral ZIF-8 due to the 

different unit cell symmetry (see Figure 3 and below). 

Additionally, there are no characteristic CNC peaks in the templated ZIF-8, showing the successful 

complete removal of the CNC component (Figure S6).[41,42] X-ray photoelectron spectroscopy 

(XPS) confirms that the carbon/nitrogen atomic percentage ratio of the extracted, templated ZIF-

8 is identical to freely grown ZIF-8 (Figures S7 and S8).[43,44,45] Furthermore, EDX mapping of the 

templated ZIF-8 demonstrates a homogeneous distribution of zinc and nitrogen atoms across the 

specimen (Figures 2g and 2h).  Overall, these chemical compositional analyses confirm the 

removal of CNC from the ZIF-8-CNC composite and, thus, the formation of pure templated ZIF-

8 material free of traces of the original bio-template.  

X-ray diffraction (XRD) analysis for the ZIF-8-CNC composite reveals a series of sharp and 

overlapped diffuse peaks in the range from 5 to 40o (Figure 3a).  Three intense diffuse peaks around 

15o, 16o, and 22o for ZIF-8-CNC composite materials confirm the presence of small diameter one-

dimensional (1D) cellulose nanocrystals with parameters of the unit cell of cellulose backbones 

with a = 7.78 Å, b = 8.20 Å, c = 10.38 Å, and α = β = 90o and γ = 96.5o (Figure 3a and Table 

S2).[46,47,48] In control XRD measurements, we confirmed that the positions and intensities of the 

sharp peaks in common ZIF-8 are consistent with a space group of I-43m with the unit cell 

parameters a = b = c = 17.0 Å and α = β = γ = 90o, as expected for traditional cubic structure for 

this compound (Figures 3c, 3e, Tables S3, S4).[49,50]  

Next, we extracted the templated ZIF-8 in order to determine the crystalline structure.[51] Complete 

disappearance of the diffuse CNC peaks in final templated ZIF-8 materials after hydrothermal 

treatment further confirms NMR results (Figure S6) and XPS data (Figure S7) on complete 

removal of cellulose nanocrystals during the post-treatment.  XRD data for templated ZIF-8 follow 

a similar pattern but with minor shifts in peak positions and a significant redistribution of 

intensities of primary peaks (Figure 3b and Table S3).  These changes indicate a significant 

reorganization in the crystal structure of ZIF-8 crystals grown within CNC templates.   

Indeed, the crystal structure of templated ZIF-8 is best fit with a chiral space group of P41 and 

tetragonal unit cell with different dimensions: a = b = 12.1 Å and c = 8.6 Å and α = β = γ = 90o 

(Figures 3d, 3f, Tables S3, S4).   
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Figure 3. Crystal structure and chirality of templated-grown ZIF-8. a) XRD of ZIF-8, ZIF-8-CNC, and 
templated ZIF-8, respectively. b) Major XRD peaks of ZIF-8 and templated ZIF-8. Structural refinement 
of c) ZIF-8 and e) templated ZIF-8 from XRD analysis illustrating the observed pattern (black) and Rietveld 
refinement fitting (red).  The blue lines display the difference between the observed XRD and Rietveld 
refinement. Bragg positions are shown by magenta ticks. d, f) The corresponding unit cells of the ZIF-8 
and templated ZIF-8, respectively. The structure model for ZIF-8 is adopted from the database, joint 
Cambridge Crystallographic Data Centre (CCDC) and Fachinformationszentrum (FIZ) Karlsruhe Access 
Structures service.[52] A new crystal structure, for chiral ZIF-8 suggested in this study, has been deposited 
with a joint CCDC and FIZ Karlsruhe Access Structures service.[53] g) Crystallite size of ZIF-8 and 
templated ZIF-8 for different planes. h) Circular dichroism (CD) spectra of ZIF-8 and templated ZIF-8.  

Thus, the template-grown ZIF-8 no longer possesses a cubic unit cell but the transformed unit cell 
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is compressed in the c direction and overall unit cell volume shrinks to a great extent.  Overall, 

this change gave rise to a new tetragonal symmetry.   

