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ABSTRACT 

The present work for the first time introduces nanosensors for luminescent monitoring of 

acetylcholinesterase (AChE)-catalyzed hydrolysis of endogenous acetylcholine (AСh) released 
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in neuromuscular junctions of isolated muscles. The sensing function results from the quenching 

of Tb(III)-centered luminescence due to proton-induced degradation of luminescent Tb(III) 

complexes doped into silica nanoparticles (SNs, 23 nm), when acetic acid is produced from the 

enzymatic hydrolysis of ACh. The targeting of the silica nanoparticles by α-bungarotoxin was 

used for selective staining of the synaptic space in the isolated muscles by the nanosensors. The 

targeting procedure was optimized for the high sensing sensitivity. The measuring of the Tb(III)-

centered luminescence intensity of the targeted SNs by fluorescent microscopy enables to sense a 

release of endogenous ACh in neuromuscular junctions of the isolated muscles under their 

stimulation by high-frequency train (20Hz, for 3 min). The ability of the targeted SNs to sense an 

inhibiting effect of paraoxon on enzymatic activity of AChE in ex vivo conditions provides a way 

of mimicking external stimuli effects on enzymatic processes in the isolated muscles. 

INTRODUCTION 

Motor neurons make contact with muscles at specialized sites called neuromuscular junctions. 

Failing to send the correct signals to the muscles at these junctions can lead to muscle fatigue 

and even death if the respiratory muscles are unable to contract. Studying of neuromuscular 

synaptic transmission in ex vivo conditions can provide deeper insight into reasons for 

neurological and neuromuscular disorders and ways of their treatment.1 Thus, ex vivo monitoring 

of endogenous acetylcholine (ACh), which is the neurotransmitter that triggers contraction of 

skeletal muscle cells, is very challenging task. The majority of techniques available from 

literature are based on electrochemical or fluorescent enzyme-based assays paired with 

microdialysis of ACh.2-15 Main limitation of microdialysis is an off-line sample analysis, which 

results in long sampling interval from 5 to 20 minutes.1,2,7-11 This precludes simultaneous 

monitoring of dynamic changes in concentration of endogenous ACh. 
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 3

The space between the motor nerve terminal and the postsynaptic membrane, the synaptic 

cleft, is about 50 nm, it is much smaller than microelectrodes applied in current technologies for 

monitoring of the neurotransmitter.7–11 Thus, microelectrode-based probes are unable to access a 

single synapse due the size limitations, which has become the reason for development of 

nanoscale sensors for visualizing dynamic changes in ACh concentration in synaptic cleft or very 

close to it. It is worth noting that nanosized sensors for efficient ex vivo monitoring of ACh15,16 

are insufficiently reported in literature. Moreover, the literature data represent the techniques 

based on multicomponent nanodevices containing the two different enzymes.15,16 Thus, a 

development of low-cost nanosensors able to visualize the enzymatic hydrolysis taking part in 

synaptic clefts is still challenging task. 

Our previous articles are worth noting as convenient basis for the sensor, where the sensing 

function results from the quenching of terbium(III)-centered luminescence by H+ ions produced 

by the AChE-catalyzed hydrolysis of ACh.17,18 The Tb(III)-centered luminescence, in turn, 

derives from Tb(III) complexes with p-sulfonatothiacalix[4]arene tetrasodium salt ([Tb(TCAS)]) 

embedded into silica nanoparticles.19 The embedding of the complexes into silica nanoparticles 

restricts their deliverance from the nanosensors,19 while the Tb(III) complexes inside silica 

nanoparticles (SNs) are still accessible for H+ ions which is illustrated by Scheme 1. This, in 

turn, minimizes both the inhibiting effect of Tb(III) ions on the activity of AChE17 and 

cytotoxicity of the nanoparticles.20 The size of the Tb-doped SNs should be minimized for the 

high sensitivity of the SNs to H+ ions.17,18 In particular, the Tb-doped SNs with the size about 20 

nm were enough sensitive for in vitro monitoring of AChE-catalyzed hydrolysis of ACh.18 

Nevertheless, monitoring of the enzymatic hydrolysis in neuromuscular junctions requires 

specific targeting of the SNs. The targeting by α-bungarotoxin (α-BGT) is promising route of 
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gaining in affinity of the SNs to synaptic region, since the commercially available dye-labeled α-

bungarotoxin is widely applied in the staining of neuromuscular junctions. 

