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Covalently Functionalized Egyptian Blue Nanosheets for Near-
Infrared Bioimaging  

G. Selvaggio1,2†, N. Herrmann2†, B. Hill1, R. Dervisoglu3, S. Jung1, M. Weitzel2, M. Dinarvand1,2,  
D. Stalke4, L. Andreas3, S. Kruss1,2,5,6 

Fluorophores emitting in the near-infrared (NIR) wavelength region present optimal characteristics for photonics and 

especially bioimaging. Unfortunately, only few NIR fluorescent materials are known and even fewer are biocompatible. For 

this reason, the scientific interest in designing novel NIR fluorophores is very high. Egyptian Blue (CaCuSi4O10, EB) is a NIR 

fluorescent layered silicate that can be exfoliated into fluorescent nanosheets (EB-NS). So far, its surface chemistry has not 

been tailored but this is crucial for colloidal stability and biological targeting. Here, we demonstrate covalent surface 

functionalization of EB nanosheets (EBfunc) via Si-H activation using hydrosilanes with variable functionalities. EB-NS were 

first grafted with the visible fluorescent pyrene (Pyr) moieties to prove conjugation by colocalization of the Vis/NIR 

fluorescence on the (single) EB-NS level. The same procedure was performed and validated with carboxyl group (COOH)-

containing hydrosilanes. These groups can serve as generic handle for further (bio)functionalization of the EB-NS surface. 

Finally, folic acid (FA) was conjugated to these COOH-functionalized EB-NS to target folic acid receptor-expressing cancer 

cells. These results highlight the potential of this surface chemistry approach to modify EB-NS and enable targeted NIR 

imaging for biomedical applications. 

Introduction 

 

After the discovery of graphene, two-dimensional (2D) 

nanomaterials have become an emerging class in science1–3. 

They provide numerous opportunities for electronics, catalysis, 

optics and (gas) storage on the nanoscale and beyond1–9. 

Furthermore, their use in biomedical applications is a main 

focus for researchers10–15. Classes of 2D nanomaterials which 

have proven successful in biomedicine include graphene, 

transition metal dichalcogenides (TMDs), layered double 

hydroxides (LDHs), silicate clays, transition metal oxides 

(TMOs), hexagonal boron nitride (hBN) and many more16–18. 

Hydrophobicity and the chemical inertness of most 2D 

nanomaterials are challenges especially for  biological 

applications, in aqueous environments. Especially inorganic 

materials e.g. metal sulfides, chalcogenides and silicates require 

additional surface chemistry for example to guarantee colloidal 

stability. The tailoring of surface functionalization therefore 

plays a role of paramount importance for the achievement of 

enhanced colloidal stability, longer circulation times and 

improved biocompatibility. The possibility of decorating these 

nanomaterials with (bio)molecules of interest could 

furthermore allow therapeutic treatment, sensing and imaging 

applications19.  

Egyptian Blue (CaCuSi4O10, EB) is the most ancient pigment in 

the history of mankind, having its origins dated back to Ancient 

Egypt (≈ 2500 BC)20,21. This calcium copper tetrasilicate displays 

a layered crystal structure which allows to prepare nanosheets 

(NS) via simple stirring in hot water22–27. Most interestingly, it 

has been shown that the bright, stable and long-lived near-

infrared (NIR) fluorescence of the bulk material (λem ≈ 910-

930 nm)25–30 is preserved in exfoliated NS down to just few 

tenths of nm in size31,32. The biocompatible nature of this class 

of layered silicates has been demonstrated by cell viability 

assays and in vivo studies31. Among them, an increasing number 

of publications has proven the high potential of EB-NS in the 

biomedical field as multi-functional platform for bioimaging31,32, 

sensing33, photothermal therapy (PTT)34,35, tissue 

engineering36,37 and more. Especially as novel NIR fluorophore, 

EB-NS appears of extreme interest. Fluorophores that emit in 

the NIR window (NIR-I: λ ≈ 750-1000 nm; NIR-II: λ ≈ 1000-

1700 nm) present optimal characteristics for bioimaging due to 

reduced phototoxicity, scattering, absorption and 

autofluorescence of biological samples at these wavelengths38–

41. Although organic dyes (e.g. indocyanine green42, modified 

boron dipyrromethenes43–46, etc.) and nanomaterials (e.g. 

quantum dots47, silicon nanocrystals48, single-walled carbon 

nanotubes49–55, etc.) have been successfully implemented for 

numerous biological studies, their number is quite limited and 

in most cases they are affected by low quantum yield, low 

photostability and/or biocompatibility issues40,42,47,56–59. For 

these reasons, the interest in novel NIR materials is very high. 