Next, the Scherrer equation was applied to calculate the mean crystallite size of ZIF-8 crystals 

normal to the different crystal planes[54]: 

                                                      𝐷𝐷ℎ𝑘𝑘𝑘𝑘 = 𝐾𝐾𝐾𝐾
𝐵𝐵 cos𝜃𝜃

                                                    (Eq. 1) 

where Dhkl is the mean crystallite size normal to the hkl plane, K = 0.9 is the crystal shape factor, 

λ is the wavelength of the X-ray (1.54 Å), B is the full width at half maximum of the diffraction 

peak, and θ is the Bragg’s diffraction angle.  For ZIF-8, the effective crystallite sizes are very 

similar, within 50 to 60 nm for different planes, consistent with cubic unit cells and global shape 

of microscopic MOF crystals (Figure 3g).   

Overall, limited sizes indicate the presence of local defects, such as vacancies, which interrupt the 

coherence without distorting the overall crystal shape within larger crystals as shown by TEM and 

SEM images (Figures 1f and S11b).[55] The effective crystallite sizes decrease dramatically to 30-

40 nm along different directions indicating a higher concentration of defects due to the 

confinement conditions of ZIF-8 crystals grown within the CNC matrix and anisotropic character 

of growth (Figures 1, 3g, and S13).  The original CNC films (with diameter of ~7.5 cm) utilized 

for ZIF-8 growth are uniform with pale blue color (Figure 4a). In contrast, the composite ZIF-8-

CNC film is milky and pale green due to the light scattering from the ZIF-8-CNC particles (Figure 

4b). 

Next, CD spectrum of templated-grown ZIF-8 shows the positive CD peaks at 250 nm in contrast 

to common ZIF-8, which does not exhibit any chiroptical activity (Figure 3h).[56,57]  This distinct 

circular polarization of light clearly demonstrates the chirality nature of the template grown ZIF-

8 with the left-handed organization. We assume that the chirality is transferred to the templated- 

grown ZIF-8 from the CNC bundles formed in the filtration process.[58] Both, the intensity and the 

position of the CD peak are in agreement with those previously reported for chiral ZIF 

nanostructures.[59]  

In order to check the long-term stability of templated-grown ZIF-8, we measured the CD spectrum 

of templated-grown ZIF-8 stored at room temperature, ~23 oC, under ambient conditions for 400 
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days after extraction (Figure S14a). The CD spectrum of templated-grown ZIF-8 400 days after 

extraction still presents the positive CD peak at 250 nm. Furthermore, templated-grown ZIF-8s 

400 days and 1 day after extraction all displayed a relatively high asymmetry g-factor (Figure 

S14).[60,61,62] The value of this factor of 0.2 x 10-3 that left-handed organization of templated-grown 

ZIF-8 has been preserved for 400 days, therefore, confirming excellent long-term stability. The 

CD spectrum of the composite ZIF-8-CNC film also displays a positive peak whose position is 

shifted to IR range, beyond the range of detection. This indicates preservation of the left-handed 

chiral organization with significantly increased pitch length due to MOF crystals infiltrated into 

packed cellulose nanocrystals (Figure 4c).  Furthermore, chiral nematic organization within 

characteristic layered Bouligand morphology as confirmed by SEM images (Figures 4c and 2a).[25]   

To further investigate the internal structure of the ZIF-8-CNC composites, small angle neutron 

scattering (SANS) was employed (Figure 4d).[63,64] The two-dimensional (2D) SANS profiles in 

Figures 4e to 4g were azimuthally averaged to obtain the 1D scattering curves shown in Figure 4h.  