 

Scheme 1. Schematic presentation of AChE-catalyzed hydrolysis of ACh and its sensing through 

the luminescence of Tb(III) complexes. 

Thus, the present work introduces the targeting of the Tb-doped SNs by α-BGT as a way of 

selective staining of synaptic clefts in frog cutaneous pectoris muscle. The sensing function of 

the targeted SNs is revealed herein in both in vitro and ex vivo conditions, thus, resulting in 

development of the optimal nanosensors for monitoring of the enzymatic hydrolysis at the 

neuromuscular junctions. 

 

RESULTS AND DISCUSSION 

As it has been above mentioned development of the ex vivo sensor is based on previously 

reported Tb(III)-doped SNs with the size about 20 nm, which should be properly targeted for 

their selective localization in neuromuscular junctions. Presentation of the data concerning an 

optimization of a targeting procedure should be preceded by discussion of main factors affecting 

the sensitivity of the nanosensors to acetic acid. It is worth noting that the higher sensitivity of 

these SNs versus the greater in size (35 nm) SNs results from the predominant surface 
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localization of the luminescent Tb(III) complexes in the smaller versus larger nanoparticles.17,18 

However, the higher surface activity of the smaller (∼20 nm) SNs versus the larger (35 nm) ones 

is the reason for the aggregation-induced quenching, which has been previously reported for the 

smaller SNs under their surface decoration by amino-groups.20 Moreover, the aggregation is the 

reason for decreased active surface of the SNs. This, in turn, can be a reason for smaller 

sensitivity to acetic acid. Thus, the aggregation of the SNs should be minimized under their 

targeting by α-BGT. The surface decoration of the SNs by amino-groups is worth noting as one 

more factor decreasing the sensitivity of the nanosensor. In particular, it was previously 

revealed17 that the average number of amino-groups about 3000 per SN is the reason for poor 

sensitivity of Tb(III)-centered luminescence of the complexes inside the SNs (∼35 nm) to acetic 

acid, while the sensitivity of the smaller (∼20 nm) SNs is enough when they are decorated by 

∼300 amino-groups per SN.18 Targeting of silica nanoparticles by proteins requires their surface 

modification by amino-groups with their following conversion into aldehyde- or carboxy-groups. 

Thus, both the number of residual amino-groups and aggregation of the decorated SNs should be 

monitored and controlled in the synthesis of the nanosensor. 

Targeting of Tb(III)-doped silica nanoparticles by α-BGT 

Targeting of silica nanoparticles by peptides is commonly performed through preliminary 

silica surface decoration by aldehyde- or carboxy-groups.21-29 The both decoration procedures 

represented in Figure 1 were applied in the targeting of the SNs by α-bungarotoxin in order to 

choose the optimal one for the higher sensitivity of the nanosensor to acetic acid. The first 

decoration mode21-29 is based on a transformation of amino- to aldehyde- groups via interaction 

with glutaraldehyde, while the second one30-42 is based on conversion of amino- to carboxy-
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 6

groups through the reaction with succinic anhydride. Both types of the SNs decorated by 

aldehyde- or carboxy-groups were further bioconjugated with α-BGT. 