Although the potential of EB-NS as NIR fluorophore has already 

been recognized 31,32, the next important step in this direction 

is tailoring of its surface chemistry. So far, the few publications 

which have described functionalization procedures on EB-NS 

have focused on lipophilic coatings. These were bond to the 

silicate surface either through electrostatic interactions (with 

e.g. the cationic surfactant cetyltrimethylammonium bromide, 

CTAB60) or covalently via silanization (with trimethylsilyl 

chloride, TMSCl61,62). Due to the non-covalent nature of the 

former, dynamics in the biological environment represent a 

challenge. The latter, on the other side, is covalent but also 

hydrophobic and inert, thus limited for biological applications.  
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Therefore, versatile chemical surface chemistry is crucial to use 

EB-NS e.g. for bioimaging.  

Silicon-based nanoparticles (NPs) and materials have found 

several applications in the biomedical field63–69. These materials 

benefit from a well-established surface chemistry. For example, 

in the case of silica NPs, reactive functional moieties including 

the hydroxyl (-OH), carboxyl (-COOH), amine (-NH2), azide (-N3) 

and alkyl halogen groups can be covalently introduced either via 

co-condensation or by post-synthesis surface modification 

(“grafting”). While the former yields a more uniform 

distribution of functional groups, the latter does not 

significantly affect the size distribution and morphology of the 

silica NPs. The grafting procedure, which can be applied to 

diverse silica substrates, consists in the condensation of 

functionalized organosilicon compounds (typically silanes) with 

the accessible silanol groups (Si-OH) present on the surface of 

the silica-based material70. The most employed leaving groups 

in silanes are alkoxy groups (RnSiX4-n, X = OR’), but also 

alternatives such as halides, acyloxy and amino groups 

(X = halide, OCOR’ and NR’2 in RnSiX4-n) have been extensively 

reported. In this way, silane chemistry can robustly install 

strong bonds between the particle surface and (bio)molecules 

of interest, e.g. small organic molecules, fluorophores, nucleic 

acids, peptides, proteins, enzymes, antibodies, gold NPs, 

etc.19,64–69. However, the main issue with traditional alkoxy- 

(e.g. trialkoxysilane), halo- (e.g. chlorosilane), amino- (e.g. (3-

aminopropyl)triethoxy silane, APTES) and acyloxysilanes 

coupling agents is that they are highly reactive and moisture 

sensitive, therefore purification steps can be challenging. A 

versatile alternative are hydrosilanes. These molecules are 

easily accessible, highly stable against moisture and allow 

simple purification. By choosing hydrosilanes as precursors and

the strong Lewis acid tris(pentafluorophenyl)borane (B(C6F5)3) 

as catalyst, Moitra et al.71 have reported a promising method 

for surface modification of silica. This Si-H activation process, 

which has also later been adapted by Sweetman et al.72 to 

porous silicon (pSi), can be performed at room temperature, is 

fast (reaction time ≈ 5 min), can be confirmed by naked eye 

(hydrogen release), and allows covalent binding of diverse 

groups.  

In this work we report covalent functionalization of EB-NS via 

Si-H activation of hydrosilanes, followed by conjugation of EB-

NS with different functional groups including folic acid (FA). We 

establish covalent (bio)functionalization of EB-NS and 

demonstrate targeted imaging of cancer cells (Fig. 1). 

 

 

 

Results 

 

Functionalization (EBfunc) of Egyptian Blue Nanosheets (EB-
NS) With Pyrene (Pyr) 

 

Previous works have demonstrated that silanol groups are 

indeed accessible in significantly high numbers as a 

consequence of both synthesis and exfoliation 

procedures22,35,73. Our goal was to first demonstrate that this 

chemistry works in general and then to use it to bind biologically 

relevant molecules to EB-NS. To optimize the reaction 

conditions and to prove that this experimental procedure works 

on EB-NS, pyrene (Pyr) was chosen as the functional group (R). 