Analysis of this data was conducted by using a combination of the power law (I ∝ q-D, where I is 

the neutron scattering intensity, q is the scattering vector, and D is the power law exponent) with 

shape functions (cylindrical shape function for pristine CNC and ZIF-8-CNC and spherical shape 

function for ZIF-8 are verified by microscopic studies discussed above).[65,66] The parameters of 

these models were selected after analyzing multiple fits with minimum fitting error and the ability 

to match the morphologies considering the known information on morphology, dimensions, and 

shapes (Figure 2d).  Finally, the fitting of the data was restricted to 0.0065 Å-1 < q < 0.25 Å-1 to 

minimize the distortions in the highest- and lowest-end q-data that arise from inelastic scattering.[67]   

The SANS from original ZIF-8 shows rapid decay, following q-4, which is indicative of 3-D objects 

with smooth surfaces and sharp interfaces (Figure 4h).[68]  Using a spherical form factor, a crystal 

radius of 526 ± 19 nm was obtained from SANS data, which is a good agreement with TEM and 

SEM images (Figures 2d and S11b, respectively).  Next, SANS data for the CNC films exhibited 

much lower power law exponents of 1.6 showing the formation and sparse mass fractals in the 

packed 1D cellulose nanocrystals instead of individual three-dimensional structures with sharp 

interfaces (Table S5).[68]  Furthermore, an intermediate power law exponent of 2.7 for ZIF-8-CNC 

film indicates the formation of dense fractal structures resulting from interconnected morphologies 

as ZIF-8 nanocrystals are grown in between meshed 1D nanocrystals.[68,69]   
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Figure 4. Structural analysis of the ZIF-8 and CNC materials. a,b) Photograph of hand-sized CNC film and 
ZIF-8-CNC film with ~7.5 cm diameter, respectively. c) CD spectrum of CNC film and ZIF-8-CNC film, 
respectively. d) Schematic diagram for SANS measurement of CNC and ZIF-8-CNC film. The direction of 
the neutron beam is perpendicular to the films. e-g) 2D SANS images (-0.50 Å-1<qx<0.57 Å-1, -0.48 Å-

1<qy<0.45 Å-1) for ZIF-8, CNC film, and ZIF-8-CNC film, respectively. h) Radially averaged 1D SANS 
pattern (in logarithmic scale) of CNC film, ZIF-8, and ZIF-8-CNC. i-k) SANS profiles of CNC, ZIF-8-
CNC, and ZIF-8, respectively. 

Moreover, a dramatic increase in the effective radius was observed for the ZIF-8-CNC composite 
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compared to pristine CNC (21.0 ± 3.0 nm for ZIF-8-CNC vs. 2.0 ± 0.2 nm for CNC).  Such an 

increase is consistent with microscopic observations and can be attributed to the growth of ZIF-8 

crystals around the cellulose nanocrystals (Figures 2a, 2b, 2d, and 2e). 

Finally, ZIF-8-CNC and ZIF-8 both exhibited an amorphous halo at lower q-values and a sharp 

peak in the highest achievable q-range at ~0.5 Å-1 (Figures 4j and 4k).  These scattering data are 

in contrast to only a broad amorphous halo from pure CNC film that indicated short-range ordering 

of nanocrystals within nematic monolayers (Figure 4i).  In contrast, the presence of the sharp peaks 

in ZIF-8 based materials indicates the formation of crystalline phases.  The d-spacing of ~11.6 Å 

(2∙π/qpeak) is close to the (110) Bragg reflection from the known unit cell of the ZIF-8 crystal but 

restricted resolution at high-q resolution precludes complete crystal structure analysis.  

Overall, SANS and XRD studies suggest that distorted and anisotropic chiral ZIF-8 crystals have 

grown under confined spatial conditions in the organized helicoidal matrix: penetration of 

precursors within nanocellulose and integration with twisted amphiphilic nanocrystals leads to 

growth of chiral ZIF-8 crystal. 

As known, ZIF-8 can be considered as prospective material for chemoresistive sensors with fast 

response/recovery times and high sensing sensitivity.[70] Next, we tested the ability of chiral ZIF-

8 to differentiate chiral amino acids during absorption from solution on thin film electronic arrays, 

as a prototype of a prospective enantiotropic sensor.[11,71,72] To design enantiotropic sensing 

materials, the chiral ZIF-8 was used as an active layer that links channels with a width and length 

of 50 and 250 µm, respectively in thin-film transistor (Figure 5a). The current change in this 

sensing element, ΔI/Io, was measured after the chiral amino acids were adsorbed from solution 

onto the ZIF-8 channel,[73,74] where ΔI=I-Io and I and Io are the drain current when analyte is 

exposed to the sensor and baseline current, respectively.  