 

Figure 1. Schematically presented synthetic routes of the silica surface modification for the 

targeting by α-bungarotoxin and TEM images of the targeted nanoparticles. 
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 7

The both surface decoration procedures were started from initial luminescent amino-decorated 

nanoparticles (SNs-NH2, 23±3 nm). Taking into account the above mentioned impact of the 

amino-decoration on sensing and colloid properties of the SNs the synthetic procedure was 

modified with the aim to decorate the nanoparticles by smaller amount (1283±5) of amino-

 groups per nanoparticle (for more details see Experimental Section in Supporting Information 

(SI)). 

Each step of the decoration procedures was followed by a quantitative analysis of a decoration 

extent. Quantitative evaluation of residual amino-groups after their transformation to aldehyde- 

or carboxy-groups was performed by means of fluorescamine procedure43 with further 

calculation of the corresponding transformation extents (Fig. S1 in SI). Thus, the average number 

of residual amino-groups was about 435 and 115 when the amino-groups were transformed into 

aldehyde- and carboxy-groups correspondingly. Thus, calculated transformation extent of amino-

groups is higher (91%) for carboxy-decorated (SNs-COOH) nanoparticles versus 66% for the 

aldehyde-decorated ones (SNs-COH). The TEM images of the aldehyde- (SNs-COH) and 

carboxy-decorated (SNs-COOH) nanoparticles reveal no difference between them, which is 

rather anticipated (Fig.S2 in SI). 

Table 1. Averaged size (D), electrokinetic potential (ζ) values and polydispersity indices (PDI) 

from DLS measurements in aqueous solutions for different type of SNs, where CSNs = 0.05 g·L-1. 

Type of SNs D, nm PDI ζ, мВ 

SNs-NH2 aggregation 0.94 +19±1 

SNs-COOH 406±23 0.41 -37±1 

SNs(COOH)-α-BGT 202±2 0.20 -34±1 

SNs-COH aggregation 1 -15±5 
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 8

SNs(COH)-α-BGT aggregation 0.91 -25±5 

 

The aggregation of amino-decorated SNs is rather high (Table 1). Their transformation into 

SNs-COH remains the aggregation on the high level, while the transformation of amino- to 

carboxy-groups results in significant de-aggregation of the nanoparticles (Table 1). The 

aggregation behavior of the SNs is in good agreement with electrokinetic potential values (ζ) 

measured in aqueous colloids of the SNs (Table 1). The ζ value is about +19 mV for the initial 

amino-decorated SNs (SNs-NH2) nanoparticles, while the ζ values after the conversion of the 

amino- to carboxy- (SNs-COOH) and aldehyde-groups (SNs-COH) are about -37 mV and -15 

mV correspondingly (Table 1). Thus, the greater size (d) and polydispersity index (PDI) values 

measured for SNs-COH versus SNs-COOH are in good agreement with the ζ  values (Table 1). 

Moreover, literature data21 are worth noting for highlighting interparticle cross-linking ability of 

glutaraldehyde which also can be a reason for the greater aggregation of SNs-COH versus SNs-

COOH. 

The bioconjugation of both SNs-COH and SNs-COOH with α-BGT results in insignificant 

changes in the TEM images of the targeted nanoparticles (Figs.1 A, B). The DLS measurements 

(Table 1) indicate some decrease in the aggregation behavior of the targeted SNs-COOH, while 

the aggregation behavior remains on the high level for SNs-COH after their targeting. 

The fluorescamine-based fluorescence procedure is the convenient tool for accurate 

quantitative analysis of amino-decoration of nanoparticles, moreover this procedure is low 

concentration consuming.43,44 Taking into account that amino-groups of α-BGT are well 

visualized by the fluorescamine-based procedure (Figs. S3 a, b), the latter was applied to 

compare the quantity of α-BGT deposited onto SNs-COH and SNs-COOH. The contribution of 
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 9

the residual amino-groups in SNs-COOH and SNs-COH colloids to the fluorescence of 

fluorescamine was taken into account in the comparative quantitative analysis of the differently 

targeted nanoparticles (for more details see SI). The analysis (Fig.S3 in SI) indicates the amount 

of α-BGT (4.8 10-4 g L-1) bound with SNs-COH (0.01 g L-1), while the smaller amounts of α-

BGT (3.8 10-4 g L-1) are bound with SNs-COOH (0.01 g L-1). The highlighted in literature 

intermolecular cross-linking of proteins by glutaraldehyde21 is worth noting as a reason for the 

cross-linking of α-BGT into the aggregates which can admix with SNs-COH-α-BGT under their 

phase separations. 