Its well-known fluorescence74,75 acts as a visible control for the  

 

Figure 1: Surface functionalization of Egyptian Blue nanosheets for bioimaging. a Procedure  to graft hydrosilanes (R-Sil) onto the 

surface of Egyptian Blue nanosheets (EB-NS) via Si-H activation is illustrated. As R groups of the hydrosilanes, pyrene (Pyr) and an 

alkyl carboxylic acid for further conjugation were chosen. The NIR emission of EB-NS and the visible (Vis) fluorescence of Pyr are 

used to investigate the functionalization via colocalization. For clarity, only a small section of an EB-NS crystal with only one Si-OH 

on its surface is depicted. b EBfunc with folic acid (FA) is used to target and image FA receptors on cancer cells. Structures and 

objects are not to scale for better clarity.  
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success of the grafting reaction. Therefore, 1-

(dimethylsilyl)pyrene (Pyr-Sil) was synthesized from 1-

bromopyrene and chlorodimethylsilane using a method known 

from literature71 (Fig. S1). The resulting silane was then reacted 

with EB-NS using (C6F5)3B as catalyst. The addition of the 

catalyst resulted in hydrogen evolution (Fig. S2), as expected 

from the Si-H activation process and as reported in literature71. 

This observation represents a first visual indication that 

functionalization has been successful. After vigorous washing 

with dichloromethane (DCM) and hexane, the emission at 

visible wavelengths of the material (EBfunc) was investigated 

using fluorescence spectroscopy. The pyrene emission76–78 was 

detected even after intense washing, thus excluding that only 

physisorption happened (Fig. 2a). Without catalyst (noCAT) no 

visible fluorescence after the same washing procedure was 

observed, ruling out strong non-covalent binding between Pyr-

Sil and EB-NS (Fig. S3). Additionally, we examined whether the 

fluorescence of the visible- and NIR-emitting moieties (Pyr and 

EB-NS, respectively)  changes. It is known that both radiative 

and non-radiative energy transfer between pyrene and other 

fluorescent molecules can happen if conditions such as close 

mutual distance and spectral overlap are met75,79,80. 

Interestingly, neither the Pyr (Fig. 2a, Fig. S3) nor the EB-NS (Fig. 

2b) signals showed any significant difference compared to the 

starting materials31,32. This result shows that there is no energy 

transfer maybe because of the non-overlapping spectra. 

Nevertheless, the unchanged excitation and emission features 

of EB-NS once more underline the photostability of this silicate 

nanomaterial. 

To prove functionalization on the single particle level  and gain 

spatial information microscopy has to be used. The previously 

described EBfunc and noCAT powders were analyzed at a 

confocal laser scanning microscope (CLSM) to assess 

colocalization (Fig. 3, Fig. S4-S5). With this method, successful 

functionalization can be deduced if the same particles are 

simultaneously observable in the bright field (BF) and in the 

visible fluorescence (PL) channel, meaning that fluorescent Pyr 

is present on the surface of the imaged nanostructure. EB-NS 

“as is” was chosen as one of the controls: considered that this 

represents pristine EB-NS which did not undergo any surface 

reaction and had thus no contact to pyrene, no fluorescence 

signal was expected here. Indeed, this control only yielded a 

very weak signal in the PL channel, likely determined by slight 

cross-talk of the CLSM optical path (Fig. S5d,h). Analogously to 

the fluorescence spectroscopy dataset, the “noCAT” control 

sample was measured as well. In this case, the PL counts were 

slightly higher compared to the unprocessed EB-NS, yet the 

overall signal was very dim and colocalization was neglectable 

(Fig. S5c,g). When measuring EBfunc, on the other side, a 

significantly stronger fluorescence intensity was observed over 

the entire sample. Furthermore, a high degree of colocalization 

could be measured for both larger and smaller NS structures 

(Fig. 3, Fig. S5a,e). Indeed, the colocalization analysis indicated 

a comparable colocalization degree for the EB-NS and noCAT 

controls, whereas ≈ 2× higher values were calculated for EBfunc 

(Fig. S5i). This dataset thus represents a further proof that Pyr 

is bound covalently in high number, while NS in the noCAT 

sample display at most a small amount of physisorbed pyrene. 