In this study, we exploited the L-and D-alanine (Ala) for testing selective sensing (Figure 5a). As 

known, Ala is the most abundant amino acid in humans and the L-Ala enantiomer is involved in 

protein synthesis.[75,76] Additionally, L-Ala is used in pre- and post-operative nutrition therapy, 

along with other L-amino acids, and it is also employed as a precursor for pharmaceutical 

products.[77,78]  

As we observed in our studies, the difference in current-voltage (I-V) data allows clear recognition 
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of L- and D-Ala amino acids (Figures 5b, 5c, and S15). Furthermore, multiple chemoresistive 

sensors responding to the different chirality of Ala molecules have been established to evaluate 

reliable chiral response.  For this testing, we monitored the ΔI/Io variation of the 30 chiral sensors 

array by statistical analysis (10 sensors per substrate, total three substrates were used, Figure S16 

and S17). The results reflect the average ΔI/Io values of the sensors with a standard deviation 

ranging from 10 to 30% in sensor-to-sensor variation (σ/(ΔI/Io)) of ~ 20 %) where σ is a standard 

deviation and ΔI/Io is the average value of the 30-sensor array. As can be seen, traditional ZIF-8–

based sensors display negligible chiral recognition by showing a negligible difference between 

ΔIL-Ala/Io and ΔID-Ala/Io up to 400 µM (Figure 5d). On the contrary, the chiral ZIF-8 sensor 

demonstrates the clear difference between ΔIL-Ala/Io and ΔID-Ala/Io, indicating efficient sensing the 

chiral biomolecules even at a very small amount of a target analyte. Specifically, ~14.6, 42.9, 49.5, 

and 60.2 % increase in the current change are observed for D-Ala compared to the L-Ala at 50, 

100, 200, and 400 µM concentrations, respectively.   

The LOCD value which is critical for the recognition of enantiotropic molecules was about 300 

µM as detected by comparing differential current ratios depending on D- and L-Ala analyte 

concentrations (Figure 5e).  Moreover, the LOD value for chiral templated ZIF-8 was determined 

as 39 and 64 µM for D- and L-Ala analytes, respectively, based on absorption from the solution 

during drop-casting and current charge measurements.[79,80]  It is important to note that the chiral-

detection limit observed here is comparable or exceeds those for other traditional enantioselective 

sensors (Table S6). The electrical characteristic results of templated chiral ZIF-8 biosensors with 

varying chiral analytes concentration imply efficient enantioselective sensing properties occur due 

to the more favorable affinity of chiral ZIF-8 with D-Ala than L-Ala as shown in Figures 5f-i, 

associated with left-handedness of crystal structure of chiral ZIF-8.[81]  We suggest that the chiral 

crystal structure of templated ZIF-8 provides more favorable interaction such as metal-

coordinating[82] and H-bonding interactions[83] for right-handed chiral D-Ala molecules due to 

saturation of higher numbers of the interactions to left-handed ZIF-8 crystal structure due to shape-

controlled complementary interactions (key-lock principle) (Figure 5f, h).  Since Ala is capable of 

electron transfer,[84] induced dipole moment increases as interaction between Ala and ZIF-8 

increases,[85,86] therefore increasing the current density within porous matrix as detected with I-V 

data at different concentrations.  
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Figure 5. Templated chiral ZIF-8 enantioselective chemoresistive sensor proof of concept. a) Chemical 
structure of L-Ala and D-Ala (top panel). The configuration of the developed enantioselective sensors. 
Chiral ZIF-8 is deposited onto pre-patterned Au/Ti electrodes with channel width and length of 50 and 250 
µm, respectively (bottom panel). Typical I-V curve of b) ZIF-8 and c) templated ZIF-8 to L-Ala and D-Ala 
at 400 µM, respectively. Current change (ΔI/Io) plot of d) ZIF-8 and e) templated ZIF-8 with respect to 
different concentrations of L- and D-Ala from 50 to 400 µM. Enantioselective interaction of templated ZIF-
8 with f, g) L-Ala and h, i) D-Ala. D-Ala shows favorable interactions with templated ZIF-8 than L-Ala. 
Green: oxygen, blue: nitrogen, red: zinc, grey: carbon, and white: hydrogen.  