Luminescence of the targeted silica nanoparticles and their sensing functionality 

Emission spectra of both the initial and surface decorated silica nanoparticles are manifested 

by four bands peculiar for Tb(III)-centered luminescence, which are 489 nm (5D4→
7F6), 541 nm 

(5D4→
7F5), 582 nm (5D4→

7F4) and 620 nm (5D4→
7F3) (Figs. 2a, b). The energy of the 

intraconfigurational 4f-4f transitions is independent on both inner- and outer-sphere environment 

of Tb(III) ion,45 while the intensity of the bands is greatly affected by external conditions. In 

particular, our previous reports20,46 are worth noting for highlighting the impact of well-known 

concentration-induced quenching47,48 on luminescence of Tb(III)-doped nanoparticles. The 

luminescence data presented in Fig.2 reveal the effect of the surface decoration on intensity of 

the 4f-4f transitions. It is worth noting that the observed surface decoration effect on the 

luminescence correlates with the aggregation behavior of the decorated and the targeted silica 

nanoparticles. Thus, significant quenching observed for SNs-COH and their targeted analogues 

(SNs(COH)-α-BGT) can be explained by the concentration-induced quenching which, in turn, 

results from the nanoparticles aggregation (Table 1). 
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 10

 

Figure 2. (a) Emission spectra of aqueous dispersion of SNs-COOH (1), SNs(COOH)-α-BGT 

(2) C = 0.017 g L-1, slit 3/3; (b) Emission spectra of aqueous dispersion of SNs-COH (1), 

SNs(COH)-α-BGT (2) C = 0.01 g L-1, slit 7/7, λex = 330 nm. 

The above-mentioned results point to possibility of correlation between the sensing function of 

the targeted silica nanoparticles and their aggregation behavior, since the latter is a reason for 

decreased active surface of the nanoparticles. This, in turn, can affect permeation of H+ ions into 

the silica nanoparticles. The luminescence measurements of the Tb(III)-centered luminescence of 

SNs(COH)-α-BGT, SNs(COOH)-α-BGT and their untargeted counterparts in aqueous solutions 

of acetic acid were performed to reveal the quenching effect of acetic acid on the luminescence 

of the differently decorated nanoparticles. The quenching effect is plotted in Fig. 3 as I/I0 (I0 and 

I are the intensities of the band at 541 nm measured in the colloids before and after the 

acidification) versus concentration of acetic acid. Indeed, the results (Fig.3) indicate greater 

luminescence response of both SNs-COOH and SNs(COOH)-α-BGT to acetic acid versus SNs-

COH and their targeted counterparts. 
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 11

 

Figure 3. (a) I/I0 values of SNs-COOH (1) (С = 0.05 g L-1) and SNs(COOH)-α-BGT (2) (C = 

0.017 g L-1) at different concentrations of CH3COOH; (b) I/I0 values of SNs-COH (1) (С = 0.01 

g L-1) and SNs(COH)-α-BGT (2) (C = 0.01 g L-1) at different concentrations of CH3COOH, λex = 

330 nm. (c) Schematic presentation of the aggregated SNs(COH)-α-BGT with lower sensitivity 

to acetic acid versus SNs(COOH)-α-BGT. The black sticks designate the cross-linking of the 

nanoparticles by glutaraldehyde. 