 

Figure 2: Proof of conjugation by absorbance and fluorescence spectroscopy. a Pyrene has characteristic absorption features 

between 200-350 nm and fluorescence features between 370-400 nm which are observable in the synthesized 1-

(dimethylsilyl)pyrene (Pyr-Sil). These emission features are also present in pyrene-functionalized EB-NS (EBfunc), even after several 

washing steps, which proves successful conjugation. b 2D excitation-emission spectrum of EBfunc. It is not changed by the surface 

modification compared to EB-NS, thus highlighting on one side the robustness of EB-NS fluorescence, on the other side the absence 

of energy transfer between EB-NS and pyrene. 
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In addition to the fluorescence studies described above, solid-

state magic-angle spinning NMR analysis (MAS NMR) was 

performed on the previously defined EBfunc, noCAT and Pyr-Sil 

samples (Fig. 4). Here, the signals of the 1-(dimethylsilyl)pyrene 

have been considered. We assigned the corresponding 13C shifts 

of 0 ppm to the methyl and 120-140 ppm to the aromatic 

groups. EBfunc displayed a significant change of about +4 ppm 

in the chemical shift of the 0 ppm methyl groups. Furthermore, 

the aromatic peaks of Pyr-Sil were detected as well. Finally, no 

such signals were observed in the noCAT control. These findings 

directly prove  attachment between the Si end of the Pyr-Sil and 

the Egyptian Blue surface. Hence, the 13C MAS NMR data 

indicates a successful surface chemistry. 

 

 

 

 

Functionalization (EBfunc) of Egyptian Blue Nanosheets (EB-
NS) with Carboxyl Groups (COOH) 
 

Next, we moved to more versatile reaction partners. 4-

(dimethylsilyl)butanoic acid (COOH-Sil) was synthesized via a 

Grignard reaction from the corresponding chloro compound 

and carbon dioxide (Fig. S6-S7). COOH-Sil was then added to EB-

NS and the catalyst as previously described for Pyr-Sil, yielding 

in this case COOH-functionalized EB-NS (EBfunc). The grafting 

reaction led again to bubbling (i.e. hydrogen evolution), thus 

providing a first proof of successful covalent functionalization. 

When the reaction was repeated without the presence of the 

catalyst for the noCAT control sample, no bubbling could be 

observed. In a next step, after the usual washing and drying 

steps, zeta potential values of the EBfunc, noCAT and 

unprocessed EB-NS samples were measured (Table 1). Acidic 

groups tend to dissociate in water at pH ≈ 7: although the 

surface of unmodified EB-NS is already negatively charged, we 

therefore expected the presence of carboxylic acid groups on 

EBfunc to further increase the amount of negative surface 

charges31,81. These can be robustly assessed via measurements 

of zeta potential, i.e. the electrical potential at the slipping plane 

of the investigated object. Indeed, the zeta potential of EBfunc 

(≈ -40 mV) decreased compared to noCAT and EB-NS (both  

≈ -20 mV) suggesting the presence of grafted carboxyl groups 

on the surface of EBfunc. Furthermore, zeta potential is known 

to be a commonly employed tool to assess colloidal stability82. 

According to the well-established DVLO theory83,84, the sum of 

van der Waals attractive and electrical double layer repulsive 

interactions between (nano)particles determines the 

  

Figure 3: Proof of conjugation by optical colocalization. Confocal laser scanning microscopy (CLSM) images of pyrene-

functionalized EB-NS (EBfunc). The bright-field (BF, a,d), fluorescence (PL, b,e) and merged channels (c,f) of EBfunc imaged at a 

CLSM are shown. For both µm-sized and nm-sized EB-NS a high degree of colocalization is observed , which proves functionalization. 

Scale bar = 100 μm for overview images. Scale bar = 10 μm for blow-ups.
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stability of a colloidal system. In order for it to be stable and 

thus avoid the formation of aggregates, repulsive forces must 

prevail. Considered that the degree of particle repulsion is 

known to increase with higher absolute values of the zeta 

potential, this dataset also highlights a better colloidal stability 

of EBfunc. This lower tendency of agglomeration is of 

paramount importance for applications of these NS in biological 

systems. 