It has been well known that the interaction between the metal atom and organic molecule can be 

directly confirmed using electrical and/or voltammetry.[87,88] Thus, observed different I-V curve of 
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chiral ZIF-8 toward L- and D-Ala directly confirms the enantioselective interaction of chiral ZIF-

8 toward L- and D-Ala as illustrated in Figures 5b, 5c, and S15. The specific bonding types could 

be further studied using computational methods including molecular dynamics simulations for 

further studies.[89] 

Conclusion 

This work demonstrates that chiral ZIF-8 structures can be synthesized on twisted nano-templates 

with the left-handed helical motif (Figure S18) by growing ZIF-8 from achiral precursors in chiral 

nematic bio-templates with the helical supramolecular organization.  The resulting chiral template-

grown ZIF-8 crystals possess a tetragonal unit cell, which is clearly distinct from the conventional 

ZIF-8 cubic unit cell.  Additionally, it exhibits a high (828 m2/g) specific surface area that includes 

nanopores (d < 2 nm) and a greatly extended fraction of mesoporous open volume (2 < d < 50 nm). 

Chiral ZIF-8 enables facile sensing and recognition of amino acid enantiomers, being an active 

channel in the form of an enantioselective chemoresistive sensor with performance that exceeds 

common spectroscopic and electrochemical sensing abilities. It has been systemically investigated 

that conventional achiral ZIF-8 can show high chemical stability to diverse organic solvents and 

exceptional thermal stability (up to 550 oC).[50] Thus, considering same chemical bonding structure 

of chiral ZIF-8 is same with conventional ZIF-8 (composed of Zn-N bonding), the stability chiral 

ZIF-8 toward the air, water, common solvents and thermal treatment may also excel along with 

potential recyclability in gas uptake.  Indeed, it was reported that conventional ZIF-8 can show the 

outstanding recycling stability toward gas uptake/release with the gas uptake efficiency over 

90%.[90] Besides, we further envision that chiral ZIF-8 may show the enantioselective gas 

uptake/release capability owed to the it’s chirality[85]. Last, it is worth to note that seamless growing 

of chiral metal-organic materials within porous naturally twisted plant-based matrices can provide 

hints about answering one of the unresolved compelling questions, the origin of homochirality 

found in nature.[91] We suggest that twisted biopolymer materials from plants can induce assembly 

of chiral metal-organic assemblies from achiral precursors as a potential case for naturally 

occurring organic chirality.  

For further exploration, the generality of this method for other MOFs can be explored by allowing 

the growth of achiral precursors of MOFs on twisted nano-templates. Potential candidates include 

i) achiral indium nitrate pentahydrate, zinc nitrate tetrahydrate, and imidazole for chiral ZIF-5 
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synthesis and ii) achiral cobalt nitrate hexahydrate and benzimidazole for chiral ZIF-9 synthesis 

using CNC as chiral bio-template. We envision that if chiral bio-templates can universally transfer 

chirality to diverse achiral precursors of MOFs, this can facilitate scalability in making chiral 

MOFs by replacing traditionally employed synthetic chiral reagents.  Moreover, we suggest that 

this approach can be expanded by exploring if these templated chiral MOFs can be utilized as a 

stable secondary template for growing chiral inorganic nanostructures. 
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A novel class of chiral metal-organic frameworks (MOFs) is generally obtained through complex 
synthetic routes by using a limited choice of reactive chiral organic precursors as the primary 
linkers or auxiliary ligands. We report a facile synthesis of chiral MOFs, specifically, zeolitic 
imidazolate framework-8 (ZIF-8), from achiral precursors grown on chiral nematic cellulose-
derived nanostructured bio-templates. The template-grown chiral ZIF-8 possesses a tetragonal 
crystal structure with a chiral space group of P41, which is different from a traditional cubic crystal 
structure of I-43m for freely grown conventional ZIF-8. The chiral structure demonstrates 
enantioselective recognition and chiral sensing abilities with a low limit of detection of 39 µM and 
the corresponding limit of chiral detection of 300 µM for representative chiral amino acid, D- and 
L- alanine.”   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