The presented results (Fig.3) indicate that SNs(COOH)-α-BGT are the best candidate for 

further application in both in vitro and ex vivo monitoring of AChE-catalyzed hydrolysis of ACh, 

while the sensitivity of SNs(COH)-α-BGT to acetic acid is significantly decreased by their 

aggregation (Figs. 3a, b). Figure 3c schematically illustrates the effect of the aggregation on 

sensitivity of Tb(III)-centered luminescence of the targeted nanoparticles to acetic acid. 
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The reliability of SNs(COOH)-α-BGT in monitoring of AChE-catalyzed hydrolysis of ACh 

was revealed by monitoring the changing of Tb(III)-centered luminescence in time when AChE 

was added to the aqueous solution of SNs(COOH)-α-BGT and ACh. The I/I0 values measured at 

various time duration after the addition of AChE (Fig. 4) tend to sharp decrease within about 5-7 

minutes. The decrease in I/I0 values is followed by coming to the saturation level after ten 

minutes (Fig. 4). The profile of I/I0 versus time (Fig.4) is very similar to the previously published 

profiles for the untargeted Tb(III)-doped silica nanoparticles.17 As it has been already 

highlighted17 such profile results from the inhibition of AChE in the acidified conditions 

produced by the enzymatic hydrolysis of ACh. Indeed, the pH value tends to decrease from 8.0 

to about 6.5 after five-six minutes of the enzymatic process. 

 

Figure 4. Time dependence of I/I0 of SNs(COOH)-α-BGT (C = 0.034 g L-1) in NaCl-based (C = 

100 mM) solution of ACh (C = 0.4 mM) in the presence AChE (C = 10-5 mM). Initial pH is 8.0. 

Ex vivo monitoring of synaptic AChE-catalyzed hydrolysis of ACh by fluorescence response of 

SNs(COOH)-α-BGT 

Sensing of endogenous ACh hydrolysis at the neuromuscular junctions requires their selective 

staining by SNs(COOH)-α-BGT. The selective localization of the nanosensor, in turn, should be 
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greatly affected by the target peptide α-BGT. Nevertheless, literature data highlight some 

examples of the decrease in the enzymatic activity of the proteins24,25,27 under their covalent 

binding with nanoparticles. Thus, the targeting function of α-BGT can be changed due to its 

bioconjugation with the nanoparticles. 

As it has been above mentioned incubation of the muscle samples by the dye-labelled α-BGT, 

Alexa 647-α-BGT, results in the efficient staining of the synaptic region which is revealed by 

fluorescent microscopy measurements (Figs. 5 a,b). Therefore, to reveal an impact of α-BGT in 

targeting of nanoparticles in synaptic region, muscles were incubated by the targeted 

SNs(COOH)-α-BGT or untargeted SNs(COOH) nanoparticles for ten minutes. After the washing 

out of the nanoparticles the analysis of fluorescence intensity in synaptic regions was performed. 

The efficient staining of neuromuscular junctions by SNs(COOH)-α-BGT was revealed, while 

the staining by SNs-(COOH) was rather poor (Figs. 5 c, d). It is also worth noting that these 

incubation conditions are inconvenient for detectable cellular uptake of the nanoparticles.20 To 

confirm the localization of SNs(COOH)-α-BGT in the synaptic regions, we co-labeled muscles 

by Alexa 647-α-BGT and SNs(COOH) or SNs(COOH)-α-BGT. For this end, after incubation 

for ten minutes and washing out of the nanoparticles, synapses were stained by dye-labeled α-

BGT. The merged fluorescent images of the synaptic regions (Fig.5 e, f) stained by both Alexa 

647-α-BGT and the nanoparticles confirm localization of SNs(COOH)-α-BGT in the 

neuromuscular junctions. Fluorescence intensity analysis of synaptic regions showed that the 

staining in the case of SNs(COOH)-α-BGT was significantly brighter (a.u. = 45.2±1.7, n = 15 

junctions) than staining by SNs-COOH (a.u. = 18.7±1.2, n = 17 junctions, p < 0.001). This result 

clearly indicates the impact of α-BGT in targeting of silica nanoparticles in synaptic region. 
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Figure 5. Fluorescent images of synaptic regions stained with Alexa 647-α-BGT (a, b) (blue), 

SNs(COOH)-α-BGT (с) (green) and SNs(COOH) (d) (green); (e) and (f) show merged 

fluorescent images of the synaptic regions stained by Alexa 647-α-BGT and SNs(COOH)-α-

BGT (e) or SNs-COOH (f). 