 

 

Table 1: Zeta potentials of EB-NS, COOH-functionalized EB-NS 

(EBfunc) and folic acid-conjugated EB-NS (FA-conjugated 

EBfunc). To verify the presence of carboxyl groups on the NS 

surface, zeta potential measurements on aliquots of EBfunc, the 

corresponding catalyst-free control sample (noCAT) and the 

unmodified EB-NS were performed. To confirm the conjugation 

of EBfunc with FA, zeta potential values of FA-conjugated EBfunc 

and the corresponding control were acquired. For both datasets, 

samples were dispersed in water and pH values were adjusted 

before measuring. N = 1 independent sample, n = 5 technical 

replicates. 

 

Sample Zeta Potential ± Standard Deviation / mV pH 

EBfunc -41 ± 2 6.83 

noCAT -21 ± 1 6.31 

EB-NS -20 ± 1 6.77 

FA-conj. 
EBfunc 

-38 ± 3 6.42 

Control -33 ± 2 6.11 

 

Conjugation of Folic Acid (FA) onto COOH-
Functionalized EB-NS (EBfunc) 
 

With this functional carboxyl handle on the surface of EB-NS, 

classical conjugation chemistry can be used. Similar chemistries  

have been extensively performed for e.g. silica nanoparticles19. 

One interesting biomolecule is folic acid (vitamin B9, FA). This 

non-immunogenic, cost-efficient and stable molecule shows 

high affinity (Kd ≈ 0.1-1 nM85,86) to the folate receptor (FR), 

which tends to be up-regulated in a wide range of human 

cancers. For this reason, tumor-specific treatments with high 

selectivity are envisioned, as demonstrated by the targeting of 

the most widely expressed isoform FRα by means of organic 

molecules, antibodies and nanoparticles85–88. Although the 

COOH group in the γ position on the FA core scaffold is most 

often used as handle for covalent attachment, other protocols 

exist which target amino groups instead, without compromising 

the binding strength of FA to FRα86,89–92. Inspired by one of these 

procedures91, we therefore conjugated FA to COOH-

functionalized EBfunc. As a control, the same reaction but 

without the addition of N,N′-dicyclohexylcarbodiimide (DCC) 

and N-hydroxysuccinimide (NHS) was repeated. The success of 

the conjugation protocol was first assessed by means of zeta 

potential (Table 1): the more negative values for EBfunc 

compared to the control indicated a higher presence of 

negatively charged FA on the EBfunc surface. This outcome 

indicates successful conjugation beyond mere physisorption. 

 

Figure 4: Proof of conjugation by solid-state nuclear magnetic resonance (ssNMR). 1H-13C cross-polarization (CP) magic-angle 

spinning (MAS) solid-state nuclear magnetic resonance (ssNMR) spectra of the 1-(dimethylsilyl)pyrene (Pyr-Sil), the pyrene-

functionalized EB-NS (EBfunc) and the control sample without catalyst (noCAT) are reported. In Pyr-Sil, the peak at around 0 ppm 

belongs to the methyl groups attached to the Si atoms, whereas the 120-140 ppm peaks belong to the aromatic carbons of the 

pyrene moiety. Peaks denoted with triangles are spinning side bands. In EBfunc, the 4 ppm 13C chemical shift belongs to the methyl 

groups and the 120-140 ppm to the aromatics from Pyr-Sil. The catalyst-free control sample shows no presence of the pyrene-silane 

either attached to the surface of EB-NS or free.
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Next, this novel FA-EBfunc conjugate was employed for tumor-

selective targeting of HeLa cancer cells. These are epithelial cells 

from a cervical carcinoma which have been extensively used in 

biological studies and are known to express FRα in high 

amounts85,89,91,93. FA-conjugated EBfunc was introduced to 

these cell samples, which were then imaged at our home-built 

NIR microscopy setup. Here, colocalization experiments of the 

cells (phase contrast mode) and the FA-conjugated EBfunc (NIR 

fluorescence) were carried out (Fig. 5). For the estimation of the 

degree of cell targeting displayed by FA-conjugated EBfunc, the 

positions of its NS relative to nearby cells were analyzed 

(Fig. S8). In order to distinguish specific binding from simple 

physisorption, control EBfunc samples were prepared as 

mentioned above. Although non-specific binding events 

occurred, FA-conjugated EBfunc showed a higher degree of 

colocalization. This “background” looks different from the 

background one would expect from organic dyes because of the 

“particle” nature of EB-NS. It indicates a certain level of 

physisorption of non-functionalized EB-NS on cells. 

Nevertheless, this result suggests the presence of ligand-

receptor binding events, which would be  

expected from the interaction between FA and the 

corresponding FRα receptors expressed by HeLa cells. In this 

way not only the conjugation chemistry performed on EBfunc 

was further confirmed, but the potential of functionalized EB-

NS for bioimaging was also showcased. 

 

 

 

Discussion 

In this work a simple, robust and versatile protocol for the 

covalent functionalization of Egyptian Blue nanosheets (EB-NS) 

was described for the first time. The chosen approach, based on 

Si-H activation of hydrosilanes and adapted from the work of 

Moitra et al.71, enables a large degree of freedom in terms of 

available R groups. We first demonstrated the applicability of 

this method on EB-NS by choosing a pyrene-bearing silane (Pyr-

Sil) as precursor. A first proof of successful functionalization was 

given by hydrogen evolution, which could be easily observed by 

eye during the reaction. Next, we could exploit the visible 

fluorescence of pyrene to confirm its grafting onto the EB-NS 

surface via spectroscopic and imaging methods. As a final 

Figure 5: Targeted imaging of HeLa cells with folic acid (FA)-conjugated EBfunc. a-c Exemplary merged microscopy images of 

HeLa cells (phase contrast, Vis channel, grayscale) incubated with FA-conjugated EBfunc (a-b) and EB-NS without FA (c) 

(fluorescence, NIR channel, red color). Scale bar = 50 μm. d The average colocalization highlights that EBfunc binds to a higher 

degree to FA expressing cells even though there is a background of non-specific adsorption. The cell labelling performance was 

evaluated by classifying NS particles according to their position relative to nearby cells. Data was normalized to the total number 

of NS present in the imaged region. Error bars = standard deviation. n = 4-5 analyzed regions of interest. 
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characterization step, solid-state nuclear magnetic resonance 

(ssNMR) was chosen: by means of  1H-13C cross-polarization (CP) 

magic-angle spinning (MAS) measurements, the relevant signals 

of Pyr-Sil could be detected in the functionalized (EBfunc) 

sample. The versatility of this functionalization approach 

allowed us then to choose moieties of higher interest for e.g. 

bioimaging purposes. By following the same procedure, we 

explored the grafting reaction with a carboxylic acid-bearing 

silane (COOH-Sil). The covalent bonding of the carboxyl groups 

(COOH) onto the surface of EB-NS could be once more 

confirmed by the naked eye due to hydrogen evolution. 

Furthermore, zeta potential measurements clearly indicated an 

increased negative charge on the surface of COOH-

functionalized EBfunc, which also led to an improved colloidal 

stability. Within the frame of biological applications, such 

features can result in e.g. an increased biocompatibility and a 

longer circulation time of EB in vivo. Finally, folic acid (FA) was 

linked to COOH-functionalized EBfunc via classical conjugation 

chemistry. This additional functionalization step, confirmed by 

zeta potential measurements, allowed NIR fluorescent labeling 

of cancer cells bearing folate receptors. Other NIR fluorescent 

nanomaterials such as SWCNTs have been successfully used for 

bioimaging and sensing49,56. A key to all these applications is 

versatile non-covalent and recently covalent surface 

chemistry53,94,95. It enabled imaging of neurotransmitters96–100, 

reactive oxygen species101–107, polyphenols108, disease 

markers33,53,109,110 and many other important analytes and 

biological targets. Translated to EB-NS, the versatile surface 

chemistry presented by us in this work will enable similar 

applications. 

 

 

 

Conclusions 

The NIR fluorescence of EB-NS offers many opportunities for 

biomedical applications and especially biophotonics. This work 

introduces a new covalent surface chemistry on EB-NS, which 

now provides access to numerous (bio)conjugation reactions 

for COOH-functionalized nanoparticles19. In combination with 

the highly promising chemical and photophysical properties of 

EB-NS21, it represents an important step forward to establish 

EB-NS as robust and versatile fluorophore platform for NIR 

imaging. 
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