Figure 6 shows the time dependence of relative fluorescence (for more details see 

Experimental Section) recorded at the synaptic region of the muscle fiber. The small decline (on 

4-5%) in the I/I0 during first 5-6 min observed under basal conditions most probably reflects a 

photobleaching. After rest period lasted 6 min, massive release of endogenous acetylcholine 

from nerve terminals was evoked by intense motor nerve stimulation (3 min, 20 Hz), while the 

low frequency stimulation at 0.02 Hz did not alter significantly the fluorescence of the SNs (Fig. 

S4). The high frequency stimulation led to a sharp decrease in the fluorescence. After the end of 

the stimulation the fluorescence is partially recovered with more slow kinetics in the further 5 

min. Application of exogenous acetylcholine (1 mM) for 3 min also produced a rapid drop in the 

fluorescence. Following washout of acetylcholine results in the fluorescence increase to the level 
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before the exogenous ACh treatment within about 4-5 min (Fig. 6). No significant marked 

changes were reveled in the exrajunctional region of muscle fiber in response to 20 Hz or 

application of exogenous ACh (Fig. S5). 

Additionally, the fluorescence was measured for the muscle pretreated with an irreversible 

inhibitor of AChE, paraoxon. This treatment completely prevented the decrease in the 

fluorescence induced by both endogenous and exogenous acetylcholine (Fig. 6). It should be 

noted that the slow decline of fluorescence was also observed in paraoxon-pretreated muscles, 

thus confirming a photobleaching mechanism of this phenomenon. But amplitude of these 

changes is significantly less compared to that in response to high-frequency stimulation or ACh 

application. 

Altogether, these data argue for the monitoring of AChE-catalyzed hydrolysis of ACh in the 

neuromuscular junctions by the fluorescence intensity of SNs(COOH)-α-BGT. 

 

Figure 6. Time dependence of relative fluorescence (I/I0) measured in synaptic region by 

fluorescent microscopy for the muscle samples exposed to the SNs (open circles, n = 7), the 

similar values measured for the muscles pretreated by paraoxon are represented by dark circles 
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(n = 6). Effects of the motor nerve stimulation with high-frequency and the exogenous ACh on 

the fluorescence of the SNs are designated by horizontal boxes. Baseline control (without the 

stimulation or inhibition of AChE, n = 4) is indicated by open squares. 

CONCLUSIONS 

Summarizing, luminescent Tb(III)-doped silica nanoparticles targeted by α-bungarotoxin are 

for the first time introduced as nanosensors for luminescent monitoring of acetylcholinesterase 

(AChE)-catalyzed hydrolysis of endogenous acetylcholine (AСh) released at the neuromuscular 

junctions of isolated muscles. The sensing function of the nanosensors results from the 

quenching of Tb(III)-centered luminescence due to proton-induced degradation of luminescent 

Tb(III) complexes doped into silica nanoparticles (23 nm), when acetic acid is produced from the 

enzymatic hydrolysis of ACh. The optimal synthetic procedure for the targeting of the 

nanosensor by α-bungarotoxin without loss of its sensing function to acetic acid produced by 

AChE-catalyzed hydrolysis of ACh was developed. The selective staining of neuromuscular 

junctions by optimal targeted nanosensor was revealed. The ex vivo fluorescence microscopy 

measurements highlighted the sensing reliability of AChE-catalyzed hydrolysis of ACh at the 

neuromuscular junctions by the fluorescence intensity of the nanosensor targeted by α-

bungarotoxin. 
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